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Abstract 

The major purpose of my Ph.D. study was to enhance our current understanding of new 

particle formation (NPF) processes in the atmosphere.  My contributions include: (1) 

performing field measurements of atmospheric aerosols and subsequent data analysis of 

nucleation events, and (2) improving the performance of instruments commonly used for 

atmospheric aerosol measurements.  My acquisition and analysis of atmospheric data 

involved studying the fraction of electrically charged particles, f , in the 3-25 nm range to 

obtain information on nucleation and subsequent growth process in the atmospheric 

boundary layer.  Chapter 2 shows that the initial charge states of nucleated particles can 

be inferred from known diameter growth rates and measured values of charged fractions f 

in the 3-6nm range. By this means I was able to show that ion-induced nucleation did not 

contribute significantly to NPF events observed in Boulder, Colorado.  Chapter 3 applies 

and extends the concepts that were introduced in Chapter 2.  In this chapter I show that 

the diameter growth rates of particles during NPF events can be estimated from the 

measured size dependent charged fractions of particles in the 4-25 nm range and applied 

the technique to infer growth rates during NPF events observed in Mexico City.  My 

work on instrument development involved theoretical and experimental studies aimed at 

reducing the size detection limit of a laminar flow condensation particle counter (CPC).  

Theoretical studies showed that preferred CPC working fluids for activating the growth 

of the smallest possible size are those having high surface tension and low vapor pressure.  

Experiments were performed using selected working fluids in the prototype ultrafine 

CPC developed by Stolzenburg and McMurry.  Results show that diethylene glycol and 

oleic acid can sometimes activate the growth of particles having geometric diameter as 

small as 1 nm, and can always efficiently detect particles down to 1.5 nm.   
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1 Introduction 

1.1 New Particle Formation in the Atmosphere 

 My doctoral research aims to improve the current understanding of processes that 

lead to new particle formation by nucleation in the atmosphere.  Nucleation is the initial 

step of new particle formation, and these nuclei subsequently grow in size by 

condensation or gas-particle reactions (Seinfeld and Pandis 1998; Friedlander 2000).  

Nucleation in the atmosphere is identified by increases in the concentrations of nucleating 

gaseous species such as sulfuric acid followed by increases in the concentrations of 

nanoparticles (~3-10m).  Nucleation and growth of atmospheric nanoparticles has been 

observed at a number of sites around the world over the last decade (Kulmala et al., 

2004), including in the free troposphere (Hoppel et al., 1994; Clarke et al., 1998; Weber 

et al., 1999; Twohy et al., 2002), in rural areas (Weber et al., 1997; Birmili et al., 2003), 

in urban areas (Woo et al., 2001; Dunn et al., 2004; Wehner et al., 2004; McMurry et al., 

2005; Mönkkönen et al., 2005; Stolzenburg et al., 2005; Wehner et al., 2006; Shi et al., 

2007), the remote boreal forest (Mäkelä et al., 1997; Kulmala et al., 2004; Dal Maso et 

al., 2005), over exposed coastal zones (Bates et al., 1998; O'Dowd et al., 1998; 

Berresheim et al., 2002; O'Dowd et al., 2002; Ulevicius et al., 2002) and elsewhere.   

 The nucleation and growth of atmospheric aerosols has recently received much 

attention due to its potential climate and health-related effects.  Nucleated particles grow 

and may eventually reach sizes that can serve as cloud condensation nuclei (CCN).  

Clouds that form when such CCN are “activated” (i.e., become cloud droplets upon 

exposure to supersaturated water vapor) influence the radiative properties of the 

atmosphere, thereby affecting global climate (IPCC 2007).  Therefore, it is important to 

categorize the different pathways of new particle formation and to quantify the 

contribution of each pathway at different geographical and climatic conditions.  Two 

types of nucleation pathway are known to exist in the atmosphere: homogeneous 

nucleation and ion-induced nucleation.  Both processes involve multiple trace gas species.  
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Evidence suggests that the initial nuclei consist of up to a few molecules of sulfuric acid 

and water (Eisele and Hanson 2000; Hanson and Lovejoy 2006; Kuang et al., 2007).  

Other species are believed to stabilize these molecular clusters; consequently, these 

stabilized clusters subsequently grow without being dissociated (Weber and McMurry 

1996; Eisele and McMurry 1997; Ball et al., 1999; Korhonen et al., 1999; Hanson and 

Eisele 2002; Napari et al., 2002; Birmili et al., 2003; Zhang et al., 2004).  Ion-induced 

nucleation (IIN) occurs when vapors condense on positive or negative cluster ions in the 

atmosphere.  Previous studies have shown that IIN is likely to be an important source of 

atmospheric particles in some locations (Tammet et al., 1992; Hõrrak et al., 1998b; Yu 

and Turco 2000; Yu and Turco 2001; Lee et al., 2003; Lovejoy et al., 2004; Hanson and 

Lovejoy 2006; Yu 2006).  Identifying the overall global contributions of homogeneous 

and IIN to particle production throughout the atmosphere requires further study.  The 

research described in this thesis contributes to our understanding of these phenomena. 

My thesis research involved: (1) developing methods to determine the 

significance of ion induced nucleation and applying those methods to measurements 

carried out in Boulder, CO; (2) developing methods to determine particle diameter 

growth rates from measured charged fractions of nanoparticles and applying those 

methods to measurements carried out in Mexico City; and (3) designing, building and 

evaluating the performance of a new nanometer condensation particle counter that detects 

particles as small as 1 nm.  A brief summary of this work is given below. 

1.2 Measurements and Analysis of Particle Size Distribution 

Regardless of pathway, investigations of atmospheric new particle formation 

require accurate measurements of particle size distributions.  Figure 1.1 shows a 

schematic of the particle size distribution system used by the McMurry group, and Figure 

1.2 shows an example of a measured particle size distribution during a new particle 

formation event.   
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Figure 1.1.  Particle size distribution system used in this study.   
 

 

Figure 1.2.  Particle size distributions during a new particle formation even observed at 
Boulder CO on June 1st 2004 
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A single stage impactor at the sampling inlet is installed to remove primary 

particles larger than 10 µm from the sampled aerosol.  An optical particle counter (OPC; 

LASAIR Model 1002, Particle) measures the particles from 0.12 to ~5µm.  A pair of 

scanning mobility particles sizer (SMPS) (Wang and Flagan 1990) is used to measure the 

mobility distributions of particles in the 3 to 260 nm range.  Prior to mobility 

classification particles flow through a 210Po bipolar charger (i.e., a “neutralizer”) to 

produce stationary state charge distributions (Adachi et al., 1985; Hoppel and Frick 1986; 

Wiedensohler et al., 1986).  From the stationary state fraction of charged particles for a 

given size the concentration of total particles (charged + neutral) can be calculated from 

the concentration of charged particles measured by the SMPS systems.  A nanometer 

scanning mobility particle sizer (Nano-SMPS) system consisting of a nanometer 

differential mobility analyzer (Nano DMA; Model 3085, TSI, Inc.) (Chen et al., 1998) 

coupled with an ultrafine condensation particle counter (UCPC; Model 3025, TSI, Inc.) 

(Stolzenburg and McMurry 1991) classifies particles in the 3-34nm diameter range, and a 

conventional SMPS consisting of a long-DMA (Model 3081, TSI, Inc.) (Liu and Pui 

1974) coupled with a CPC (Model 3010, TSI, Inc.) classifies particles in the 20-260 nm 

diameter range.  The electrical mobility distributions of small and intermediate ions in 18 

equal logarithmic intervals ranging from 6.3 to 0.5 cm2/V-s (0.4-6.3 nm ) are measured 

using the Inclined Grid Mobility Analyzer (IGMA), which was developed by (Tammet 

2002; Tammet 2003).   

The formation rate of nucleated particles can be estimated by analyzing the 

evolution of particle size distributions during new particle formation periods in the 

atmosphere (Weber et al., 1997; Kerminen and Kulmala 2002; McMurry et al., 2005).  

Empirically determined particle formation rates obtained in this manner can be compared 

with those predicted from proposed nucleation mechanisms (Weber et al., 1996; Weber et 

al., 1997; Kulmala et al., 2006; Sihto et al., 2006; Kuang et al., 2007; Riipinen et al., 

2007).  The formation rate at size Dp, J, equals the current of particles growing past that 

size (particles/time-volume) and is given by: 

dt

dD
nJ p=         (1.1) 
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where n is the particle size distribution, pdDdN / .  The diameter growth rate of particles, 

dtdDp / , can be obtained by analyzing the evolution of the particle size distribution if the 

new particle formation is occurring uniformly over a large extent in the atmosphere 

(Kulmala et al., 2004; Dal Maso et al., 2005; Stolzenburg et al., 2005).  When nucleation 

occurs over a large spatial extent, then data are often analyzed by assuming that the 

atmosphere is a uniform batch reactor.  In the literature such events are referred to as 

“regional nucleation events.”  Figure 1.3 shows a contour plot of particle size distribution 

measured during a regional nucleation event.   

 

 
Figure 1.3.  Contour plot of particle size distributions measured during a regional 
nucleation event.  This event was observed on May 22nd 2005 at Boulder CO. 
 

The contour plot shows that the mode of the freshly-nucleated size distribution grew 

nearly linearly with time between 9 a.m. and 4 p.m, reaching the size range of CCN (60-

100 nm) by evening.  The fact that particles grew at a steady rate despite variabilities in 

wind direction provides some evidence that this was a “regional” event. Additional 

evidence that NPF events are often regional in extent is provided by several studies in 

which new particle formation events were simultaneously observed for measurements at 
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sites that were separated by 10s to 100s of km (Stanier et al., 2004; Vana et al., 2004). 

The peak diameters frequently grow linearly with time (Stolzenburg et al., 2005; Shi et 

al., 2007); therefore, the diameter growth rate can be estimated by drawing a straight line 

through the peak diameters.   

Once the particle formation rate is available from Equation 1.1 at the lowest 

detectable size of the aerosol instrumentation, which is around 3nm, the formation rate at 

the size of initial nuclei can be estimated by extrapolation.  This extrapolation involves 

accounting for losses that occur when growing nanoparticles are scavenged by 

coagulation with preexisting particles before they reach the minimum detectable size.  

The extent to which scavenging depletes concentrations of nucleated particles increases 

with the preexisting surface area, AFuch, and decreases with increasing diameter growth 

rates.  The equation that quantifies this relationship is (Weber et al., 1997; McMurry et al., 

2005).   
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where the subscripts a  and b indicate the size of initial nuclei and the minimum 

detectable size of the instruments, respectively, and ρ  is particle density.   

 

1.3 Measurements and Analysis of Charged Fraction of Freshly 
Nucleated Particles 

1.3.1 ANALYSIS OF ION-INDUCED NUCLEATION 

 The charged fractions of nanoparticles during new particle formation events are 

predominantly influenced by combination of neutral particles with ions, recombination of 

charged particles with ions, and condensational growth of the particles.  Figure 1.4 shows 

the simulated charged fraction of negatively charged particles, −f , during growth under 

two limiting cases: initial nuclei estimated at 1nm are all electrically neutral 

( 0)0()0( ==== +− tftf ) and all negatively charged 1)0( ==− tf .  Table 1.1 shows the 

values of input parameters used in the calculations.  The values of diameter growth rates, 
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ion concentration, and ion electrical mobilities are within the range of values observed 

in Boulder Colorado.   

 

Figure 1.4.  Simulated charged fraction of negatively charged particles, −f , during 
growth under two limiting cases: initial nuclei estimated at 1nm are all electrically neutral 
( 0)0()0( ==== +− tftf ) and all negatively charged 1)0( ==− tf .  The values of input 
parameters are shown in Table 1.1 
 

Table 1.1. Input parameters used in the calculations shown in Figure 1.4 
Temperature/Pressure 20C°/ 80kPa† 
Diameter growth rate  5 nm/hr 

Ion concentration  500 cm-3 for positive and negative 

Ion electrical mobility 
1.3 cm2/V-s for positive 
1.5 cm2/V-s for negative 

† typical value observed at Boulder Colorado 

 

If the nucleation is dominated by the homogenous nucleation of neutral molecules, the 

charged fraction of initial nuclei is zero ( 0)0()0( ==== +− tftf ).  As particles grow, the 

charged fraction −f  increases because the neutral particles are being charged by 

collisions with ions.  On the other hand, if the supersaturated trace gases predominantly 

nucleate onto negative ions in the atmosphere, the charged fraction of initial nuclei is 

unity ( 1)0( ==− tf ).  As particles grow the charged fraction −f  decreases because the 
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negatively charged particles are being recombined by collisions with ions.  Regardless 

of the nucleation mechanism, −f  reaches the same “stationary state” value (Fuchs 1963) 

when the particles reach ~10nm.  The minimum detectable size of the Ultrafine 

Condensation Particle Counter (~3nm) limits the lowest detectable size for which 

charged fractions can be measured.  If the initial charge fraction, −f , was between 0 and 

1, then the charged fractions would fall between the two limiting cases shown in Figure 

1.4.  The method can be extended to analyze both polarities at the same time.  Knowing 

the diameter growth rates, ion concentration and electrical mobility of positive and 

negative ions, the initial charged fractions −f  and +f  of nuclei can be determined from 

the measured charged fractions−f  and +f  in the 3.0-5.5 nm range.  The charged 

fractions −f  and +f  of initial nuclei can be expressed in terms of the particle formation 

rate, thereby enabling estimates of the fractional contributions of IIN.   

This approach was used to estimate the importance of IIN to new particle 

formation for field measurements carried out at Boulder, Colorado during 2004-2005. 

Figure 1.5 shows the simplified schematic of the scanning mobility particle sizer (SMPS) 

system used to measure the fraction of positively or negatively charged particles in the 3-

25nm range.   

 

 

 
Figure 1.5.  Simplified schematic of the scanning mobility particle sizer (SMPS) system 
used to measure the fraction of positively or negatively charged particles in 3-25nm 
range.   
 

Atmospheric aerosols are sampled through either the 210Po bipolar charger or the 

geometrically identical dummy neutralizer, depending on the direction chosen by the 

three way valve.  The aerosol that passes through the bipolar charger reaches a stationary 
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state charge distribution, while the aerosol that passes through the dummy neutralizer 

has the same charge state as the ambient air.  Aerosols are classified by the Radial DMA 

(Zhang et al., 1995; Zhang and Flagan 1996) and subsequently detected by the UCPC.  

Assuming that charged and neutral particles are transported through the conducting 

sampling tubing, the dummy neutralizer, and the 210Po neutralizer with equal efficiency, 

the fraction of positively or negatively charged particles can be obtained by taking the 

concentration ratio of naturally charged to total particles.  We showed theoretically and 

experimentally that the combination of neutral particles with ions, recombination of 

charged particles by ions, and condensational growth of the particles occur on similar 

time scales in the atmosphere for the range of measured diameter growth rates and ion 

concentrations.  Therefore, 3.0-5.5nm particles tend to “remember” the initial charge 

state of the nuclei from which they grew.  We have qualitatively estimated the 

contribution of IIN to estimate nucleation rates and concluded that the contribution of IIN 

to the atmospheric boundary layer of Boulder, Colorado is insignificant.  The analysis 

and results of this study are given in Chapter 2.   

1.3.2 ESTIMATING DIAMETER GROWTH RATES FROM THE MEASURED SIZE 
DEPENDENT CHARGED FRACTIONS 

Further analysis of new particle formation events showed that the charged 

fractions of nanoparticles are usually below stationary state values, and it is rare to 

observe strong asymmetries between the charged fractions of positively and negatively 

charged particles.  We have theoretically and experimentally demonstrated that the size 

dependent profile of charged fractions of the growing nanoparticles, )( pDf , under these 

conditions is predominantly controlled by the competition between condensational 

growth and the charging rate of neutral particles by ion clusters or small ions (0.4-1.6nm) 

for most of the regional new particle formation events in our studies.  We showed that 

diameter growth rates, GR, are related to )( pDf  by the following equation:  −=
stationary

ion
p f

f
c

dD

df
GR 10β       (1.3) 
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where ionc  is the concentration of small ions, 0β  is the ion-particle combination 

coefficient and stationaryf  is the charged fraction that is approached asymptotically as 

particles grow and acquire or lose charge.  We have verified that values of GR can be 

estimated by solving Equation 1.3 iteratively by varying GR until the solution for 

matches the measured f  vs. pD .   

The method may be useful when it is difficult to obtain diameter growth rates by 

analyzing the evolution of particle size distributions under the following two 

circumstances.  First, if the plume from a point source such as a power plant were to drift 

over the sampling site when new particle formation is occurring, then a burst of highly 

concentrated nanoparticles might be observed when the plume was sampled.  Lagrangian 

measurements, such as might be carried out using an aircraft, could be used to determine 

growth rates in such a plume, but measurements of size distributions alone at a single 

point could not.  Secondly, if the new particle formation were to persist for a long time 

the evolving particle size distribution would eventually reach a steady state and the 

growth of the modal diameter of the particle size distribution would not be evident.  New 

particle formation events observed at our fixed sampling site in Mexico City during our 

2006 MILAGRO campaign were often affected by this types of events.  We have 

estimated diameter growth rates from the measured f  vs. pD  and also estimated the 

particle formation rate at 1nm using Equation 1.2.  Details of the theoretical background 

of the method and its application are given in Chapter 3.   

1.4 Lowering the size detection limit of ultrafine CPC as small as 1nm 

As is shown in Equation 1.2 the particle current at 1nm is estimated by assuming 

that the growth rate of particles is constant during the growth up to the minimum 

detectable size, an assumption that has not yet been tested experimentally.  Clearly, the 

smaller the minimum detectable size, the less will be the uncertainty introduced by the 

extrapolation given by Equation 1.2.  Similarly, as is shown in Figure 1.4, when charged 

fractions can be measured at smaller sizes, more information can be obtained regarding 

the contribution of IIN to nucleation, since smaller particles are more likely to 
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“remember” their initial charge state.  For the same reason, the measurement of 

charged fractions below 3nm are expected to increase the difference between the 

measured size dependent charged fraction f  vs. pD  and the asymptotic trend; therefore, 

the obtained growth rates for each measurement f  vs. pD  is expected to be more precise.  

Furthermore, the ability to measure charged fractions at smaller sizes would enable 

estimates of lower diameter growth rates than is currently possible with the charged 

fraction method outlined above.  A priority of my doctoral thesis research has been to 

develop an aerosol instrument that would decrease the minimum detectable limit to a size 

that is significantly below the current lower limit of 3 nm.  As shown in Figure 1.1 the 

minimum detectable size of the Nano-SMPS system can be lowered by improving the 

performance of UCPC.  The TSI 3025 ultrafine condensation particle counter (UCPC), 

which is based on the prototype that was developed by (Stolzenburg and McMurry 1991), 

is the most commonly used CPC for detecting nanoparticles down to 3nm.  We have 

modified the original prototype UCPC described by Stolzenburg and McMurry (1991) 

and have shown that by using different working fluids we can successfully detect 

particles as small as ~1nm.   We have also shown that the instrument performs stably 

over long hours of unattended operation.  This new nano CPC will bring new 

opportunities to all fields of aerosol research, not only studies of atmospheric aerosols.  

Details of the work related to the new Nanometer CPC (NCPC) are given in Chapter 4.  
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2 Contribution of Ion-Induced Nucleation to New 
Particle Formation (Methodology and Its Application 
to Atmospheric Observations in Boulder, CO) 

2.1 Abstract 

 Chapter 2 investigates the role of ion-induced nucleation (IIN) in new particle 

formation events observed near ground level at a sampling site located near Boulder, CO 

(14 March 2004 to 17 October 2005). Measurements of mobility distributions of small 

and intermediate ions (0.4-6.3nm), size distributions of total particles (3 nm-5µm), and 

charged fractions (2.5-25nm) were carried out.  The relative contributions of neutral 

nucleation and IIN were inferred using both qualitative and quantitative analyses.  First, a 

simple theoretical analysis is performed to show what can be learned about the initial 

charge state of the nucleated particles from charge fractions measured after they had 

grown to 3.0-5.5nm. We found that for much of our data the charge fractions of freshly 

nucleated particles below 5nm were significantly below stationary-state values, and that 

this tendency increased with decreasing size, indicating that neutral nucleation was 

dominant.  Additionally, a limiting case analysis showed that typically observed ion 

generation rates during their measurement period cannot account for the observed particle 

formation in 3.0-5.5nm range.  However, the data also show that there were occasionally 

asymmetries between negative and positive charge fractions that we could not explain 

unless positive or negative IIN occurred to some extent.  A quantitative analysis is then 

performed to estimate the fractional contribution of positive and negative IIN to new 

particle formation rates for each nucleation event observed during this period.  The 

results show the average contribution of IIN is about 0.5% for both polarities indicating 

that IIN was a relatively insignificant contributor to new particle formation in this study.  

This result is consistent with the direct mass spectrometric measurements of sulfuric acid 

ion cluster compositions and concentrations performed at the same measurement site.   
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2.2 Introduction 

Ion-induced nucleation (IIN) involves the condensation of vapors on positive or 

negative ions.  The attractive potential between ions and the dipole moment of the vapor 

reduces the thermodynamic barrier for nucleation and also enhances condensational 

growth (Lovejoy et al., 2004; Nadykto 2004).  Atmospheric ions are continuously formed 

by cosmic radiation and radioactive decay, and the ionization rate in the troposphere 

ranges from 2 to 30 ion pairs cm-3 s-1 (Chalmers 1967; Reiter 1992; Harrison and 

Carslaw 2003) and limits the particle formation rate through this pathway.  Previous 

studies have shown that IIN is likely to be an important source of atmospheric particles in 

some locations (Tammet et al., 1992; Hõrrak et al., 1998b; Yu and Turco 2000; Yu and 

Turco 2001; Harrison and Carslaw 2003; Lee et al., 2003; Yu 2006).   

The nucleation of H2SO4 vapor onto H2SO4/H2O ion clusters is believed to be an 

important process and has been studied theoretically and experimentally.  According to 

the classical theory (Yue and Chan 1979), conditions that favor IIN by this process 

include low temperature, high relative humidity (RH), high ion production rate, and low 

concentrations of pre-existing particles (Laakso et al., 2002).  A detailed kinetic model 

based on experimentally obtained thermodynamic data of H2SO4
-/H2O ion clusters shows 

that IIN for this system will only occur when appropriate conditions for H2SO4, RH, and 

temperature are met (Lovejoy et al., 2004).  These conditions are often met in the upper 

troposphere and lower stratosphere.  Aircraft based measurements (Lee et al., 2003) 

showed that the observed time evolution of particle size distributions was consistent with 

predictions by the IIN model of Lovejoy et al. (2004).  Mass spectrometric measurements 

of positive ions in the upper troposphere detected the growth of positive ions up to 

masses as high as 2500 amu containing acetone and sulfuric acid (Eichkorn et al., 2002).  

On the other hand recent measurements of sulfuric acid ion clusters at the surface near 

Boulder, CO showed no evidence of IIN (Eisele et al., 2006).   

The ion mobility spectrometer has been used to measure atmospheric ions and 

charged particles (Misaki et al., 1972; Salm and Reinart 1983; Dhanorkar et al., 1989; 

Salm and Reinart 1992; Tammet et al., 1992; Hõrrak et al., 1998; Hõrrak et al., 1998b; 

Tammet 2002; Tammet 2003; Fews et al., 2005; Siingh 2005).  New particle formation is 
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identified by increases in concentrations of charged particles in the 1.6-7.4 nm range 

(Tammet et al., 1992; Hõrrak et al., 1998; Hõrrak et al., 1998b; Kulmala et al., 2004; 

Laakso et al., 2004; Iida et al., 2006), and these measurements provide another rich 

source of information for quantifying the role of ions in new particle formation.  Ion 

mobility distributions measured during nucleation events show the growth of small ions 

into the intermediate ion size range.  Such data along with measurements of “total” 

(neutral + charged) size distributions provide an independent approach for inferring the 

relative contributions of neutral nucleation and IIN to new particle formation.   

Small positive and negative ions are always present at ground level and are 

typically present in roughly equal concentrations (Bricard 1966; Harrison and Carslaw 

2003).  Direct qualitative evidence for IIN is the formation of intermediate ions of one 

polarity but not the other. This can occur when vapor condenses preferentially on small 

ions of one polarity due to the affinity of the vapor for that charge.  Such charge 

asymmetry in the formation of intermediate ions was observed in Tahukse, Estonia 

(Tammet et al., 1988; Tammet et al., 1992).  Also, laboratory studies show that negative 

IIN occurs when particles are formed as a result of radioactive decay in mixtures of H2O 

and SO2 in N2 (Kim et al., 1997; Wilhelm et al., 2004).   

Information about whether or not IIN occurred can also be obtained from 

measurements of the fraction of particles of a given size that are neutral, or negatively or 

positively charged.  Nucleated particles will eventually achieve the stationary state charge 

distribution as they grow.  However, if growth is sufficiently fast relative to charging (or 

neutralization) rates, differences between the actual and stationary-state charge fractions 

can provide information about the charge state of the nucleated particle and therefore 

about the nucleation process itself. Measurements in Tahukse, Estonia show that the 

measured fractions of charged particles in the nanoparticle size range were higher than 

the stationary state values during nucleation periods (Hõrrak et al., 1998; Tamm et al., 

2001; Vana et al., 2004), and the trend becomes stronger as size decreases (Tamm et al., 

2001).  These observations suggest that IIN was occurring and that particles were 

neutralized by the attachment of small ions of the opposite polarity as they grew.  

Measurements in Hyytiälä, Finland showed that particles in the 3-5nm size range were 
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sometimes overcharged and sometimes undercharged relative to the expected 

stationary state charge during nucleation periods (Laakso et al., 2004).  Three nucleation 

events in five consecutive days of measurements showed that negatively charged 

particles were in significant excess, suggesting that negative IIN occurred to some extent 

during these events.  

This chapter investigates the role of IIN in new particle formation events observed 

near ground level at a sampling site located near Boulder, CO.  The measurements of 

mobility distributions of small and intermediate ions and the overall size distribution of 

particles were carried out.  Our analysis proceeds in three steps.  First we describe a 

theoretical analysis that identifies conditions under which nucleated particles “remember” 

their initial charge state.  We then apply this approach to the Boulder data to show, 

qualitatively, whether the observed nanoparticle production is partially attributed to IIN 

or is dominated by nucleation onto neutral clusters.  Finally we carry out quantitative 

analyses aimed at determining the fractional contribution of neutral, positive and negative 

IIN to new particle formation rates for each observed nucleation event. 

2.3 Experiments 

Measurements of particle (3 nm-5 µm) and positive and negative ion (0.4-6.3 nm) 

size distributions were carried out at the National Center for Atmospheric Research’s 

Marshall Field Site located 5 miles southeast of Boulder, Colorado.  Measurements were 

taken from mid March to the end of September during 2004 and from early May to the 

end of the October during 2005.  During these months the production of ultrafine 

particles was observed for 70% of the measurement days.  The frequency of the events 

did not strongly depend on the months that the measurements were taken.  Aerosol size 

distributions were measured using a nanometer scanning mobility particle sizer (Nano-

SMPS) system consisting of a nanometer differential mobility analyzer (Nano DMA; 

Model 3085, TSI, Inc.) (Chen et al., 1998) coupled with an ultrafine condensation 

particle counter (UCPC; Model 3025, TSI, Inc.) (Stolzenburg and McMurry 1991), a 

conventional SMPS (Regular-SMPS) system consisting of a long-DMA (Model 3081, 

TSI, Inc.) (Liu and Pui 1974) coupled with a CPC (Model 3010, TSI, Inc.), and an optical 
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particle counter (OPC; LASAIR Model 1002, Particle Measuring Systems, Inc.).  The 

size ranges measured by the Nano-SMPS, SMPS, and OPC are 3 to 34 nm, 21 to 266 nm, 

and 120 nm to 5 µm, respectively.  Size distributions were measured every five minutes.  

A RH conditioner located upstream of the aerosol instrumentation maintained the relative 

humidity of the sampled aerosol at 40%.  Prior to mobility analysis particles flowed 

through a 210Po bipolar charger to produce stationary state charge distributions (Adachi et 

al., 1985; Hoppel and Frick 1986; Wiedensohler et al., 1986).  The distribution function 

of total particles (neutral + electrically charged) is measured with the SMPS (Wang and 

Flagan 1990).  Size-dependent diffusion losses through each section of the sampling 

lines were estimated by using the Gormley-Kennedy equation (Hinds 1999).  Figure 2.1 

shows the transport efficiencies of Nano-SMPS system and Regular-SMPS system within 

the measured size range, respectively.  Particle losses through RH-Conditioner, 210Po 

bipolar, and all the other transport sections up to the inlet of each SMPS system are also 

theoretically accounted. 

 

Figure 2.1.  Transport efficiencies of Nano-SMPS system and Regular-SMPS system.  
Particle losses through RH-Conditioner, 210Po bipolar, and all the other transport 
sections up to the inlet of each SMPS system are also theoretically accounted.  
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Penetration of 3 nm particles through the Nano-SMPS system is about 20%.  The 

inverted particle size distribution by the Nano-SMPS and Regular-SMPS system 

generally match well within the overlapping size range of these two systems (21-34nm).   

The mobility distributions of small and intermediate ions in 18 equal logarithmic 

intervals ranging from 6.3 to 0.5 cm2/V-s (0.4-6.3 nm) were measured using the Inclined 

Grid Mobility Analyzer (IGMA), which was developed by Tammet (2002, 2003).  The 

algorithm developed by Tammet (1995) was used to determine the size distributions of 

ions. The concentration of ions sampled by the IGMA is calculated from the aerosol 

sampling flowrate and the ion current measured by the IGMA electrometer. Using a 

Model 8330 VelociCheck (TSI, Inc.), the inlet flowrate was found to be 2300 SLPM.  

The detection of charged particles within the IGMA is done by a sensitive electrometer, 

which can operate at high or low gain. The smallest and largest values of ion size 

distributions, ∆N/∆logDP, that can be measured under the low and high gain modes are 10 

cm-3 and 1×107 cm-3.  We carried out laboratory studies to evaluate the response of the 

IGMA to small ions of known mobility and concentration. Small positive ions, generated 

using the unipolar charger of (Chen and Pui 1999), were used to evaluate the response of 

the IGMA to ions of known concentration; ion concentrations were measured using a 

Faraday Cage Electrometer (FCE) similar in design to that described by (Okuyama et al., 

1998).  Ion mobilities are determined by the voltage applied to the inclined grids.  For 

mobility calibrations, 4.1 nm NaCl particles were generated using a nano-DMA that was 

set to operate at a mobility resolution of 20%.   

 Figure 2.2 shows typical size distributions of small and intermediate ions (0.4-6.3 

nm) and particles up to 100 nm in diameter measured during a nucleation event in 

Boulder.   
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Figure 2.2.  Typical particle size distribution measured by the SMPS and the IGMA 
during the nucleation event on June 1, 2004.  Particle size is defined as mass size 
(Tammet 1995). 
 

Note that the IGMA and the PSD data overlap from nominally 3.0-5.5 nm diameter 

enabling measurements of the charged fraction of positively or negatively charged 

particles, 1±f , in this size range; a superscript (δ) will be used to indicate the charged 

fraction measured in the overlapping size range, )(
1
δ

±f .  Due to the much higher sensitivity 

of the IGMA compared with the SMPS, zero counts were often registered by the SMPS 

in some bins within the overlapping size range during low concentration periods, while 

the IGMA routinely detects charged particles.  Therefore, )(
1
δ

±f  is only evaluated during 

the nucleation and growth periods in which particles in the overlapping size range are 

detected by the SMPS system at sufficiently high rate.  The calculated total particle 

concentration in the overlapping size range is considered valid if its statistical uncertainty 

is below ~33% (9 counts).  After data are corrected for transport losses the concentration 
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corresponding to 9 counts is ~500 cm-3 when the SMPS measures a size distribution 

every five minutes.   

The major source of uncertainties in values of )(
1
δ

±f  obtained using only SMPS 

and IGMA data is the transport loss through the SMPS system.  The calculated 

diffusional transport losses through the SMPS sampling lines are uncertain.  

Recirculation or secondary flow can contribute to additional losses and are difficult to 

assess theoretically.  In order to perform more accurate measurements of charged 

fractions, the dual-SMPS system shown in Figure 2.3 was deployed during 2005.   

 

 

Figure 2.3.  Schematic diagram of the dual SMPS system 
 

The dual-SMPS system was designed to satisfy two measurement objectives: 

determination of charged fractions of atmospheric particles as small as 2.5 nm with 

improved accuracy, and comparison of the responses of the ultrafine Water CPC 
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(UWCPC TSI 3786) and ultrafine butanol CPC (TSI 3025) to mobility-classified 

atmospheric particles.  In this chapter our use of the dual-SMPS data focuses on the 

measurement of charged fractions.   

Atmospheric aerosols are sampled into the dual-SMPS system at 2.0 LPM 

through either the 210Po bipolar charger or the geometrically identical dummy neutralizer, 

depending on the direction chosen by the three way valve.  The aerosol that passes 

through the bipolar charger reaches a stationary state charge distribution, while the 

aerosol that passes through the dummy neutralizer has the same charge state as the 

ambient air, assuming that charged and neutral particles are transported through the 

conducting sampling tubing with equal efficiency.  Aerosols are classified by the two 

identical radial DMAs (Zhang et al., 1995; Zhang and Flagan 1996) operated at equal 

flowrates.  The polydisperse inlet and monodisperse outlet flows are set to 1.0 LPM and 

the recirculating sheath flows are set to 7.5 LPM.  The ultrafine CPC (UCPC) and 

ultrafine Water CPC (UWCPC TSI 3786) are used as detectors.  The calibrated capillary 

flowrate of the UCPC and UWCPC are set at 0.63 cm3/s and 5.0 cm3/s, respectively.  The 

resulting count rate is about 8 times larger for the UWCPC, therefore the charge 

distribution measured by the UWCPC has significantly lower statistical noise than that 

measured by the UCPC.  The two radial-DMAs were checked for consistent performance 

using the TDMA technique (Rader and McMurry 1986; Stolzenburg 1988; Stolzenburg 

and McMurry 1988).  The dual-SMPS operates in four modes: classification of positively 

and negatively charged particles sampled directly from the atmosphere and classification 

of positively and negatively charged particles from the 210Po neutralizer.  For each of 

these modes particles are counted with both the UCPC and the UWCPC.  For each mode 

voltage was scanned upward in 2.5 minutes, therefore 10 minutes were used to complete 

measurements in all four modes of operation.   

Accurate measurements of charge fractions with this apparatus require accurate 

information on size-dependent sampling and detection efficiencies.  We carried out 

laboratory measurements of detection efficiencies of the UCPC and transport efficiencies 

through the radial DMA for particles in the 2.7-17.4 nm diameter range.   According to 

(Karlsson and Martinsson 2003), the Gormley-Kennedy relation can be used to model 
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size-dependent diffusional losses of ultrafine particles in DMAs.  Following their 

approach, our experimentally obtained characteristic length was 179 cm.  The activation 

efficiency of the butanol UCPC was also evaluated experimentally in the same size range 

using the inversion methodology described by (Stolzenburg and McMurry 1991).  Figure 

2.4 shows these Radial-DMA penetration and UCPC counting efficiencies.   

 

 

Figure 2.4.  UCPC counting efficiency and the RDMA penetration efficiency obtained 
from a laboratory calibration using particles in the 2.7 to 17.4nm diameter range.  Shown 
here are parameterized curves fitted to experimental data. 
 

The activation efficiency of the WCPC was not measured in the laboratory prior to field 

sampling since previous work showed that near the minimum detectable size it is affected 

by the particle composition (Biswas et al., 2005; Hering et al., 2005).  It was found that 

the response of these two instruments to atmospheric particles was nearly identical for 

mobility-classified atmospheric particles during this sampling campaign (Stolzenburg et 

al., 2006).  The following procedure was used to obtain more accurate values of )(
1
δ

±f  

from the IGMA-SMPS measurements using information provided by the dual-SMPS.  

First, we assume for reasons discussed previously that the measurements of )(
1
δ

±f  

obtained with the dual-SMPS are accurate.  We also assume that the concentrations of 
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positive and negative intermediate ions in the overlapping size range (3.0-5.5 nm 

diameter) are accurately measured by the IGMA, which samples directly from the 

atmosphere at a high rate.  The following equation then provides the relationship between 

)(
1
δ

±f  measured by the dual-SMPS system to the value measured with the IGMA-SMPS 

system: 

)(
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where, )(
,1

δ
DualN±  and )(

,
δ

DualtotN  are the charged and total concentrations in the overlap range 

measured by the dual-SMPS system, and )(
,1

δ
IGMAN±  and )(

,
δ

SMPStotN  are the charged and total 

concentrations in the overlap range measured by the IGMA and SMPS system, 

respectively.  The factor κ is the concentration calibration factor of the SMPS system and 

is equal to the measured/true concentration of the total particles in the overlap range.  We 

chose four days where good quality data were obtained with both the IGMA-SMPS and 

dual-SMPS systems, and evaluated κ for all distributions measured on those days.  Figure 

2.5 shows the frequency distribution of κ and its fitted lognormal distribution.   

 

 

Figure 2.5.  Frequency distribution of κ= )(
,

)(
,

δδ
truetotSMPStot NN  obtained by analyzing four 

days of data for which we had simultaneous measurements of the IGMA, SMPS and 
dual-SMPS. 
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The fitted lognormal distribution has a mean value of κ equal to 0.37 and geometric 

standard deviation 1.7.  Based on these results we used a value of κ=0.37 for analyzing 

data for the entire study period.  As is explained below, however, we also examined the 

sensitivity of our results to the value of κ used when analyzing the data, and found that 

our major conclusions are not significantly affected by uncertainties in κ, or uncertainty 

in the number concentration of 3-6 nm particles measured by the SMPS system.   

Figure 2.6 shows examples of data obtained during nucleation events on May 15th 

2005 (left) and June 1st 2004 (right).   

 

 

Figure 2.6. Measurements obtained during new particle formation events on May 15th 
(left) and June 1st, 2004 (right). Contour plots of the particle number distribution 
(∆N/∆logDp, cm-3) are shown in (a), while contour plots of positive and negative ion 
number distributions are shown respectively in (b) and (c).  The ratios of observed to 
stationary state charged fractions in the IGMS-SMPS overlap range (3.0-5.5 nm) are 
shown for positive particles in (d) and for negative particles in (e).  The dots and the lines 
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above and below the dots are respectively obtained using the 50th, 84th, and 16th 
percentile values of κ from Figure2.5. 
 

Figure 2.6(a) shows contour plots of the particle size distributions of the total (charged + 

neutral) particles, ∆N/∆logDP, measured by the SMPS system.  Figures 2.6(b) and (c) 

show the size distributions of small and intermediate positive and negative ions, 

respectively, measured by the IGMA.  The distributions of small ions generally peaked 

below 1nm, and they are almost always present in the atmosphere regardless of the 

weather and season.  New particle formation usually started sometime between sunrise 

and noon and lasted for several hours.  As is shown in Figures 2.6(b) and (c), the 

concentration of the intermediate ions typically increases during these events.  As shown 

in Figure 2.6(a) the particles that grew beyond the size range of the intermediate ions 

appear as total particles in the SMPS data.  The growth continues for the rest of the day 

and the final size of the mode is usually between 10 and 100 nm.  Figures 2.6(d) and (e) 

show the ratio of the measured charge fraction )(
1
δ

±f , to the stationary state value 

)(
stationary1,

δ
±f  (Hoppel and Frick 1986; Reischl et al., 1996).  Representative stationary state 

values were obtained by weighting the stationary state value of each size bin by the 

measured concentration of that bin.  Values for this ratio are not shown when particle 

counts measured using the SMPS were too low to be statistically significant.  The dots on 

Figures 2.6(d) and (e) show the measured values of this ratio for positive and negative 

particles assuming that κ=0.37. The lines below and above the dots are obtained using the 

16th and 84th percentile values of κ based on the distribution shown in Figure 2.5.   

 

2.4 Results 

2.4.1 THEORETICAL ANALYSIS 

If particle growth rates are very slow or small ion concentrations are very high, 

particles will achieve a stationary state charge distribution by the time they reach the 

overlapping size range for the IGMA and SMPS regardless of their initial charge state.  

Under conditions pertinent to the atmosphere, however, particles often do not reach 
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stationary state distributions by the time they grow to this size range.  In this section a 

simple theoretical analysis is performed to show conditions under which particles 

“remember” their nucleated charge state.  

The following set of population balance equations describes the growth of 

particles, their charging by the attachment of small ions, and their rates of loss by 

extramodal coagulation with pre-existing particles under steady state.  The equations 

were solved from mass sizes of 1 nm to 5.5 nm (Tammet 1995).  

( ) 1]1,[1]1,[0]0,[0]0,[0000 −+−++−+−−−++ ++−−Γ−= ncncncncnGRn
dD

d

p

ββββ  (2.2) 

( ) 1]1,[0]0,[1111 +−+−++++++ −+Γ−= ncncnGRn
dD

d

p

ββ     (2.3) 

( ) 1]1,[0]0,[1111 −+−+−−−−−− −+Γ−= ncncnGRn
dD

d

P

ββ     (2.4) 

In the above equations, qn  is the number distribution, pdDdN / , of particles with charge 

state q at size pD .  Concentrations of positive and negative small ions, ±c , are measured 

by the IGMA.  The ion-aerosol attachment coefficients between ±ions and particles with 

charge state q at size pD , ],[ q±β , were calculated by using the limiting sphere theory of 

Fuchs as described in Reischl et al (1996).  The condensational growth rates, dtdDp / of 

particles with charge state q at size pD , qGR , was calculated by the following expression.   

qFMq RMGRGR Ω⋅⋅= ~
      (2-5) 

where FMGR  is the theoretical size independent growth rate in the free molecular regime 

given by 

vapvap
vap

vap
FM cv

m
GR

ρ2

1=       (2.6) 

where vapm , vapρ , vapv , and vapc  are molecular mass, density, mean thermal speed, and 

the concentration of the vapor, respectively.  We refer to FMGR  as free molecular growth 

rates in this study.  The factor RM  is the enhancement in collision between the 

condensing vapor and growing particle at size pD due to their relative motion: 
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where, dvap is the diameter of a vapor molecule.  The term qΩ~ is the condensation 

enhancement factor of particles with charge state q at size pD  due to the electrostatic 

potential between a charged nanoparticle and permanent and induced dipole moments of 

the condensing vapor (Nadykto and Yu 2003; Tammet and Kulmala 2005) which can be 

calculated if the composition of the condensing vapor is known.  In this study, the 

condensing vapor is assumed to be H2SO4, and the dimensionless collision integral of 

Tammet and Kulmala (2005) was used to calculate qΩ~ .  Furthermore, we assumed that 

the condensing vapor has no chemical affinity toward charged particles of specific 

polarity; therefore, qΩ~  is independent of polarity ( 1−GR = 1+GR ).  Finally, the effect of 

evaporation was not included in the collision integral in this study.   

The laboratory study of (Hanson and Eisele 2002) suggested that 

( ) ( )yOHSOHNH 22423 ⋅⋅  is likely to be the critical cluster for neutral nucleation at their 

laboratory condition (270 K and [H2SO4] = 2×109 cm-3), which gives a critical size of 

0.7-0.8nm.  The temperature and [H2SO4] during our observed nucleation period ranged 

from 274-300 K and 0.6-4×107 cm-3, respectively, suggesting that the critical size based 

on ternary nucleation theory is larger than 1 nm.  However, the mechanism by which 

critical nuclei are formed is not well understood.  It follows that evaporation may or may 

not be significant at 1 nm.  On the other hand, theoretical studies showed that the 

dissociation rates of ( ) ( )yx OHSOHHSO 2424 ⋅⋅−  are significant at x = 2 and perhaps for 

cluster sizes above this (Lovejoy et al., 2004; Eisele et al., 2006), suggesting, that the 

evaporation rate may or may not be significant at 1 nm during IIN.   

The variable qΓ  is the scavenging rate by pre-existing particles at size at size pD  

(time-1) and is calculated from SMPS data using the following expression:   
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where, ),(
pp

DD ′β  is the coagulation coefficient between neutral particles of size pD  and 

pD′  (Fuchs 1964; Seinfeld and Pandis 1998; Tammet and Kulmala 2005) and exist-pre
q′n  is 

the particle size distribution of pre-existing particles with charge state q′  at size pD′ .  For 

sizes up to 50 nm, charged fractions were calculated with the limiting sphere theory of 

Fuchs (Fuchs 1963; Reischl et al., 1996), while the theory of (Gunn 1954) was used for 

particles larger than this (Wiedensohler 1988).  The factor, ]',[
),(

qq
DD pp

W ′ accounts for the 

increase and decrease in coagulation rates due to charge (Seinfeld and Pandis 1998).  

Charge states up to q′ =±5 were considered.  In evaluating ]',[
),(

qq
DD pp

W ′ , the electrostatic 

potential between a particle with charge state q and diameter PD , and a particle with 

charge state q′  and diameter PD′ , ],[
),(

qq
DD pp

′
′Φ , was calculated by using the following 

simplified form:  
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where r is the distance between the centers of two particles with radius pD  and pD′ .  The 

first and second terms are the potential due to coulomb and image forces, assuming that 

particles can be treated as point charges.  This approach neglects higher order image 

charges, such as are described by equations (30)-(34) of Laakso et al (2002).  We found 

that these higher order corrections only change qΓ  by about 0.5% for our application.   

 For the illustrative calculations reported in this section, positive and negative 

small ion concentrations are assumed equal to 800 cm-3 with average mobilities of 1.75 

cm2/V-s for both polarities.  A particle size distribution of the pre-existing particles that 

has a Fuchs surface area (McMurry et al., 2000; McMurry et al., 2005) of 81 µm2/cm3 

was chosen.  These values are representative of conditions observed in Boulder.  In order 

to examine the competition between growth and charging/discharging the relative motion 
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effect in growth rate (RM) in Equation (2.5) is set to unity because the Fuchs limiting 

sphere approach does not account for the relative motion between small ions and particles.   

At this point it is worth clarifying terminology for two different steady state 

charged fractions.  In the absence of particle growth the charged fraction is referred to as 

the “stationary state” charged fraction following the nomenclature used by Fuchs (1963).  

When particle growth is included the charged fractions are referred to as “steady state.”   

Figures 2.7(a) though 2.7(d) show contour plots of the steady state charged 

fraction of negatively charged particles in the overlap range, )(
1
δ

−f , as a function of FMGR  

and the initial charged fraction of negatively charged particles at 1 nm, 
1nm1−f .  The 

differences in the assumptions made for each case are shown in Table 2.1.   
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Figure 2.7.  Contour plots of steady state charged fractions of negatively charged 
particles in the overlapping size range ()(

1
δ

−f , in %) as a function of the theoretical size 
independent growth rates in free molecular regime, FMGR , and initial charged fraction of 

negative particles at 1 nm, 
1nm1−f . The differences in assumptions made for each case are 

shown in Table 2.1. 
 

Table 2.1.  Differences in the assumptions for the cases shown in Figure 2.7 

Cases 
Charged fraction 
at 1nm, 

1nm1±f  
Charge-dipole 

interactions, qΩ~  
Condensation 

sink, qΓ  

Figure 2.7(a) 1+f = 1−f  Included Not included 

Figure 2.7(b) 1+f = 1−f  Not included Not included 

Figure 2.7(c) 1+f = 1−f  Included Included 

Figure 2.7(d) 1+f = 0 Included Included 
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The cases shown in Figures 2.7(a) and (b) compare the effect of charge dipole 

interactions but with no condensation sink.  For cases where charge-enhanced growth is 

not taken into account (2.7b), contours of  )(
1
δ

−f  asymptotically approaches 
1nm1−f  as the 

growth rate increases.  On the other hand, if the charge enhanced growth is taken into 

account (2.6a), )(
1
δ

−f exceeds 
1nm1−f  at higher growth rates.  At growth rates lower than 

~0.4 nm/hr, )(
1
δ

−f  is essentially independent of 
1nm1−f  indicating that the stationary state 

is reached by the time particles reach the overlapping size range, and no information 

about the charge state of the nucleated particles can be inferred.  For growth rates above 

~0.6 nm/hr each figure is separated into two regions by the vertical contour lines in the 

neighborhood of the stationary state value in the overlap region (about 2.3-2.4 %).  To the 

left of this line )(
1
δ

−f  decreases as the growth rate increases since the charging of neutral 

particles by negative ions is the dominant process during growth.  Since the nucleated 

particles were initially almost all neutral, the vapor predominantly nucleated onto neutral 

clusters.  On the other hand, to the right of the dividing line, )(
1
δ

−f  increases as the growth 

rate increases due to recombination.  Since a significant fraction of nucleated particles 

was initially charged, ion-induced nucleation contributes to new particle formation under 

these conditions.  The ability to observe the dominance of either electrical charging or 

recombination is another method to characterize the nucleation process.   

The cases in Figure 2.7(c) and 2.7(d) include the effect of condensation sink qΓ .  

For case 2.7(c) the both positively and negatively charged particles are present at 1nm, 

while in (d) only negatively charged particles were present.  Although not shown here, 

the effect of the condensation sink on )(
1
δ

−f  is negligible if the electrostatic effects 

between the growing nanoparticles and pre-exiting particles are not included 

( 1]',[
),( =′

qq
DD pp

W ).  The electrostatic interaction increases the depletion rate of the charged 

particles therefore decreases )(
1
δ

−f .  For our measurements in Boulder, the growth rates 

ranged from 2.5 to 8 nm/hr are shown by the dotted lines on the figure.  In this range of 

growth rate, )(
1
δ

−f  is sensitive to 
1nm1−f  for both the bipolar (2.7c) and the unipolar cases 
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(2.7d) for a wide range of 
1nm1−f , which indicates that particles in the overlapping size 

range of the IGMA and SMPS should remember their initial charge state.   

 

2.4.2 QUALITATIVE ANALYSIS  

2.4.2.1 Charged Fraction Measured by the Dual-SMPS system 

The theoretical analysis in the previous section concluded that freshly nucleated 

particles in the overlapping size range (3.0-5.5 nm) remember their initial charge state 

over the range of growth rates typically observed in this study.  In this section actual 

charged fractions measured by the dual-SMPS before, during, and after the nucleation 

event are shown for one representative case.  The analysis is extended to all data 

collected between June 15th 2005 and October 27th 2005 to draw inferences about the 

dominant nucleation process during this period.   

Figure 2.8 shows data for charged fractions observed on October 7th 2005 in three 

size ranges (b) 11.2-24.5 nm, (c) 5.1-11.2 nm and (d) 2.4-5.1 nm, normalized by the 

stationary state charged fraction.   
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Figure 2.8.  Measurements obtained during the new particle formation event on October 
7, 2005.  Contour plots of the particle number distribution (∆N/∆logDp, cm-3) are shown 
in (a).  The dimensionless charged fraction, defined as the ratio of the measured to the 
stationary state charged fractions, is shown for three size ranges: 11.2-24.5 (b), 5.1-11.2 
(c), 2.4-5.1 (d).  
 

Because counting rates obtained with the UWCPC are nearly an order of magnitude 

higher than those obtained with the UCPC, we used data from that instrument to obtain 

charged fraction measurements for particles down to 2.5 nm.  Note that during the period 

when freshly nucleated particles were present, the measured fraction of both positive and 

negative particles in the 2.5-5.1 nm and 5.1-11.2 nm size ranges were below the 
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stationary state value; therefore, the nucleated particles are initially almost all neutral 

and they are acquiring charge as they grow.   

Using the data from June 15th to October 27th, representative charged fractions 

during nucleation periods were calculated for each day in five different size intervals.  

The criterion used to identify a “nucleation period” was that the concentration of particles 

in the size interval is at least 5 times the baseline value, and this elevated concentration 

persists for more than 30 minutes during daytime.  Baseline concentrations were 

evaluated from data collected between midnight and 5 am, when no sign of new particle 

formation observed.  Figure 2.9 shows the ratio of the average and standard deviation of 

charged fraction during nucleation periods normalized by stationary state values.   

 

 

Figure 2.9.  The ratio of the average charged fraction during the nucleation hours to the 
stationary state value for all new particle formation events observed from June 15, 2005 
through October 27, 2005.  The UWCPC was the SMPS detector for all of these data. 
 

Note that the charged fractions during the nucleation periods are significantly below the 

stationary state values and the trend becomes stronger as size decreases.  The freshly 

nucleated particles are significantly undercharged and approach the stationary value as 

they grow. This observation provides clear qualitative evidence that the nucleation events 

observed during June 15th to October 27th 2005 are dominated by neutral nucleation.   
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2.4.2.2 The Particle Current of the Intermediate Ions 

 As mentioned above, the ability to observe the dominance of either electrical 

charging or recombination is another method to characterize the nucleation process.  In 

fact, it is possible to qualitatively infer, with a minimum of assumptions, whether IIN 

contributed to particle formation by analyzing the current of particles past a given size of 

intermediate ions.  The advantage of this approach is that it does not require 

measurements of charged fraction, which is often limited by the low number of counts 

obtained by the SMPS system in 3-5.5nm range. 

When size distributions are affected only by particle growth, the evolution of the 

size distribution is determined by the following form of the general dynamic equation 

(Friedlander 2000): 

∂n

∂t
+ ∂J

∂DP

= 0         (2.10) 

where n is the particle number distribution, dN/dDP and J is the particle current, which 

can be approximated as (Friedlander 2000): 

GRnJ ≅ ,        (2.11) 

where GR is the particle growth rate, dtdDP / .  Equation (2.10) can be solved by the 

method of characteristics.  If GR depends only on size but not on time, it then follows 

that J does not vary with time as particles grow.  If there were a source or sink of 

particles, however, then the RHS of equation (2.10) would be nonzero.  If the RHS were 

negative, indicating a particle sink, then J would decrease as the diameter of the particle 

population grew, while J would increase if sources were dominant.  In this section we 

show how such trends in J provide another qualitative source of information regarding 

the nucleation process.   

Equations (2.5) and (2.11) can be used to estimate the particle current of 

intermediate ions at each representative size pD , qJ , of IGMA size bins:   
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∆

≅ ~
.      (2.12) 

The IGMA measures the particle number distribution, pq DN ∆∆ /  for particles that 

contain a single positive or negative charge (q =+1 or -1) .  Furthermore, SMPS data for 

particles in the free molecule regime show that particle growth rates are typically 

approximately independent of size and time during a given event.  The effect of charge-

enhanced growth in this size range (pD >3.5 nm) is insignificant since the total 

population is dominated by neutral particles.  We interpret the measured growth rates of 

total particles as the free molecular growth rate, FMGR , in our observed nucleation events, 

and FMGR was calculated from the SMPS data in the size range where the growing mode 

is clearly observable.  Observed modal growth rates are affected by both condensation 

and coagulation (Stolzenburg et al., 2005) and are therefore corrected for the effect of 

coagulation.   

Figure 2.10 shows the nucleation event observed on May 7th 2004.   

 

 
Figure 2.10.  Measurements obtained during the new particle formation event on May 7, 
2004.  Figures (a), (b), and (c) are number distributions (∆N/∆logDp, cm-3) of total 
(SMPS), positive (IGMA), and negative (IGMA) particles.  Figures (d) and (e) 
respectively show qJ  (cm-3s-1) for positive and negative intermediate ions versus time. 
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Figures 2.10(a)-(c) are contour plots similar to those shown in Figure 2.6 with the 

exception that a linear scale is used on the vertical axis.  Figures 2.10(d) and (e) show 

values of qJ  versus time for positive and negative particles of four sizes.  Note that the 

peaks of the qJ  curves shift to higher values with increasing particle size, which is 

evidence that charged particles in the indicated size ranges were produced by the 

attachment of small ions to relatively abundant neutral particles that were formed during 

this event.   

Figure 2.11 applies to observations from June 13th, 2004.   

 

 

Figure 2.11.  Measurements obtained during the new particle formation event on June 13, 
2004.  Figures (a), (b), and (c) are number distributions (∆N/∆logDp, cm-3) of total 
(SMPS), positive (IGMA), and negative (IGMA) particles.  Figures (d) and (e) 
respectively show qJ  (cm-3s-1) for positive and negative intermediate ions versus time. 
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In this case, the peak value of qJ  decreases for both positive and negative ions, 

indicating that significant depletion occurred as particles grew.  Processes that could lead 

to depletion are recombination with small ions and coagulation with pre-existing particles.  

The relative importance of these two depletion mechanisms for this period is compared in 

Figure 2.12.   

 

Figure 2.12.  Ratio of the recombination rate (s-1) to scavenging rate (s-1) per particle 
evaluated using average ion mobility, ion concentration, and distribution of pre-existing 
particles observed during 6:30-8:00 on June 13, 2004. 
 

The calculations show that the ratio exceeds unity above 2 nm indicating that the rate of 

depletion by recombination exceeds the scavenging rate for the size range shown in the 

figure.  Therefore, the observed decrease in particle current for the intermediate ions 

indicates that the nucleated particles become electrically neutralized as they grow, and 

the charged fraction of the nucleated particles was significantly above the stationary state 

value.  These results are consistent with the hypothesis that both positive and negative 

IIN likely contributed to new particle formation on this occasion.  On the other hand, 

Eisele et al (2006) comments that it is highly unlikely that positive and negative IIN 

occur simultaneously since the chemical species involved in positive and negative IIN 

process are entirely different.  In order to determine whether or not positive and negative 

IIN occurred simultaneously on this day, additional analyses were performed.  Figure  
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2.13 (a) and (b) show the concentration of particles in the overlapping size range (3.0-

5.5nm) measured by the SMPS system, )(
SMPStot,

δN  and the IGMA )(
IGMA1,

δ
±N , respectively.  

Figure 2.13 (c) shows the ratios of observed to stationary state charged fractions in the 

IGMA-SMPS overlap range, )(
stationary1,

)(
1 / δδ

±± ff .   

 

Figure 2.13. Measurements obtained during the new particle formation event on June 13th 
2004:  concentration of particles in the overlapping size range measured by the SMPS 
system (a), )(

SMPStot,
δN  and the IGMA )(

IGMA1,
δ

±N (b), and the ratios of observed to stationary 

state charged fractions in the IGMA-SMPS overlap range, )(
stationary1,

)(
1 / δδ

±± ff  (c).  

 

This nucleation event occurs in two steps.  The concentrations of charged particles in 

Figure 2.13(b) are larger at the earlier part of the event (before 8:30 a.m.) than during the 
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later part of the event (after 8:30 a.m.) while the concentrations of total particles in 

Figure 2.13(a) have the opposite trend.  The dimensionless charged fractions 

)(
stationary1,

)(
1 / δδ

±± ff  in Figure 2.13(c) are initially overcharged and keep decreasing as the 

nucleated event progresses.  These observations strongly suggest that positive and 

negative IIN are both significant during the earlier part of this nucleation event, but that 

nucleation of neutral molecular clusters dominates later.  There are only two out of 203 

new particle formation events during which the measured charged fraction are 

overcharged and symmetrical simultaneously, and both occurred during the early period 

of a new particle formation event.   

Data from August 8th 2004 are shown in Figure 2.14.   

 

 

Figure 2.14.  Measurements obtained during the new particle formation event on August 
8, 2004.  Figures (a), (b), and (c) are number distributions (∆N/∆logDp, cm-3) of total 
(SMPS), positive (IGMA), and negative (IGMA) particles, while (d) shows the ratio of 
positive to negative distribution functions.  Figures (e) and (f) respectively show qJ  (cm-

3s-1) for positive and negative intermediate ions versus time. 
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Additionally, Figure 2.14(d) shows the concentration ratio of negative to positive 

particles measured by the IGMA.  The degree of asymmetry is especially high (>3) when 

the nucleated particles first appear in the size range of the intermediate ions, but this ratio 

approaches unity as size and time increase beyond this point.  Note also that trends in qJ  

for positive and negative particles in Figures 2.14(e) and 2.14(f) show that electrical 

charging and recombination are respectively the dominant processes during growth.  This 

indicates the rate of negative IIN exceeded the rate of positive IIN on this day.  Such 

charge asymmetries were observed in only three out of 203 new particle formation events 

in this study.  In two of these cases negative IIN was dominant, while in the third case 

positive IIN was dominant.  One possible process that could lead to negative IIN is the 

affinity of sulfuric acid vapor towards negative ions (Lovejoy et al., 2004; Wilhelm et al., 

2004; Eisele et al., 2006) 

There may be processes that were not considered in this analyses that could lead 

to asymmetries in concentrations of positive and negative intermediate ions.  For example, 

positive and negative ions have distinctly different compositions, as reflected by their 

differing mobilities.  Chemical affinities between the nucleated particles and positive or 

negative ions might cause the particles to combine preferentially with ions of one polarity.  

Including such effects requires reevaluating the attachment coefficient ],[ q±β .  Similarly, 

polarity dependent chemical affinity between the condensing vapor and nucleated 

charged particles might cause the charged particles of one polarity to grow faster than the 

other.  Accounting for this effect requires reevaluating the non-dimensional collision 

integral qΩ~ .   

2.4.3 QUANTITATIVE ANALYSIS  

2.4.3.1 Fractional Contribution of IIN 

 The above qualitative analyses enable us to determine whether IIN contributed to 

new particle formation in a given observed nucleation event but does not quantify the 

relative contributions of neutral nucleation and IIN.  In this section, an analysis tool 
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similar to that described by Tammet and Kulmala (2005) is used to estimate the 

relative contributions of ion induced and neutral species nucleation for these events.   

The key inputs to the analysis tool are: the free molecular growth rate, FMGR , the 

electrical mobility and concentration of the small positive and negative ions, the particle 

size distribution of the pre-existing and freshly nucleated particles, and the charged 

fraction in the overlapping size range of the SMPS and IGMA.  Except for FMGR , all the 

input parameters are calculated by averaging measurements made during a nucleation 

event, beginning when concentrations in the overlapping size range started to increase, 

and ending when concentrations of the total particles in the overlapping size range started 

to decay.  Using the time averaged distribution, n , in the overlapping size range the 

charged fractions are obtained by )()()(
/ δδδ

totqq nnf = .   

We solve Equations (2.2)-(2.4) by a “shooting technique” to determine the 

concentration of 1nm particles of each charge state (
nm1qn , q = -1,0,+1), that yields 

)(δ
qf and )(δ

totn  after condensational growth and collisions with small ions and pre-existing 

particles.  After this solution is obtained, the total particle current at 1 nm, 
nmtotJ

1
, and 

the fractional contribution of IIN to nucleation rates, 
1nmqη  (q =+1 or -1), are calculated 

as follows. 

1nm1nm qqq GRnJ =        (2.13) 

∑=
q

qtot JJ
1nm1nm

       (2.14) 

1nm11nm1 / totJJ±± =η        (2.15) 

The free molecular growth rate, FMGR , was calculated from the SMPS data in the size 

range where the growing mode is clearly observable.  As was mentioned above, our 

observations show that FMGR  is approximately independent of both size and time.  To 
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obtain the initial guesses of 
nm1qn , 

nm1totn  was first obtained by rearranging Equation 

1.2 [ ]2/12/1

2/1

2
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where the subscript a indicates the initial size (1 nm in this work), b a representative size 

in the overlapping size range (taken to be 4.2 nm in this study), and ρ particle density.  

Equation (2.16) is the analytical solution of the governing equation under constant 

growth rate and scavenging by the preexisting aerosol surface area, AFuchs.  Next, initial 

guesses for 
nm1qn  were made by noting 

1nm1nm qtotq fnn = .   

The procedure outlined above was used to determine contributions of positive and 

negative IIN for 19 nucleation events from which growth rates could be obtained from 

the SMPS data.  Figure 2.15 shows frequency distributions of the fractional contributions 

of positive and negative IIN estimated for these events.  Table 2 lists some 

meteorological, aerosol, and ion parameters that were observed during these nucleation 

periods.   The geometric average and standard deviation of 
1nm1±η  for these frequency 

distributions are shown in Table 3 for the 50th and 84th percentile values of κ in equation 

(2.1).  Note that the overall contribution of IIN is not seriously affected by the uncertainty 

in the value of κ.   
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Figure 2.15.  Frequency distribution of the fractional contributions of positive (left) and 
negative (right) IIN, 

1nm1±η  during the 19 nucleation events that were analyzed for data 

collected from March 2004 to May 2005.   
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Table 2.2.  Measured meteorological, ion, and aerosol Parameters during the high concentration period in the overlapping size 
range 

Ion Concentration               
(cm-3) 

Z (cm2/V-s) 

Measured 
Charged 

Fraction in 3.5-
6nm range† 

Fractional 
Contribution of 

IIN,  

1nm1±η  ‡ (%) 
MMDDYY 

 
 

T(°C) 

 
 

RH(%) SO2 
(ppb) 

Solar 
Radiatio

n 
(W/m2) 

Pos. Neg. Pos. Neg. 

Fuchs 
Surface 

Area               
(µm2/cm3) 

Ion 
Production 

Rate  
(cm-3 s-1) 

GRFM                              
(nm/hr) 

 
∆N/∆logDP             
(3.5-6nm) 

(cm-3) 
Pos. Neg. 

1nmtotJ
‡ 

(cm-3-s) 
Pos. Neg. 

03/14/04 0.90 55.0 n/a♣ 399 964 735 1.40 1.74 40 5.2 4.5 1.0.E+04 1.9% 1.7% 19 2.3% 3.5% 
05/07/04 25.5 17.9 n/a 921 604 414 1.53 2.08 65 4.5 6.1 1.0.E+04 1.4% 1.1% 33 0.8% 0.5% 
05/08/04 25.5 13.5 n/a 697 1522 1303 1.54 1.87 30 3.1 6.7 5.0.E+03 2.9% 2.2% 13 3.8% 2.4% 
06/01/04 12.1 39.2 3.1 407 987 823 1.55 1.76 19 9.5 4.6 1.8.E+04 1.5% 1.4% 37 0.4% 0.4% 
06/02/04 16.1 44.3 0.58 855 634 455 1.54 1.98 64 6.7 3.5 2.4.E+03 1.5% 1.2% 7.8 0.4% 0.4% 
08/08/04 19.6 54.4 0.92 n/a 952 883 1.57 1.87 63 6.6 5.7 5.2.E+03 1.8% 2.5% 20 1.4% 2.6% 
08/12/04 18.9 33.9 0.61 n/a 660 470 1.47 1.89 61 7.6 5.2 7.4.E+03 1.2% 1.3% 25 0.4% 0.8% 
08/14/04 22.5 42.2 0.74 n/a 736 672 1.44 1.86 106 8.1 3.0 7.0.E+03 1.5% 1.5% 123 0.7% 0.2% 
08/16/04 23.9 33.6 0.70 n/a 662 624 1.51 2.02 82 9.1 4.3 3.3.E+03 1.6% 1.9% 20 1.2% 0.8% 
08/29/04 22.3 26.9 2.0 789 717 562 1.51 1.99 86 6.9 3.8 4.7.E+03 1.4% 1.3% 21 0.4% 0.1% 
09/03/04 20.0 38.9 n/a 562 898 746 1.57 1.99 97 8.7 4.3 3.0.E+03 2.1% 1.9% 15 1.4% 1.3% 
09/06/04 17.5 39.5 2.1 568 720 656 1.56 1.88 71 6.6 3.1 7.4.E+03 1.1% 1.4% 30 0.0% 0.4% 
09/15/04 14.5 29.3 2.0 646 859 736 1.50 1.90 59 5.5 3.0 1.2.E+04 1.3% 1.4% 118 0.0% 0.0% 
09/20/04 21.8 41.6 1.0 694 690 593 1.58 2.01 120 5.2 5.2 6.6.E+03 0.72% 0.74% 33 0.1% 0.0% 
05/10/05 19.4 34.6 n/a 833 607 418 1.57 2.04 195 5.2 7.6 1.1.E+04 0.62% 0.56% 68 0.0% 0.0% 
05/15/05 12.6 63.0 n/a 623 725 559 1.54 1.77 111 6.3 3.7 6.1.E+03 1.2% 1.1% 50 0.0% 0.2% 
05/19/05 25.9 25.1 n/a n/a 645 438 1.49 1.98 109 6.1 4.1 7.2.E+03 0.88% 0.81% 26 0.0% 0.0% 
05/21/05 25.8 24.5 n/a 554 1103 818 1.47 1.90 85 4.1 5.3 2.0.E+03 1.2% 1.2% 10 0.0% 0.1% 
05/22/05 19.7 55.4 n/a 848 797 639 1.51 1.84 134 11 4.7 9.1.E+03 1.0% 0.87% 42 0.1% 0.0% 

†: Calculated using the 50th percentile value of the distribution of the SMPS concentration correction factor 
‡: Calculated by the simulation tool 
♣: Not available 
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Table 2.3. Average % contribution of the IIN of the selected 19 nucleation events from 
March 2004 to May 2005 defined in terms of the particle production rate (J) at 1nm. 

Percentile value of the 
distribution of the SMPS 

correction factor, κ 
Positive Negative 

50% 0.42% (σg=2.6)  0.40% (σg=2.8) 
84% 1.0% (σg=3.1) 1.1% (σg=3.3) 

 

Based on these results we conclude that IIN did not contribute significantly to 

particle production during this study.  This result is consistent with the recent 

measurement of sulfuric acid ion clusters at the same sampling site by Eisele et al (2006).  

They did not observe sulfuric acid ion clusters H2SO4
− ⋅ H2SO4( )x

⋅ H2O( )y
, for values of x 

greater than 2 during three nucleation events and concluded that negative ion clusters did 

not grow by the IIN pathway.  The conclusion is also consistent with recent numerical 

models for IIN (Lovejoy et al., 2004; Yu 2006).  The concentration of H2SO4 was 

measured during daytime for thirteen days during September, 2004.  The concentration 

ranged from 1×106 to 4×107 cm-3 and the average was around 1.5×107.  The temperature 

and relative humidity ranged from 1.0-26°C and 14-77 % during the nucleation events.  

The model shows that IIN is unlikely the dominant nucleation mechanism for the 

observed range of temperature, RH, and H2SO4.   

In our analysis the effect of evaporation was neglected.  Two limiting cases can 

be used to assess the possible bias on our conclusion by not including evaporation.  If 

evaporation occurs to a significant extent as neutral particles are formed, a higher 

nucleation rate of neutral particles would be needed to achieve the observed 

concentration of the total particles in the overlapping size range.  Therefore, our main 

conclusion would not be affected.  On the other hand, slower growth rates caused by a 

strong effect of evaporation would cause the charged fraction to reach the stationary state 

value before the particles reach the overlapping size range.  However, as already shown 

in Figure 2.8 and 2.9, our data clearly show that charged fractions of the smallest 

particles are typically below the stationary state values.  If growth rates were slower than 

we assumed due to evaporation, neutral nucleation would have had to be even more 

dominant.   
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The underlying assumption of this analysis is that non-steady behavior of the 

actual nucleation events could be modeled as steady state processes (i.e., 

constant
1nm

≅qJ ).  In order to examine the sensitivity of our results to this assumption, 

additional analyses were performed.  The analysis showed that including the non-steady 

effects led to changes in 
1nm1±η  and 

1nm1±J  of less than 10%; therefore, reasonably 

accurate solutions can be obtained using the steady state assumption.   

2.4.3.2 Ion and Particle Production Rates 

2.4.3.2.1 Ion Production Rates 

Another way to estimate the possible contribution of ion-induced nucleation to 

new particle formation is to compare observed rates of particle production with estimated 

rates of small ion production.  The maximum possible rate at which new particles could 

be produced by ion-induced nucleation is equal to the production rate of ions.   

Ion production rates were estimated to compare their values with the nucleation 

rate estimated at 1nm 
1nm1±J .  Ion concentration during nighttime is assumed to be steady 

state under scavenging by pre-existing particles, ion-ion recombination, and ion 

production.   

0≈+−Γ−= −+++
+

ionion gccc
dt

dc α      (2.17a) 

0≈+−Γ−= −+−−
−

ionion gccc
dt

dc α      (2.17b) 

where ionα  is the ion-ion recombination coefficient (1.6×10-6 cm3/s, Tammet and 

Kulmala 2005), and iong  is the production rate of ion pair.  Ideally, the calculated values 

of iong  from equation 2.17b and 2.17b should be equal, and we used the average values 

of iong  obtained from 2.17a and 17b a representative ion production rate.  Ion production 

rates determined from measurements of external radiation and radon concentration 

showed that ion production rates estimated by Equation 2.17 are underestimated by up to 

a factor of two (Laakso et al., 2004).  The maximum possible IIN rate is equal to the ion 
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production rate.  The corresponding maximum fractional contribution of ion-induced 

nucleation , 
1nmgη , would then be given by the ratio ( )

1nmtotion Jg .  Figure 2.16 shows 

the frequency distribution of 
1nmgη  during the 19 nucleation events analyzed in this study.   

 

 
 

Figure 2.16.  Frequency distribution of the maximum possible fractional contribution of 
ion-induced nucleation obtained by equating the rate of ion-induced nucleation to the ion-

production rate, 
1nmgη  during the 19 nucleation events that were analyzed for data 

collected from March 2004 to May 2005.   
 

The geometric average and standard deviation of the frequency distribution are 22% and 

2.09, respectively.  Considering that the actual ion production rate is potentially up to a 

factor of two larger that was estimated in this calculation, the maximum possible 

contribution of IIN is significant.  However, the actual rate of particle production by ion-

induced nucleation would have been significantly less than this, in the present case 

probably by about an order of magnitude, since recombination and losses to preexisting 

particles are still dominant loss mechanisms for small ions during new particle formation 

period. On the other hand a simulation study shows that attributing the particle 

production rate entirely to IIN would have caused a large decrease in the small ion 

concentrations since all the generated small ions would be consumed by nucleation 

(Laakso et al., 2002) which was not observed. These observations and arguments support 
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our conclusion that ion-induced nucleation did not contribute significantly to new 

particle formation in this study. 

2.4.3.2.2 Ion-assisted nucleation by ion-ion recombination 

Another possible mechanism of new particle formation by ions is ion-assisted 

nucleation which is the production of stable neutral particles by ion-ion recombination 

(Eisele et al., 2006).  A very stable ion cluster of sulfuric acid 424 SOHHSO ⋅−  

subsequently neutralized by +
4NH  might result in a quasi-stable neutral cluster (Hanson 

and Eisele 2002).  A detailed kinetic model based on experimentally obtained 

thermodynamic data of H2SO4
-/H2O ion clusters showed that the size of neutral 

molecular clusters produced by ion-ion recombination is above the critical size of 

homogenous nucleation of neutral (Lovejoy et al., 2004). Therefore, stable nuclei formed 

in this manner might grow to detectable sizes.  (Yu 2006) has argued that ion-assisted 

nucleation can be a significant source of particle production.  Since particles formed by 

ion-assisted nucleation are electrically neutral, the contribution of this mechanism cannot 

be distinguished from that of the nucleation of neutral particles by analyzing the charged 

fraction.  The maximum possible contribution of ion-assisted nucleation estimated at 1nm, 

1nmαη , is given by  

1nm
1nm

tot

ion

J

cc −+= αηα ,       (2.18) 

and Figure 2.17 shows the frequency distribution of 
1nmαη  during the 19 nucleation 

events analyzed in this study.   
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Figure 2.17.  Frequency distribution of the maximum possible contributions of the ion-
assisted nucleation estimated at 1nm, 

1nmαη , during the 19 nucleation events that were 

analyzed for data collected from March 2004 to May 2005.   
 

The geometric average and standard deviation of the frequency distribution are 3% and 

2.7, respectively.  It is unlikely that all products of ion-ion recombination are stable 

neutral molecular clusters; therefore, the contribution of ion-assisted nucleation is likely 

to be even below the values shown in Figure 2.17; conclusively, the contribution of ion-

assisted nucleation is likely to be insignificant.   
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2.5 Conclusion 

 The role of IIN was investigated for new particle formation events observed near 

ground level at a sampling site located near Boulder, CO.  The conclusions are based on 

measurements of mobility distribution of small and intermediate ions (0.4-6.3nm), the 

size distribution of the total particles (neutral + charged; 3 nm-5 µm), and charged 

fraction of particles in the 2.5-25 nm diameter range.  We developed qualitative and 

quantitative analysis tools to examine these data for contributions of IIN to new particle 

formation.   

 We first report a simple theoretical analysis that identifies conditions under which 

measured charged fractions of particles in specified ranges can provide information about 

the initial charge state of the nucleated particles.  Theory shows that freshly nucleated 

particles should “remember” the initial charge states for the range of growth rates 

observed in this study.  The measured charged fractions during most of the events are 

below the stationary state values, and this discrepancy grew as size decreases; therefore, 

neutral nucleation is the dominant process.  By observing whether electrical charging or 

recombination dominates the particle current of intermediate ions, a qualitative 

conclusion can be made regarding whether the observed nanoparticle production is 

partially attributed to IIN.  These analyses showed that positive and negative IIN 

contributed to nucleation on some days, while negative IIN was more important than 

positive IIN in a few cases. These qualitative analyses do not provide quantitative 

information on the contributions of IIN to new particle formation.   

 Next, quantitative analysis was performed to estimate the fractional contribution 

of positive and negative IIN to new particle formation rates for selected new particle 

formation events observed during this study. These analyses show that IIN contributed on 

average, only 0.5% of the particle current at 1 nm for both polarities.  We conclude, 

therefore, that IIN contributed little to new particle formation during this study.  The 

result is consistent with the direct mass spectrometric measurements of ion clusters 

performed at the same measurement site; the growth of H2SO4
− ⋅ H2SO4( )x

⋅ H2O( )y
, for 
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values of x greater than 2 was not observed during nucleation events.  Our conclusion 

is also consistent with the results predicated by recent numerical models of ion-induced 

nucleation.  It is possible that IIN may be more important in other regions of the 

atmosphere.   
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2.8 Nomenclature 

Symbols are listed alphabetically.   

 

FuchsA  Fuchs aerosol surface area, (area/volume) 

 PPFuchs DdnD
KnKn

KnKn
A ′′





++
+= −∫ existpre

2
2

2

33.171.113
4π

 

±c  concentrations of positive and negative small ions 

vapc  concentration of vapor 

pD  particle diameter 

dvap diameter of a vapor molecule 

1±f  charged fraction of positively or negatively charged particles at size pD  

)(
1
δ

±f  charged fraction of positively or negatively charged particles based on the 
measured concentration within the overlapping size range between the 
IGMA and SMPS (3.0-5.5nm) 

qGR  diameter growth rate of particles having charge state q and size pD , due to 

gas-to-particle conversion (size/time) 

FMGR  theoretical size independent diameter growth rate of particles within a free 
molecular regime 

±g  production rate of ion pair (time-1) 

qJ  current of particles with charge state q past size pD , (volume-1-time-1) 

Kn Knudsen number 2λ/ PD  

vapm  molecular mass of vapor 

)(
,
δ
YqN  number concentration of particles with charge state q within the 

overlapping size range (3.0-5.5nm) measured by a system called “Y” 

qn  number distribution of particles with charge state q and size pD , 

( pq dDdN / ) 

exist-pre
qn  particle size distribution of pre-existing particles with charge state q and 

size pD , ( Pq dDdN /existpre− ) 
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r distance between centers of two conductive particles 

RM  collision enhancement factor between condensing vapor and growing 
particle at size pD due to their relative motion 

T gas temperature 

vapv  mean thermal speed of vapor 

]',[
),(

qq
DD pp

W ′  the collision enhancement factor due to electrostatic interaction between a 

particle with charge state q and size PD  and a particle with charge state 'q  

and size PD′  (Seinfeld and Pandis 1998) 

( )
( )

dr
Tk
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Greek Letters 

ionα  recombination rate (=1.6×10-6 cm3/s) 

),(
pp

DD ′β  coagulation coefficient between neutral particles of size pD  and pD′ , 

(volume/time) 

],[ q±β  ion-aerosol attachment coefficients between ±ions and particles with 

charge state q and size pD , (volume/time) 

qΓ  scavenging rate of nanoparticles with charge state q and size pD  with 

preexisting particles (time-1) 

1nm1±η  fractional contribution of positive or negative ion-induced nucleation 

estimated at 1nm 

1nmgη  fractional contribution of positive or negative ion-induced nucleation 

estimated at 1nm assuming the rate of ion-induced nucleation is equal to 
the estimated ion-production rate 

1nmαη  fractional contribution of ion assisted nucleation rate estimated at 1nm 

κ  experimentally determined concentration correction factor for particles 
measured by the SMPS system in the overlapping size range 

λ gas mean free path 

ρ particle density 

vapρ  density of a vapor molecule 
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],[
),(

qq
DD pp

′
′Φ  electrostatic potential between centers of two conductive particles: a 

particle with charge state q and diameter PD , and a particle with charge 

state q′  and diameter PD′  (energy) 

qΩ~  condensation enhancement factor of particles with charge state q and size 

pD  
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3 Estimating Nanoparticle Growth Rates from Size-
Dependent Charged Fractions - Analysis of New 
Particle Formation Events in Mexico City 

3.1 Abstract 

A method to estimate nanoparticle diameter growth rates (GR) during new 

particle formation (NPF) events from the measured dependence of charged fraction, f , 

on size, pD , is introduced.  The method is especially useful for observations during 

intense particle production rates, when the mode in the distribution of newly formed 

particles does not grow monotonically with time.  This method assumes that the observed 

profile of f  vs. pD  during the nucleation and growth period is controlled by 

condensational growth, ion-particle combination/recombination, scavenging by pre-

existing particles, and coagulation among growing nanoparticles.  Values of growth rates 

obtained by this method ( fGR ) agree well with independently obtained particle growth 

rates due to gas-to-particle conversion processes (PSDGR ) during regional NPF events.  

The method was then applied to characterize the NPF events observed at Tecamac, 

Mexico.  These growth rates were found to range from 15-40 nm/hour, which is 

significantly higher than values reported for other urban areas.  The production rates for 1 

nm particles calculated from the estimated growth rates and measured Fuchs surface area 

( nmJ1 = 1900-3000 particles/cm3 s) are comparable to those recently observed in New 

Delhi.   Because critical nuclei are likely close to 1 nm in size, nmJ1  should provide a 

reasonable estimate for nucleation rates. 
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3.2 Introduction 

The formation and growth of atmospheric aerosols has recently received much 

attention due to its potential climate and health-related effects.  New particle formation 

(NPF) has been observed at a number of sites around the world over the last decade 

(Kulmala et al., 2004), including in the free troposphere (Hoppel et al., 1994; Clarke et 

al., 1998; Weber et al., 1999; Twohy et al., 2002), in rural areas (Weber et al., 1997; 

Birmili et al., 2003), in urban areas (Woo et al., 2001; Dunn et al., 2004; Wehner et al., 

2004; McMurry et al., 2005; Stolzenburg et al., 2005; Wehner et al., 2006; Shi et al., 

2007), the remote boreal forest (Mäkelä et al., 1997; Kulmala et al., 2004; Dal Maso et 

al., 2005), over exposed coastal zones (Bates et al., 1998; O'Dowd et al., 1998; 

Berresheim et al., 2002; O'Dowd et al., 2002; Ulevicius et al., 2002) and elsewhere.  The 

nucleation mechanisms and the species responsible for the growth of newly formed 

particles are not yet completely understood.   

 This paper discusses a new approach for estimating the growth rates (GR) of 

newly formed particles when GR cannot readily be determined using established 

approaches (Weber et al., 1997; Kulmala et al., 2004; Dal Maso et al., 2005; Fiedler et 

al., 2005; Stolzenburg et al., 2005).  Growth rates are important because they determine 

the time required for a freshly nucleated particle to grow to a size that is large enough to 

serve as a cloud condensation nucleus (CCN).  Growth rates also affect the probability 

that a newly formed particle will grow to a CCN before it is lost by coagulation with a 

preexisting particle (Weber et al., 1997; Kerminen and Kulmala 2002; McMurry et al., 

2005).  Also, the product of GR times the distribution function at a given size (dN/dDp) 

equals the particle current past that size, J (Friedlander 2000).  Empirical information on 

GR and J is needed to establish models for NPF in the atmosphere.  Measured values of J 

are often significantly higher than values predicted by existing theories for 

multicomponent nucleation that includes sulfuric acid vapor (Weber et al., 1996; Weber 

et al., 1997; Clarke et al., 1998; Kulmala et al., 1998; O'Dowd et al., 1999; Birmili and 

Wiedensohler 2000; Fiedler et al., 2005; Stolzenburg et al., 2005; Wehner et al., 2005).  

Atmospheric observations show that J ~ [H2SO4]
p, 1<p<2, which is a significantly 
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weaker dependence than is predicted by classical nucleation theories (Weber et al., 

1996; Weber et al., 1997; Kulmala et al., 2006; Sihto et al., 2006; Kuang et al., 2007; 

Riipinen et al., 2007).  Several groups are pursuing studies aimed at explaining this 

observation.   

 Charged fractions can provide information as to whether ion-induced or 

homogeneous nucleation is the dominant mechanism.  Ion-induced nucleation occurs 

when the growth of ion clusters is activated by other condensable species.  It has been 

observed that the charged fraction of atmospheric nanoparticles, )( pDf , matches 

reasonably well with the theoretical stationary state values in the absence of growth, 

external generation, or electrostatic scavenging (Laakso et al., 2004; Iida et al., 2006; 

Vana et al., 2006).  Measurements of )( pDf of freshly nucleated ultrafine particles are 

sometimes significantly above or below theoretical stationary state values, indicating that 

in some cases ion-induced nucleation is important while in other cases nucleation of 

neutral species is dominant (Hõrrak et al., 1998; Tamm et al., 2001; Laakso et al., 2004; 

Vana et al., 2004; Iida et al., 2006; Vana et al., 2006).  Recent modeling studies have 

analyzed the evolution of )( pDf  during nucleation and growth (Tammet and Kulmala 

2005; Yu 2006), and data inversion schemes to calculate the fractional contributions of 

ion-induced and neutral nucleation from the measured charged fraction and growth rates 

have been developed (Iida et al., 2006; Laakso et al., 2006).   

In this study, our previous data inversion scheme (Iida et al., 2006) is simplified 

and extended to estimate the diameter growth rates of freshly nucleated particles from the 

measured profile of )( pDf  in the 3.7-25 nm range.  This approach is particularly useful 

if particle production persists at high rates throughout the day, so that the mode in the 

distribution of nucleated particles is not readily apparent.  Such NPF events were 

frequently observed at Tecamac, Mexico during the MILAGRO campaign in March 2006.  

In principle, this approach enables estimates of GR from a single measurement of size-

dependent charged fractions assuming all the processes affecting the charged fractions 

are in steady state within a moving air parcel; therefore, the method may also be useful 

for interpreting data for NPF events that are not uniform regionally.  Most other 
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approaches for determining GR apply to regional nucleation events, where modal sizes 

increase monotonically with time.   

In this paper we first validate this new method for inferring growth rates using our 

field data for “regional” nucleation events obtained at Tecamac during MILAGRO and in 

Boulder Colorado during 2005.  We then apply it to determine growth rates during more 

complex nucleation events in Tecamac, Mexico.   

3.3 Experiments 

Measurements were performed from March 15th to March 31st 2006 during the 

MILAGRO field sampling campaign.  Our sampling site, Tecamac, Mexico, is located 35 

km NW of the center of Mexico City.  Aerosol size distributions from 3 nm to 5 µm were 

measured using a pair of scanning mobility particle sizers (SMPS) and an optical particle 

counter (McMurry et al., 2000; Woo et al., 2001).  The mobility distributions of small and 

intermediate ions in the 0.5-6.3 nm range were measured using the Inclined Grid 

Mobility Analyzer (IGMA) (Tammet 2002). Small ions are defined as those having 

electrical mobility ranging from 0.5 to 3.2 cm2/V-s; their corresponding geometrical 

diameters (Tammet 1995) range from 1.6 to 0.4nm.  The electrical mobility and diameter 

ranges of the intermediate ions are 0.05-0.5 cm2/V-s and 6.3-1.6 nm, respectively.  The 

Radial SMPS system shown in Figure 3.1 was used to measure the charged fractions of 

2.5-25 nm particles.  The system consists of a Radial Differential Mobility Analyzer 

(RDMA) (Zhang et al., 1995) and a TSI 3785 Water-based Condensation Particle 

Counter (WCPC) (Hering et al., 2005).   
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Figure 3.1.  Schematic of the Radial SMPS system 
 

During operation atmospheric aerosols at 2 LPM constantly flow through the 
210Po neutralizer and the geometrically identical dummy neutralizer which samples in 

parallel.  It is important to maintain steady flow through the neutralizer since particles 

formed by radioactive decay inside the 210Po neutralizer accumulate under stagnant 

conditions (See Appendix 3A).  A three-way valve selects particles that flow either 

through the 210Po neutralizer or the dummy neutralizer.  The aerosol that passes through 

the 210Po neutralizer is assumed to reach the stationary-state charge distribution (Fuchs 

1963; Hoppel and Frick 1986; Reischl et al., 1996); therefore, the total population for a 

given size can be calculated.  Aerosol that passes through the dummy neutralizer has the 

same charge state as the ambient air.  The charged fraction for a given size and polarity is 

calculated by taking the concentration ratio of charged to total (charged plus neutral) 

particles.   
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Figure 3.2 shows the experimentally evaluated transport efficiency through the 
210Po neutralizer, the dummy neutralizer, and radial DMA, as well as the detection 

efficiency of the WCPC.   

 

 

 

Figure 3.2.  Measured transport efficiencies through the neutralized path, dummy path, 
and radial DMA, and the detection efficiency of the WCPC. Shown here are 
parameterized curves fitted to experimental data. CPC detection efficiencies drop rapidly 
to zero for sizes below 2.2 nm. 
 

As shown in the figure, the losses through the 210Po neutralizer and the dummy 

neutralizer are nearly equal.  The condenser and saturator temperature of the WCPC were 

changed to 72°C and 15°C, respectively, to lower the size detection limit.  We found that 

by increasing the temperature difference of the TSI 3785 condenser and saturator, the 

50% cutoff size ( 50PD ) for detecting NaCl test aerosol is extended down to 2.2 nm.  A 

recent study showed that 50PD  for this instrument is strongly material dependent and that 

its detection efficiency for atmospheric particles increases with increasing particle 

hygroscopicity (Hering et al., 2005; Kulmala et al., 2007).  Because our measured 
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charged fractions equal the ratio of charged to total concentrations, the effects of 

transport losses and composition-dependent CPC counting efficiencies cancel out and do 

not affect our results.   

3.4 Results 

During the campaign, evidence of nucleation was clearly observed on 13 out of 17 

days.  We categorized these nucleation events into two types, which are illustrated in 

Figures 3.3 (Type I) and 3.4 (Type II).   

 

 

 

Figure 3.3.  Example of a Type I nucleation event.  Measurements were obtained on 
March 22nd, 2006 at Tecamac, Mexico. Contour plots of the particle number distributions 
measured by the SMPS system (∆N/∆logDp, cm-3) are shown in (a), while the 
concentration of H2SO4 vapor and  3-6 nm particles are shown in (b). 
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Figure 3.4.  Example of a Type II nucleation event.  Measurements were obtained on 
March 21st, 2006 at Tecamac, Mexico. Contour plots of the particle number distributions 
(∆N/∆logDp, cm-3) measured by the SMPS system and positive small-intermediate ions 
measured by the IGMA are shown respectively in (a) and (b), while the concentration of 
H2SO4 vapor and 3-6 nm particles are shown in (c).  IGMA was not operating before 7:03 
AM.   
 

Type I and II events share several common features.  The elevated concentrations of 10-

50 nm particles observed between 4 and 7 a.m. in Figures 3.3 and 3.4 appear to be 

associated with rush hour traffic, and   Figure 3.3(b) and 3.4(c) show that H2SO4 vapor 

concentrations remained low during these periods.  As shown in Figures 3.3(a) and 3.4(a), 

new particle formation typically occurred sometime between 7 a.m. and noon, and was 

accompanied by significantly elevated concentrations of H2SO4 and sub-5 nm particles.  
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Type I and II nucleation events are distinctly different in the following three respects.  

First, the evolution of modal diameter of freshly nucleated particles is readily apparent 

for Type I but not for Type II events.  Most previous analyses of new particle formation 

and growth rates have focused on Type I events (Weber et al., 1997; Kerminen and 

Kulmala 2002; Kulmala et al., 2004; Dal Maso et al., 2005; Stolzenburg et al., 2005).  

Second, a parameter that can quantitatively distinguish between Type I and II events are 

the scavenging rate of freshly nucleated 3-6 nm particles, 6nm3−Γ , given by 

6nm3Fuchs6nm3 4

1
−− =Γ NAcp       (3.1) 

where pc  is the mean thermal velocity at the geometric mean size of 3-6 nm size bin, 

FuchsA  is the Fuchs aerosol surface area of preexisting aerosol.  Figure 3.5 shows the 

frequency distribution of the value of 6nm3−Γ  during the new particle formation period 

analyzed in this study.  Data for Type I events also includes five additional Type I NPF 

events obtained in Boulder CO during 2005 since the amount of Type I data obtained 

during the MILAGRO campaign is limited.   

 

 
 
Figure 3.5. The frequency distribution of scavenging rate of 3-6nm particles during the 
new particle formation period analyzed in this study. 
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As shown in the figure two distributions are distinctively separated by about two 

orders of magnitude.  The geometric mean values of the distributions are 1.0 cm-3 s-1 and 

150 cm-3 s-1 for Type I and II events, respectively, suggesting that the particle production 

rates at 3-6 nm are also expected to be in the same order of magnitude.  Third, as shown 

in Figure 3.4(c) concentrations of freshly nucleated 3 to 6 nm particles during Type II 

events, nmN 63− , are significantly higher and remain high for a longer time period.  As a 

result, it is difficult to follow the peak of the evolving particle size distribution in time; 

therefore, it is difficult to obtain the modal diameter growth rate.  Type II events account 

for five out of thirteen events during the measurement period while Type I events account 

for only three.  The remaining five events are associated with inhomogeneities in air 

transported to our sampling site (plume impacts, etc.), and are neither of Type I or II.  

Since Type II events led to high concentrations of nucleated particles, it is important to 

have an approach for analyzing such data.   

Note also that during the particle production periods shown in Figures 3.3 and 3.4, 

the time lags between changes in H2SO4 and nmN 63−  are short or negligible.  Previous 

studies in remote or rural environments have shown that the growth rates of freshly 

nucleated particles can be estimated from the time lag between the time profile of H2SO4 

vapor and nmN 63−  (Weber et al., 1997; Dal Maso et al., 2005; Sihto et al., 2006; Kuang et 

al., 2007; Riipinen et al., 2007).  The absence of a time lag in our data qualitatively 

implies that the growth rates from the size of initial nuclei (~1 nm) to 3-6 nm in Tecamac, 

Mexico, are higher than those typically observed in rural or remote environments.  As is 

shown below, growth rates observed in Tecamac, Mexico are significantly higher than 

have been reported for other sites.   

3.5 Analysis 

3.5.1 ESTIMATING DIAMETER GROWTH RATES FROM SIZE-DEPENDENT 
CHARGED FRACTIONS  

As mentioned previously, it is often not possible to estimate the diameter growth 

rates for Type II events using conventional approaches.  In this section, a method is 
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introduced to estimate the diameter growth rate from the measured charged fraction of 

3.7 to 25 nm particles observed during such events.  The method tries to find diameter 

growth rate, fGR , that reproduces the measured size dependent charged fraction, f  vs. 

pD , by simulating condensational growth, ion-particle combination/recombination, 

coagulation among growing nanoparticles, and scavenging by pre-existing particles.  To 

simplify analysis, we make the following three assumptions: 

 

1. The size distributions of freshly nucleated nanoparticles in the 3.7-25 nm range are 

equal for positively and negatively charged particles 

1nnn =≈ −+ ,       (3.2) 

where +n  and −n  are the particle size distribution, pdDdN / , of positively and 

negatively charged particles, respectively, and 1n  is used to represent pdDdN /  of 

positively or negatively charged particles.  Since the fraction of charged particles are 

calculated by taking the concentration ratio of charged to total (charged plus neutral) 

particles, it follows that the fractions of positively and negatively charged particles 

are equal:   

fff =≈ −+        (3.3) 

where, +f  and −f  are the fraction of positively and negatively charged particles, 

respectively. We use f  to represent the charged fraction of positively or negatively 

charged particles 

totn

n

nn

n
f 1

01

1

2
=

+
=       (3.4) 

where 0n  and totn  are the particle size distribution of electrically neutral and total 

particles, respectively.  This assumption is consistent with the charged fractions of 

3.7-25 nm particles measured with the Radial SMPS system for all the NPF events 

analyzed and is also consistent with recent measurements in Hyytiälä, Finland, for 

particles larger than 5 nm (Vana et al., 2006).  The measured values of 1n  are 

obtained by taking the average values between measured +n  and −n .   
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2. The concentrations and electrical mobilities of positive and negative small ions are 

equal. 

ionionion ccc =≈ −+        (3.5a) 

ionionion ZZZ =≈ −+        (3.5b) 

where,c  and Z  are concentration and electrical mobility of small ions, respectively.  

We define small ions as those having electrical mobility ranging from 6.3 to 0.5 

cm2/V-s.  The corresponding range of sizes is 0.4 to 1.6 nm.  As seen in the IGMA 

data taken after 7 a.m. in Figure 3.4(b) these small ions are always present in the 

atmosphere.  The representative concentration and electrical mobility of positive or 

negative small ions (ionc  and ionZ ) are obtained by taking the average values of 

positive and negative small ions measured by the IGMA: ),(Average ionionion −+= ccc , 

),(Average ionionion −+= ZZZ .  We have confirmed that values of growth rates obtained 

using this assumption do not change significantly if the electrical mobilities and 

concentrations of small positive and negative ions measured by the IGMA are both 

used to simulate interactions between small ions and particles.  Results are shown 

only for the average values of mobility and concentration, since this significantly 

simplifies the discussion.   

3. The diameter growth rates of 3.7–25 nm particles during a NPF event are independent 

of charge state.  The effect of particle charge on condensation rates can be estimated 

from the permanent and induced dipole moments of the condensing vapor (Nadykto 

and Yu 2003; Tammet and Kulmala 2005).  For sulfuric acid, the enhancement factor 

is less than 1.05 for sizes above 3.5 nm (Tammet and Kulmala 2005); therefore, the 

effect of charge-enhanced growth is likely negligible for particles larger than 3.7 nm.   

4. The time dependences of all simulated processes that affect the size dependent 

charged fractions during growth from 3.7-25 nm are neglected. These processes 

include condensational growth, ion-particle combination/recombination, coagulation 

among growing nanoparticles, and scavenging by pre-existing particles.  This 

assumption simplifies the determination of fGR  by the least square scheme.  In the 

DISCUSSION section we will estimate the error in diameter growth rate caused by 
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this assumption.  The results suggests that errors are less than 10% during the 

middle part of NPF events and increase up to 20-30% near the beginning and end of 

the NPF event.   

 

Using the assumptions 1 through 3, the rates of change of the particle size distribution 

functions of electrically charged and neutral particles are given by 
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where 0n  and 1n are particle size distributions, pdDdN / , of electrically neutral and singly 

charged particles, respectively.  The “current” of particles with charge state q past size pD , 

qJ , is given by fqq GRnJ = , where fGR  is the diameter growth rates of electrically 

neutral or charged particles obtained from this approach.  Theory of Fuchs is used to 

evaluate the ion-particle combination coefficients, 0β , for collisions between small ions 

and neutral particles and ion-particle recombination coefficients, 1β , for collisions 

between small ions and charged particles having opposite polarity (Reischl et al., 1996).  

Other production or depletion mechanisms of charged and neutral particles, primarily loss 

to preexisting particles and intramodal coagulation, are represented by 1r  and 0r , 

respectively.   

 Equation 3.6a and 3.6b can be combined using the following relations   

 totptotp JfDnfDnJ === ɺɺ
11 ,      (3.7a) 

 10 2JJJtot += ,       (3.7b) 

 10 2rrrtot += ,        (3.7c) 

where, totJ  and totr  are the particle current and the production/depletion rate of total 

particles, respectively.  The resulting equation is 
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The stationary state charged fraction, stationaryf , is given by 

01

0

2ββ
β
+

=stationaryf .       (3.9) 

This expression gives accurate values for sizes below 25 nm based on assumptions one 

and two.  Under steady-state conditions, Equation 3.8 simplifies to:  
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In this study we use a least-squares method to determine fGR  from Equation (3.10).  

Measured values for )( pDf , ionc , temperature and particle size distributions are used 

when calculating fGR .  Estimates of error caused by neglecting the time dependence of 

f  are included in the DISCUSSION section.   

Scavenging of growing nanoparticles by larger pre-existing particles is the most 

important depletion mechanism, and coagulation of smaller particles is an important 

production mechanism at a given size.  Equation 3.10 can be rewritten to explicitly show 

the scavenging and coagulation terms:   

( ) tottot
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ion
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f KfKf
f

f
c

dD

df
GR −+Γ−Γ−





−= 110 1β   (3.11) 

where K  and Γ  are the coagulation rate and scavenging rates, respectively, and the 

expressions for K  and Γ  are given in the NOMENCLATURE.  The scavenging rate for 

total particles, totΓ , is generally evaluated assuming that growing nanoparticles and pre-

existing particles are electrically neutral (Weber et al., 1997; Dal Maso et al., 2002; 

Kerminen and Kulmala 2002; McMurry et al., 2005).  In order to calculate the 

scavenging rate of charged particles, 1Γ , we assumed the stationary state distribution for 

the preexisting particles and accounted for the effects of charge on scavenging rates.  

Note that f  is not affected by scavenging if electrostatic interactions with the pre-

existing particles are neglected, totΓ=Γ1 .  1K  is the coagulation rate between charged 

and neutral particles that accounts for enhancements in collision rates due to image-forces.  

In order to analyze the effect of charge-enhanced coagulation the measured size-
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dependent charge fraction (f  vs. pD ) and size distributions of total particles were 

extrapolated to sizes below 3.7 nm to 1 nm assuming a power law relationship between 

pdDdN /  vs pD  (McMurry et al., 2000) and, similarly, f  vs. pD .  We found it is 

unnecessary to decompose totK  into 10 2KKK tot +=  since the separation has negligible 

effects on the obtained fGR ; therefore, totK  was calculated assuming that all particles are 

electrically neutral.  Our further analyses showed that the effects of scavenging and 

coagulation on fGR  for Type I NPF events analyzed in this paper are generally 

insignificant, while those effects were significant for Type II NPF events.  A detailed 

analysis of this subject is given in the DISCUSSION section.   

3.5.2 VALIDATION OF THE METHOD 

Before applying the method introduced in the previous section to Type II events 

observed in Tecamac, the method is verified by applying it to Type I events where 

growth rates can be evaluated independently from growth of the particle size distribution 

when the modal diameter is evolving from below 10 nm to around 60 nm.  (Stolzenburg 

et al., 2005) showed that both intra and inter modal coagulation cause the observed modal 

growth rates to be higher than the growth rates of particles due to gas-to-particle 

conversion processes, PSDGR ; therefore, the observed modal growth rates were corrected 

for these effects.  Additionally, the particle current, J, passing through upper and lower 

size boundaries of the growing mode toward larger sizes both decrease the modal growth 

rate.  Appendix 3B shows a generalized method to correct the modal growth rate of Type 

I events for the above two effects to obtain PSDGR .  In this section, data obtained in 

Boulder CO during 2005 are also used to validate this approach for determining growth 

rates since the amount of Type I data obtained during the MILAGRO campaign is limited.  

The same instruments were used for the Boulder and MILAGRO studies.   

 In order to quantitatively evaluate the method, we compared fGR  and PSDGR .  

Since observed PSDGR  is constant no size dependence in fGR  is included in the analysis.  

Although the Radial-SMPS starts scanning from 2.5 nm, charged fractions measured 
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below 3.7 nm were disregarded in the analysis since the values measured below ~3.0 

nm were occasionally affected by the particles formed inside the 210Po neutralizer.  This 

artifact was also investigated during the MILAGRO campaign, as discussed in Appendix 

A.  In order to obtain f  vs. pD , data in the 3.7 to 25 nm size range is divided into four 

equal logarithmic intervals.  Charged fractions for size interval j, jf , were evaluated by 

p

j

tot

p

j

tot

j
dDn

dDnf

f ∫
∫

=        (12). 

where integration is over size interval j. fGR  is obtained for each NPF period by solving 

Equation 3.11 by iteratively adjusting the values of fGR  and of f  at the lowest size 

boundary until the calculated profile of f  vs. pD  matched measurements.  Figure 3.6 

shows a typical example of measured and fitted profiles of f  vs. pD .   

 

 

Figure 3.6.  Measured charged fractions, f, versus size during a new particle formation 
event observed on March 20th 2006 at Tecamac, Mexico along with the fitted values 
obtained by solving Equation 3.11. 
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It was generally found during this study that measured and fitted profiles of f  vs. pD  

matched well without including the size dependence of fGR  in Equation 3.11 suggesting 

that actual diameter growth rates within the 3.7-25 nm range were reasonably constant 

during Type I and II events analyzed in this study.  Table 3.1 summarizes the six Type I 

NPF events analyzed, and Figure 3.7 compares fGR  and PSDGR  for those same events.   

 

 

 

 

Figure 3.7.  Comparison of diameter growth rate of particles due to gas-to-particle 
conversion obtained from the measurement of size dependent charged fraction, GRf , 

versus those obtained the evolution of the particle size distribution, PSDGR .  The vertical 

error bars are one standard deviation among the values of GRf  for each measured size 

dependent charged fraction.  The horizontal error bars are one standard deviation in 

PSDGR  caused by correcting the observed modal diameter growth rate for the effects of 

coagulation and scavenging at given time (Appendix 3B). 
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Table 3.1.  Summary of six Type I NPF events analyzed to validate the method introduced in this study 

Date Location GRPSD, 
nm/hr 

GRf,  
nm/hr 

Fuchs 
Surface 

Area 
(µm2/cm3) 

positive/negative 
ion concentration, 

cm-3 

positive/negative 
ion electrical 

mobility, cm2/V-s 

Temperature ,°
C, / Pressure, 

kPa 

5/15/2005 Boulder 3.9 (±1.7)† 3.1 (±1.0)‡ 95 586 / 401 1.53 / 1.78 14.6 / 82.5 
5/22/2005 Boulder 9.5 (±0.5) 10 (±1.2) 140 486 / 361 1.55 / 1.93 20.0 / 82.6 
6/13/2005 Boulder 4.4 (±0.03) 3.4 (±1.1) 29 370 / 248 1.45 / 1.89 16.4 / 82.2 
6/16/2005 Boulder 5.1 (±0.3) 3.5 (±0.43) 101 348 /152 1.49 / 1.87 21.4 / 82.4 
9/30/2005 Boulder 5.0 (±0.1) 5.2 (±1.4) 63 1059 / 878  1.36 / 1.79 26.3 / 82.1 
3/20/2006 Tecamac 7.8 (±1.0) 6.0 (±1.2) 148 409 / 239 1.44 / 1.77 19.2 / 72.9 
3/29/2006 Tecamac 8.1 (±0.4) 6.9 (±1.3) 180 302 / 233 1.42 / 1.88 24.1 / 72.9 

† One standard deviation among the values of GRPSD after being corrected for the coagulation and scavenging  
‡ One standard deviation among the values of GRf obtained for each measurement of f vs DP.   
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The correlation coefficients between fGR  and PSDGR  is 0.94 and most observations of  

fGR  and PSDGR  agree to within estimated uncertainties, supporting our argument that 

charged fractions in the 3.7 to 25 nm diameter range can be used to estimate growth rates.   

3.5.3 APPLICATION OF THE METHOD-ANALYSIS OF TYPE II NUCLEATION 
EVENTS IN MEXICO CITY 

 The method introduced in the previous section was applied to the three Type II 

events during which the SMPS, Radial SMPS, and the IGMA were working properly.  

The diameter growth rates fGR  were obtained by solving Equation 11, which includes 

the effects of scavenging and coagulations.  Figure 8 shows an example of fGR  obtained 

during Type II new particle formation events observed on March 16th, 2006.   
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Figure 3.8.  Example of diameter growth rates estimated from the size dependent charged 
fraction measured during new particle formation events observed on March 16th 2006.  
Contour plots of the particle number distributions (∆N/∆logDp, cm-3) measured by the 
SMPS system and positive small-intermediate ions measured by the IGMA are shown 
respectively in (a) and (b).  Estimated diameter growth rate, GRf , and concentration of 

H2SO4 are shown in Figure 3.8(c).  The noises in GRf  are reduced by performing 30 
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minutes running average.  Estimated error in GRf  caused by neglecting unsteady 

effects, ε, are shown in Figure 3.8(d) 
 

Figure 8(a) and (b) show the contour plots of the particle number distributions 

(∆N/∆logDp, cm-3) measured by the SMPS system and positive small-intermediate ions 

measured by the IGMA, respectively.  Estimated diameter growth rate, GRf , and 

concentration of H2SO4 are shown in Figure 8(c).  The values of fGR  correspond well 

with the concentration of H2SO4 although they are obtained by independent measurement 

techniques indicating that H2SO4 plays an important role in particle growth within the 

3.7-25 nm range.  Properties and composition of the freshly nucleated nanoparticles were 

also measured with the Thermal Desorption Chemical Ionization Mass Spectrometer 

(TDCIMS) on March 16, 2006 (Smith et al., 2007).  That study showed that organics 

were responsible for about 90% of the growth while sulfates accounted for only about 

10%.  Independent calculations based on measured concentrations of sulfuric acid vapor 

concentrations produce the consistent result that sulfuric acid condensation could account 

for only about 10% of the observed growth rate, fGR .   

Table 3.2 shows the average value and standard deviation among the estimated 

values of fGR  for three Type II events.   
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Table 3.2.  Summary of the analysis of Type II nucleation events observed at Tecamac, Mexico † 
Parameters 3/16/2006 3/18/2006 3/21/2006 
GRf , nm/hr 22 (±4.9) 40 (±12) 15 (±2.7) 

Fuchs Surface Area, AFuchs, µm2/cm3 536 (±90) 630 (±111) 365 (±81) 
J at 4.7 nm, cm-3 s-1 200 (±82) 510 (±200) 140 (±80) 
J at 1 nm, cm-3 s-1 2600 (±1300) 2800 (±1000) 1900 (±1300) 

† The values in the parentheses are time-variations of a given parameter during the NPF period expressed as one standard deviation 
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The number of analyzed size-dependent charged fractions and the duration of the 

analyzed time in hours are also given in the table.  The average and standard deviation 

among the values of GRf  among all three days are 24 nm/hr and 11 nm/hr, respectively.  

The estimated diameter growth rates are higher than the values observed in other polluted 

areas: 3-22 nm/hr in Atlanta (Stolzenburg et al., 2005), 6.7±4.8 nm/hr in St. Louis (Shi et 

al., 2007), 0.1-13.5 nm/hr in Beijing (Wehner et al., 2006), 11.6-18.1 nm/hr in New Delhi 

(Kulmala et al., 2005; Mönkkönen et al., 2005).   

Once the growth rate is available, the particle formation rate at 1 nm, nmJ1 , can be 

estimated using the following expression (Weber et al., 1997; McMurry et al., 2005):  
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where ρ  is particle density.  The subscripts a and b indicate the initial size (1 nm in this 

work) and the representative size at which new particle formation rates were measured, 

respectively.   In our case the size b (4.7 nm) corresponds to the geometric mean of the 

smallest size interval for the Radial SMPS data (~3.7 to ~6.0 nm).  The particle current Jb 

is equal to the product of particle size distribution pdDdN /  and GR.  Equation 3.13 

describes the particle current along the characteristic growth trajectory when nanoparticle 

growth rates and scavenging by the preexisting aerosol surface area, AFuchs, are both 

constant.  Nucleation rates can be reasonably estimated by nmJ1  (McMurry 1983) since 

the critical size is likely in the vicinity of 1 nm.  As shown in Table 3.2, the estimated 

nucleation rate nmJ1  is on the order of a few thousand per cm3-s.  Using a similar 

approach, nmJ1  for NPF events in New Delhi were estimated to be ~1300 per cm3-s 

(Kulmala et al., 2005; Mönkkönen et al., 2005) indicating that the nucleation rates in 

these mega cities, Mexico City and New Delhi, are comparable.   

Previous studies suggest that the diameter growth rates below 3 nm are smaller 

than the values estimated from the evolution of particle size distributions (Kulmala et al., 

2004; Fiedler et al., 2005).  The slower the diameter growth rates the smaller the fraction 

of nucleated particles that would survive to the detectable size range (~3 nm).  Since the 
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calculated nmJ1  depends exponentially on the diameter growth rate, slower diameter 

growth rates would increase the estimated nucleation rate.   

3.6 Discussion 

3.6.1 EFFECT OF NEGLECTING TIME DEPENDENCE ON THE ESTIMATED 
DIAMETER GROWTH RATES 

 In our analysis the steady state assumption (assumption 4) was applied to obtain 

Equation 3.10.  The error caused neglecting unsteady effects can be estimated by 

including the partial derivative with respect to time 
pDtf ∂∂ /  in Equation 3.10 and 

solving for fGR . 
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The first term on the RHS equals the steady state growth rate, fGR  estimated by our 

analysis.  Accordingly, the second term is the correction due to unsteady effects.   
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The values of measured f  and pD  generally vary linearly with correlation 

coefficients exceeding 0.98 when plotted on log-log scale; therefore, the partial derivative 

tpDf ∂∂ /  in the denominator of unsteady
fGR∆  can be expressed as ptp DfDf // κ⋅=∂∂  

where the constant κ  equals 
tpDf ln/ln ∂∂ .  Then unsteady

fGR∆  is written as 

pD

p
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The values of 
pD

tf ∂∂ /  evaluated using the data obtained at the beginning and end of 

the NPF events generally have larger fluctuations than those during the middle part of the 

event.  We evaluated unsteady
fGR∆  at four sizes and used the average of these values when 

estimating unsteady
fGR∆ .  The error in the diameter growth rate caused by neglecting 

unsteady effects, ε, can be expressed as 

unsteady

unsteady

f

f

GR

GR∆
=ε .         (3.17) 

The value of ε is plotted in Figure 3.8(d) for data obtained on March 16.  The 

values of ε are higher (20~30%) at the beginning and end of the NPF event, while they 

are low (<10%) during the middle of the event.   

3.6.2 EFFECT OF SCAVENGING AND COAGULATION ON ESTIMATED 
DIAMETER GROWTH RATES 

 It is desirable to find conditions in which the effects of scavenging and 

coagulation can be neglected when obtaining fGR  from the measurements of f  vs. pD  

since the computational time spent for calculating the scavenging and coagulation rates 

are about 50 times greater than those for that account only for ion-particle 

combination/recombination rates.  This section theoretically describes these effects on 

fGR .  Based on this analysis we conclude that coagulation and scavenging can be safely 

neglected during the Type I events but not during the Type II events that were included in 

this study.   

In order to understand the effects of scavenging and coagulation on the size 

dependent charged fractions it is helpful to rearrange Equation 3.11 into the following 

form. 
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where asymptoticf  is the asymptotic value of f  that would be achieved in the absence of 

growth by gas-to-particle conversion (i.e., fGR =0) when coagulation and scavenging are 

occurring.  Equation 3.18(a) indicates that the charged fraction of particles approaches 

asymptoticf  as the particles acquire charge during their growth.  Figure 3.9 shows the 

profiles of f  vs. pD  measured during two Type I and one Type II NPF events; measured 

charged fractions are non-dimensionalized by both asymptoticf  and stationaryf .  The initial 

charge state around 1 nm inferred from the diameter growth rates and measured charged 

fraction (Iida et al., 2006) suggests that the nucleated particles are initially almost all 

electrically neutral.   

 

 

 

 

Figure 3.9.  Size dependent charged fractions measured during two Type I and one Type 
II NPF events.  The values are non-dimensionalized by asymptoticf  and stationaryf .   
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Figure 3.9 shows that the measured charged fraction of particles approaches asymptoticf  

as the particles acquire charge during their growth; our observations are all qualitatively 

consistent with the trend predicted by the form )/1( asymptoticffA − in Equation 18(a).  

When particle production rates were low, stationaryff /  and asymptoticff /  both approach 

unity indicating that scavenging and coagulation have negligible effects on the 

asymptotic trend of f .  However, as J1nm increases, stationaryff /  deviates further from 

unity while asymptoticff /  consistently approaches unity indicating that the effects of 

scavenging and coagulation become more important as nucleation rate increases.   

Figures 3.10(a)-(c) show the frequency distributions of errors in fGR  caused by 

neglecting scavenging, coagulation, and both scavenging and coagulation.   
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Figure 3.10.  The frequency distribution of percent errors on fGR  caused by neglecting 

(a) the effect of scavenging, (b) coagulation, and (c) both scavenging and coagulation.   
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As shown in Figure 3.10(a), fGR  is always overestimated if the electrostatic effects on 

scavenging are neglected ( 10 Γ=Γ ).  This occurs because scavenging increases the value 

of asymptoticf , thereby increasing the RHS of Equation 3.18(a), which in turn leads to a 

higher value of fGR .  Neglecting coagulation ( 010 == KK ) causes A to decrease 

(Equation 3.18(b)) and asymptoticf  to increase (Equation 3.18(c)).  The net effect is that 

fGR  is generally underestimated, suggesting that the absence of charging by coagulation 

dominates errors on fGR .  This effect is stronger for Type II events where number 

concentrations are very high.  Figure 3.10(c) shows errors that occur when both 

scavenging and coagulation are neglected.  For Type I events, the overall error on fGR  is 

7.8±7.4% indicating that the size dependent charged fractions are determined primarily 

by the condensational growth and ion-aerosol attachment.   

Accordingly, for the Type I events the governing equation simplifies to: 
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ion

p f

f

GR

c

dD

df
10β .     (3.19) 

Since the ion mobility and ion mass estimated by the method of (Tammet 1995) do not 

vary significantly among different nucleation events, the value of 0β  and stationaryf  for a 

given size also do not vary much.  It follows that the dependence of f  on pD  depends 

primarily on the ratio ionf cGR / .  Figure 3.11 shows the measured charged fraction 

normalized by the stationary state values, stationaryff / , observed during three Type I NPF 

events in Boulder CO.   
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Figure 3.11.  Measured charged fraction normalized by the stationary state values versus 
size during three Type I NPF events observed in Boulder CO.   
 

In order to confirm that the observed trend of f  vs pD  is consistent with the trend 

predicted by Equation 3.19 the actual diameter growth rates obtained from the evolution 

of particle size distribution, PSDGR , is used to calculate the ratio between diameter 

growth rate and ion concentration.  For nucleation events with higher values of 

ionPSD cGR / , nucleated particles would better “remember” their initial charge state, and 

measured values of f  would deviate more significantly from stationaryf .  These 

observations show qualitatively that for the Type I events, the relationship between the 

measured f  and PD  is consistent with the trend predicted by Equation 3.19.   
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3.7 Conclusion 

We showed that the nanometer particle growth rate, GR, can be estimated from 

the charged fractions of freshly nucleated particles, f , observed during NPF events.  In 

principle, this approach enables estimates of GR from a single measurement of size-

dependent charged fractions assuming all the processes affecting the charged fractions 

are in steady state within a moving air parcel; therefore, the method should be applicable 

to data for NPF events that are not uniform regionally.  We verified the new method for 

“banana-type” new particle formation events that are typically assumed to be regional in 

extent.  Then the method was applied to the NPF events observed during the MILAGRO 

campaign in Tecamac near Mexico City in March 2006.  We found that growth rates (15-

40 nm/hour) are higher than the values observed in other polluted areas reported 

previously.  Estimated nucleation rates at 1 nm (1900-3000 cm-3s-1 at 1 nm) are 

comparable to values estimated from the data taken during a recent study in New Delhi.   

We showed that the profile of f  vs. pD  observed during NPF events approaches 

the theoretical asymptotic values as the particles acquire charge during their growth, and 

the effect of scavenging and coagulation on the theoretical asymptotic values becomes 

more important as the estimated nucleation rate increases.  We also showed that it is safe 

to neglect scavenging and coagulation to obtain fGR  from “banana” type NPF events 

analyzed in this study; therefore, size-dependent charged fractions during these NPF 

events are predominantly controlled by the ratio ioncGR/ , where ionc  is the concentration 

of small ions (0.4-1.2 nm) measured simultaneously during the NPF events.  

Theoretically, the higher the value of ioncGR/ , the greater the deviation of the f  vs pD  

profile from the stationary state values. Our observations are consistent with this 

theoretical prediction.   



 

 

95 

3.8 Appendix 3A: Aerosol Formation inside the 210Po Neutralizer 

 It is known that ionizing radiation inside aerosol neutralizers can lead to 

nucleation from trace gases (Burke and Scott 1973; Leong et al., 1983; Vohra et al., 

1984; Kim et al., 1997; Hanson 2005).  Prior to the MILAGRO 2006 field sampling 

campaign, we carried out experiments to determine how much this process might 

influence particle size distributions measured by the Radial SMPS system.   

 In these laboratory experiments, particle generation inside the 210Po neutralizer 

was tested using the apparatus shown in Figure 3A.1.   

 

 
Figure 3A.1. Experimental setup for testing particle formation inside the 210Po 
neutralizer. 
 

Initially, the neutralizer was completely purged with particle free air and flow through the 

neutralizer was stopped for several minutes by opening and closing valves 1 and 2, 

respectively.  Figure 3A.2 shows the frequency of counts measured by the ultrafine 

condensation particle counter, UCPC, when valve 2 was opened and valve 1 was closed 

simultaneously.   
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Figure 3A.2. Frequency of counts measured by the UCPC after the stagnant air inside the 
210Po neutralizer was suddenly released. 
 

Counting rates initially dropped rapidly as particles that had been formed radiolytically 

during the stagnant period were purged from the neutralizer.  After about 2 minutes, 

particle concentrations downstream of the neutralizer were found to oscillate, as has been 

observed previously for aerosol reactors (Friedlander 2000).  Further experiments 

showed that the detected particles are almost all electrically neutral, and that the effect of 

this artifact on the particle size distribution measured by the Radial SMPS system (Figure 

3.1) was negligible within the 2.5-25 nm range as long as air is constantly flowing 

through the 210Po neutralizer.   

In order to determine the accuracy of our measured charged fractions, this artifact 

was also investigated during the MILAGRO campaign.  A Teflon filter was installed at 

the aerosol sampling inlet of the Radial-SMPS to remove particles without otherwise 

affecting the composition of the sampled air.  Although the flows through 210Po and 

dummy neutralizers were continuous, a large number of particle counts was occasionally 

observed when the sampled air passed through the 210Po neutralizer, whereas near zero 

counts were routinely observed through the dummy neutralizer.  Figure 3A.3 shows a 
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typical particle size distribution (PSD) obtained when particle formation inside the 

neutralizer was occurring.   

 

 

Figure 3A.3.  The particle size distribution of nucleated particles downstream of a 210Po 
neutralizer. The data were taken during late morning on March 18th, 2006 at Tecamac, 
Mexico during the MILAGRO campaign. 
 

A comparison between cases with and without the upstream filter indicates that the 

artifact contributes significantly to the measured PSD below 4.5 nm.  A comparison 

between 1 LPM and 2LPM cases shows that the effect of radiolytic decay extended to 

larger sizes at lower flowrates, presumably because the longer residence time through the 

neutralizer to the classifier inlet provides more time for particles to grow and coagulate.  

Figure 3A.4 shows the size-dependent concentration ratio of particles downstream of the 
210Po neutralizer with and without the Teflon filter installed, filterN  / filternoN .   
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Figure 3A.4.  Size-dependent ratio of filtered to unfiltered concentrations downstream of 
the 210Po neutralizer. 
 

The ratio shows the fractional contribution of artifact to the measured concentration of 

total (charged plus neutral) particles.  The measured total concentration above 3.5 nm is 

little affected by the artifact, which supports the accuracy of our measured charged 

fractions above this size.   

The qualitative correlation of the artifact to trace gases in the atmosphere was also 

investigated during the campaign.  The trace gas data clearly shows that the artifact is 

strongly associated with SO2.  The result suggests that H2SO4 is formed inside the 210Po 

neutralizer, possibly by the reaction of SO2 with OH formed by the radioactive decay.  

Several laboratory studies have shown that the addition of an OH radical scavenger such 

as methanol, isopropanol (Leong et al., 1983) or propane (Hanson 2005) suppresses such 

nucleation.  We added these scavengers at levels ranging from tens of ppm to a few 

percent but did not succeed at suppressing particle formation inside the 210Po neutralizer.  

It is possible that the reagents we used as radical scavengers contained trace impurities 

that themselves contributed to nucleation.  Additional work with purer reagents than were 

readily available in the field is needed.   
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3.9 Appendix 3B:  method for determining the contribution of gas-to-
particle conversion to modal growth rates 

 
The modal growth rate (growth rate of the average diameter) is relatively easy to 

obtain from measured size distributions.  There are two major effects that can cause 

modal growth rates to be greater or smaller than the average growth rate of the individual 

particles.  First, intra- and inter- modal coagulation of the growing mode both cause the 

modal growth rate of the nucleated size distribution to exceed the average particle growth 

rate due to vapor uptake (Stolzenburg et al., 2005).  Second, the particle current, J, 

passing through the upper and lower size boundaries of the growing mode toward larger 

sizes decreases the modal growth rate.  We derive a general integral relation between the 

modal and average particle growth rates and show an approach for determining the 

contributions of these processes to growth.   

The following derivation is based on the approach discussed on Page 293-296 of 

Friedlander (2000). The total aerosol number concentration, N, of an isolated growing 

mode bounded by diameters 0pD  and 1pD  is:  
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where n is the particle size distribution PdDdN / .  Taking the total derivative with 

respect time and using the Leibniz rule, 
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where 0pDɺ  and 1pDɺ  are the rate of change of selected size boundaries which should not 

be confused with the particle growth rate at the boundary sizes
0pDpDɺ  and 

1pDpDɺ .  The 

general dynamic equation can be written in the following form.   
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where r includes depletion/production processes such as coagulation and pDɺ is the 

particle growth rate.  Inserting into the first term of Equation 3B.2 and integrating leads 

to 
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where, J0 and J1 are particle currents at the boundaries.  Thus, Nɺ  is the net particle 

current across the boundaries plus the total particle production rate inside the boundaries.  

It is useful to consider a limiting case in which there is no production or depletion (r = 0).  

If the selected size boundaries 0PD  and 1PD  are always fixed ( 010 == PP DD ɺɺ ), Nɺ  is 

given by the net particle current into the boundaries ( 10 JJ − ).  However, if 0pD  and 1pD  

are allowed to change, and if the rate of change of selected boundary sizes and growth 

rate at the boundary sizes are equal (
0

0
pDpp DD ɺɺ = ,

1
1

pDpp DD ɺɺ = ), Nɺ  is zero.     

The same procedure is now applied to the average size of the growing modePD  
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Taking the total derivative of pD with respect to time 
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and again using the Leibniz rule, the following result is found for the modal diameter 

growth rate: 
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The second term on the RHS is evaluated by first inserting Equation 3B.3 
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Using the product rule the following relation is obtained: 
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Substituting 3B.9 into the second term of 3B.8 leads to 
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It follows that: 
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Note that the last term is the average particle growth rate within the mode bounded by 

Dp0 and Dp1.  Substituting 3B.11 into 3B.8, and 3B.8 and 3B.4 into 3B.7 leads to: 
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This result can be rearranged to obtain: 
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         (3B.13) 

Term I in Equation 3B.13 shows that both particle current into or out of the Dp0 and Dp1 

range will lead to modal growth rates (pDɺ ) that are less than the average particle growth 

rate due to vapor uptake (pDɺ ).  Term II of Equation 3B.13 is the particle 

production/depletion term, and the sign of the function inside the integral pivots around 

pD  and r is weighed more as pD  moves away from pD .   
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The unknowns in 3B.13 are pDɺ , 
0pDpDɺ , and 

1pDpDɺ , and if each of these 

values at measurement time index i is assumed to be same from the time index i-1 to i+1 

one can use linear algebra to solve for these three unknowns.  On the other hand, if these 

unknowns are all assumed to be equal at given time index i,
1pDpDɺ =

0pDpDɺ = pDɺ , an 

explicit solution for pDɺ  at i-th time can be obtained.   
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The application of the method is illustrated using two NPF events observed in 

Boulder, Colorado. Measured particle size distributions below and above size PD  are 

used to calculate the production by coagulation and depletion by scavenging of particles 

having size PD .  Figure 3B.1 shows particle size distributions (PSD) observed on June 

13th and May 15th 2005 for which the modal growth rate could be obtained during the 

time periods shown in the figures.   
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Figure 3B.1.  Particle size distributions, ∆N/∆logDp, measured by the SMPS during 
nucleation and growth periods on June 13th, 2005 (left) and May 15th 2005 (right).   
 

The selected segment of the growing mode bounded by 0pD  and 1PD  is shown with a 

thicker line in each figure.  The distributions on June 13th and May 15th show the growth 
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of pD  from 11 to 24 nm within 3.0 hr and from 7.6 to 12 nm within 1.3 hr, 

respectively.  On June 13th, we could observe the growth of the entire mode during late 

morning to early afternoon.  On the other hand, on May 15th we could observe the mode 

passing the detectable size range during mid to late morning.  Figure 3B.2(a) and (b) 

show each component of Equation 3B.13 calculated for the growing PSD on June 13th 

and May 15th.   
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Figure 3B.2. Each component of Equation 3C.13 calculated for the growing particle size 
distribution observed on (a) June 13th and (b) May 15th 
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The Fuchs surface areas, FuchsA , on June 13th and May 15th during the period shown 

on figures are 28 and 92 µm2/cm3.  Higher values ofFuchsA  and smaller sizes of growing 

particles leads to larger contributions of coagulation/scavenging on May 15th.  The 

contribution of particle current is also larger during the early period on May 15th since the 

value of pdDdN /  at 0pD  is large.  As a result, the average particle growth rates of PSD 

on May 15th exhibit a significantly different trend from the modal growth rates, PDɺ , while 

on June 13th they are close to the modal growth rates.   
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3.11 Nomenclature 

Symbols are listed alphabetically.   

 

FuchsA  Fuchs aerosol surface area, (area/volume) 

 ppFuchs DdnD
KnKn

KnKn
A ′′
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+= −∫ existpre

2
2

2

33.171.113

4π
 

ionc  average concentration of positive and negative small ions 
(number/volume) 

pD  particle diameter 

f  fraction of charged particles at size pD  

asymptoticf  asymptotic value of f  that would be achieved at size pD  in the absence 

of growth by gas-to-particle conversion when coagulation and scavenging 
are occurring 

stationaryf  stationary state charged fraction of positively or negatively charged 

particles at size pD  
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GRf  diameter growth rate of particles due to gas-to-particle conversion 

obtained from the measurement of size dependent charged fraction 
(size/time) 

PSDGR  diameter growth rate of particles due to gas-to-particle conversion 

obtained directly form the growing particle size distribution (size/time) 

qDp
J ,  current of particles with charge state q past size pD , (number/volume-

time) 

totK  coagulation rate among total (charged+neutral) particles at size pD  

(Seinfeld and Pandis 1998) normalized by the particle size distribution of 
total particles )p(Dtotn  (time-1) 
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1K  coagulation rate of singly charged particles with neutral particles (time-1) 
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Kn Knudsen number 2λ/ pD  

N  total particle concentration at size pD  

qn  number distribution of particles with charge state q and size pD , 

( pq dDdN / ) 

exist-pre
qn  particle size distribution of pre-existing particles with charge state q, 

( pq dDdN /existpre− ) 

qr  production or depletion rate of particles with charge state q and size pD  

by any mechanisms other than ion-aerosol attachment and recombination 
(number/volume-time-size) 

T gas temperature 
( )',

),(
qq
DD PP

W ′  the collision enhancement factor due to electrostatic interaction between a 

particle with charge state q and size pD  and a particle with charge state 'q  

and size pD′  (Seinfeld and Pandis 1998) 
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Greek Letters 

 

0β  attachment coefficient for ions and electrically neutral particles of size pD  

(volume/time) 

1β  recombination coefficient for ions and singly charged particles at size pD  

(volume/time) 

),(
PP

DD ′β  coagulation coefficient between electrically neutral particles of size 

pD and pD′  (volume time-1) 

qΓ  scavenging rate of nanoparticles with charge state q and size pD  with 

preexisting particles (time-1) 
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λ gas mean free path 

ρ particle density 
),(

),(
qq

DD pp

′
′Φ  the electrostatic potential between centers of two conductive particles: a 

particle with charge state q and diameter pD , and a particle with charge 

state q′  and radius pD′  (Iida et al., 2006) 
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4 A New Laminar Flow Condensation Particle 
Counter for Detecting Particles as Small as 1 nm 

4.1 Abstract 

The size detection limit of the ultrafine condensation particle counter, which was 

originally developed by Stolzenburg and McMurry (1991), was lowered by using 

different working fluids.  First, theoretical studies were performed to find working fluids 

that can potentially detect sub 2 nm particles.  We selected working fluids that are non-

hazardous and that have relatively low viscosities.  All the selected working fluids have 

low vapor pressures; therefore, a second, conventional CPC is required to grow particles 

to a readily detectable size.  Second, experiments were performed to obtain the size- and 

material-dependent activation efficiencies for ethylene glycol, diethylene glycol, 

propylene glycol, oleic acid, and DOS.  Using diethylene glycol (DEG) and oleic acid 

(OA) we found that the sizes of negatively charged particles that are detected with 50% 

efficiency, 50pD , are <1.3, 1.3, and 1.9 nm as mobility diameter (<0.9, 0.9 and 1.5nm as 

mass diameter), for particles generated from sodium chloride, ammonium sulfate, and 

silver, respectively.  DEG is preferred over the OA if the particles contain volatile species 

(e.g., water) since the elevated temperatures required for oleic acid could lead to the 

evaporation of volatile particles within the UCPC.  However, the glycol-based 

compounds are miscible with water; therefore, condensed water can influence the extent 

to which the glycol-based liquids evaporate in the saturator, thereby affecting saturation 

ratios that are achieved in the condenser.  The stability of the UCPC for long-term 

operation was tested by monitoring the instrument’s response to silver particles having 

size near 50pD  in an air stream that simulates conditions typically encountered during new 

particle formation events in the atmosphere.  The performance was sufficiently steady 

(±3%) for several days indicating the device can perform stably during unattended 

operation.    
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4.2 Introduction 

 The measurement of size distributions of freshly nucleated particles plays a 

critical role in understanding mechanisms of new particle formation in the atmosphere.  

For example, measurements in the nanometer size range can provide information on the 

formation rate of the nucleated particles, the charge state of the growing nanoparticles, 

and the dynamical processes including growth, evaporation and scavenging that 

determine the nanoparticle size distribution.  A goal of our research group is to measure, 

for the first time, the complete spectrum of sizes in nucleating systems, ranging from 

molecules, to neutral molecular clusters, to nanoparticles and beyond.  The nanoparticle 

detector described in this chapter contributes to that goal.   

Size distributions of small (i.e., smaller than about 0.5 µm) particles are often 

measured by electrostatic classification.  This involves preparing the aerosol such that 

particles of a given size have a known distribution of charges, classifying them according 

to electrical mobility, and measuring the concentration of the mobility-classified particles.  

These data can then be “inverted” to determine size distributions.  Concentrations can be 

measured either by using an electrometer to detect the rate at which charged particles exit 

the mobility classifier, or by using a condensation particle counter (CPC).  CPCs offer the 

advantage of higher sensitivity and higher signal-to-noise.  The major limitation of CPCs 

is the minimum size that can be detected.  

The development of CPC has a history that spans a century.  The earliest type of CPC 

was an expansion type that was originally developed by John Aitken in 1888 during his 

study of the formation processes of clouds and particulate pollutants (McMurry 2000).  

CPCs are generally categorized into two groups: (adiabatic) expansion and continuous 

flow.  In expansion type CPCs, the sampled aerosol is trapped in a chamber, saturated 

with a vapor (typically water), and then quickly expanded to produce the supersaturated 

vapor that condenses on particles, causing them to grow to a size that can be detected 

optically.  In contrast, in continuous flow CPCs the supersaturation is achieved either by 

saturating and subsequently cooling the sampled aerosol, or by blending the cool aerosol 

with warm air that contains the saturated “working fluid”.  Regardless of configuration, 

the fundamentals of the operation are the same for all CPC types.  First the instrument is 
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designed to suspend or mix aerosols within a saturated vapor (the “working fluid”), 

and a method is found to cause the working fluid to become supersaturated, and the 

supersaturated vapor condenses on particles causing them to grow to a size that can be 

detected optically.  There is a unique thermodynamic relationship between the degree of 

supersaturation and the minimum particle size above which the particle will grow 

indefinitely by heterogeneous nucleation (Friedlander 2000).  In most experiments the 

material of particles sampled into CPC are different from that of working fluid vapor; 

therefore, minimum detectable size influenced by the solubility of particle material within 

and wettability of particle surface with the liquid phase of working fluids, and recent 

study shows that these effects become stronger as the sizes of sampled particles decreases 

(Hienola et al., 2007; Kulmala et al., 2007).  After heterogeneous nucleation the 

condensational growth up to ~10 µm or so takes place within a second or so, and the 

grown particles are individually counted by light scattering.   

Efforts have been made to decrease the size detection limit of the CPCs in recent 

years.  The expansion CPC using propanol as working fluid can detect sub 1 nm 

(geometric size) ion molecular clusters generated by irradiating the nitrogen carrier gas 

with an α-particle source (Winkler et al., 2007).  However, the expansion type CPC is not 

a steady flow instrument; therefore, the device is typically not used to perform continuous 

particle size distribution measurements.  Continuous flow type instruments are further 

divided into two groups: laminar flow CPC (LCPC) and turbulent mixing type CPC 

(MCPC).  There are several studies on the simple MCPCs that mix cooled aerosol flow 

and warm saturator flow in a small tee to create supersaturation.  An ethylene glycol-

based MCPC that detects sodium chloride particles with 100% efficiency down to 1.6 nm 

mobility diameter (1.2nm geometric size) was recently reported (Kim et al., 2003).  A 

dibutyl phthalate (DBP)-based MCPC that activates the growth of almost all tetra-hexyl 

ammonium bromide molecular clusters having mobility diameters of 1.6nm (geometric 

size 1.1nm) was described by (Sgro and Fernandez de la Mora 2004).  MCPC have only 

seen limited use for atmospheric field measurement campaigns since their stability over 

long hours of operations are not well established.  On the other hand, the TSI 3025 

ultrafine CPC (UCPC), which was originally developed by (Stolzenburg and McMurry 
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1991), is a laminar flow CPC that is most commonly used for measuring atmospheric 

nanoparticle size distributions since the device performs stably over extended periods of 

unattended operation.  The lowest size detection limit of the UCPC is about 2.5-3nm 

(Bartz et al., 1985; Kesten et al., 1991; Stolzenburg and McMurry 1991; Wiedensohler et 

al., 1997; Kulmala et al., 2007).   

Our goal was to extend the minimum detection limit of this laminar flow CPC to 

smaller sizes. Our approach involved using working fluids other than butanol.  We first 

carried out theoretical analyses to identify working fluids that could potentially detect 

sub-2nm particles.  After identifying suitable working fluids we then carried out 

experiments to obtain the size-dependent activation efficiencies.  Several data inversion 

schemes were also investigated in detail to find a simple but accurate method to obtain 

activation efficiencies from the measurements.  Finally, we experimentally investigated 

the stability of our new laminar flow CPC for extended periods of unattended operation.   

4.3 Simulating the Performance of THE Laminar Flow CPC  

4.3.1 METHOD 

The activation efficiency of the ultrafine CPC under was simulated using the 

method described by Stolzenburg (1988).  The method analytically solves the mass and 

heat transfer equations that account in a fully developed laminar flow with radial 

conduction/diffusion.  Figure 4.1 is a schematic the domains where the temperature and 

vapor concentration inside that UCPC are simulated.   

 

Figure 4.1. is a schematic the domains where the temperature and vapor concentration 
inside that UCPC are simulated 
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The solution gives the axisymmetric two dimensional profile of temperature and 

vapor concentration within a saturator extension and condenser.  Using these solutions 

the minimum particle size that can be activated for growth, which is defined as the Kelvin 

diameter, is calculated at each location within the condenser. Chapter 5 of Stolzenburg 

(1988) describes in detail the method to calculate the activated fraction of the particles 

having these Kelvin diameters.  The properties of the working fluid needed to calculate 

activation efficiencies are: saturation vapor pressure as a function of temperature, surface 

tension, liquid density, molecular weight, and diffusion coefficient, and all of these 

properties including those needed to calculate diffusion coefficient are directly obtained 

from the property table of (Yaws 1999).  The method of (Wilke and Lee 1955), which is 

described in (Reid et al., 1987), are used to calculate the diffusion coefficient of working 

fluid vapor.  The flow configuration including the length of saturator and condenser are 

identical to those of the ultrafine CPC (Stolzenburg and McMurry 1991): 5.0 cm3/s of 

total flow, 0.5 cm3/s of capillary flow, 2.2 cm length of saturator extension, 11.4 cm 

length of condenser, and 0.46 cm inner diameter of a circular tube.  The condenser 

temperature was set to 10°C, and the saturator temperature was changed until the particle 

count rate due to homogeneous nucleation from the condenser equals 1 min-1.  The 

overall nucleation rate was found by integrating the classical homogenous nucleation rate, 

J, (time-1-volume-1) over the entire condenser volume.   

∫∫ ⋅⋅⋅= dzdrrJJtotal π2       (4.1) 

Simulations were performed using all organic compounds found in the table of Yaws 

(1999) that have melting points below 10°C and boiling points above 60°C.  Since there 

are above 800 organic compounds that satisfy these conditions, the calculated activation 

curve for each compound needs to be output in an efficient form.  The following 

parameterized form well represents the simulated activation efficiency curve. 

[ ]( )n
pppp DDDD )/()()2ln(exp1 0500 −−−−=η ,   (4.2a),  

[ ]
[ ])/()(ln
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where 0pD , 50pD , and 95pD  the diameters corresponding to η = 0, 0.5 and 0.95, 

respectively. 

4.3.2 RESULTS 

 Figure 4.2 shows the frequency distribution of the 50% cutoff sizes of the 

activation curve, 50pD , for all of the organic compounds analyzed. 

 

 

Figure 4.2.  The frequency distribution of the 50% activation sizes (50pD ) of 863 organic 

compounds found in the Table of Yaws (1999).  These results apply to all compounds 
from that compilation that have melting and boiling points below 10°C and 60°C, 
respectively. 
 

Note that all of these organic compounds are predicted to activate particles below 4nm 

and most would activate particles as small as 3nm.  Figure 4.3 shows the dependence of 

the calculated 50pD on the surface tension and saturation vapor pressure evaluated at the 

average temperature between saturator and condenser.   
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Figure 4.3.  The calculated 50% activation size, 50pD , versus the surface tension and 

saturation vapor pressure evaluated at the temperature equal to the average of the 
saturator and condenser temperatures. 
 

The decreasing trend of 50pD  with increasing surface tension occurs because higher 

surface tensions enhance the evaporation of nucleating vapor from tiny clusters, thereby 

suppressing the rate of homogeneous nucleation.  Similarly, the decreasing trend of 50pD  

with decreasing saturation vapor pressure occurs because of the deceased collision rates 

among working fluid vapor molecules, which leads to lower rates of homogeneous 

nucleation. 

 In addition we have imposed the following practical constraints to those organic 

compounds that potentially activate below 2nm. 

• The organic compound must be relatively non-hazardous, since a certain amount 

of exposure to skin or by inhalation is inevitable for working fluids used with 

such instruments during maintenance.   

• Consideration was restricted to compounds with room-temperature viscosities of 

less than 50 centipoise.  Higher viscosities lead to longer times required to 

saturate the wick by capillary action.   

• The organic liquid can be easily purchased and is reasonably priced. 
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Based on these criteria, we chose several organic compounds for further study.  The 

activation efficiency curves for these compounds are shown in Figure 4.4.  Table 4.1 

shows the selected physical/chemical properties of these potential working fluids. 

 

 
 
Figure 4.4.  Simulated activation efficiencies of the Ultrafine CPC for selected working 
fluids 
 



 

 

122 

Table 4.1. Physical/chemical properties of the potential working fluids and parameters describing the performance of UCPC. 
 units n-butanol Diethylene 

Glycol 
DOS Oleic Acid Ethylene 

Glycol 
Propylene 

Glycol 
CAS Number  71-36-3 111-46-6 122-62-3 112-80-1 107-21-1 504-63-2 

Molecular Weight g/mol 74.123 106.1 426.7 282.5 62.1 76.1 
Diffusion Coefficient cm2/s 0.0920 0.0849 0.0431 0.0465 0.108 0.102 

Surface Tension dyne/c
m 

25.0 47.1 30.9 30.5 48.1 45.0 

Freezing Point † °C -84 -10.4 -48 13.4 -12.7 -27.7 
Boiling point † °C 117 246 256 360 197.3 214.4 

Viscosity at 20 °C centi-
poise 2.6 38.3 23‡ 34.1 21.8 28.1 

Solubility † 
  

s H2O, bz; 
msc EtOH, eth; 

vs ace 

s H2O, EtOH, 
eth, chl 

vs ace, bz, 
EtOH 

i H2O; 
msc EtOH, eth, 
ace, bz, chl, ctc 

 

msc H2O, 
EtOH,ace 
s eth, chl; 

sl bz 
 

msc H2O, EtOH; 
vs eth; 
sl bz 

 

Calculated 

Tcondenser=10°C 
°C 51.9 76.3 129.6 92.6 60.7 71.0 

Saturator 
temperature 

Measured °C not measured 50.2 99 
(Tcondenser= 31) 

64.1 
(Tcondenser=16.4) 

46 
(Tcondenser=10) 

40 
(Tcondenser=10) 

Peak Super Saturation (S) - 3.68 89.0 502000 14600 12.9 21.5 
Location of Peak S cm 4.03 5.24 7.47 7.26 4.34 4.45 

Vapor Pressure at Peak S atm 2.1 ×10-2 2.0×10-4 1.6×10-6 1.1×10-6 6.5×10-4 5.6×10-4 
50% Cutoff DP nm 2.89 1.86 1.89 1.90 1.93 1.97 

† (Lide 2006), abbreviations: s (soluble); sl (slightly soluble); i (insoluble); msc (miscible); vs (very soluble); ace(acetone); bz (benzene); chl (chloroform); ctc(carbon 
tetrachloride); eth (diethyl ether); EtOH(ethanol);  
‡(Topas-GmbH 2007) 
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Among these above selected compounds all glycol based compounds have surface 

tension values that are about two times larger than that for n-butanol.  The vapor 

pressures of DOS and oleic acid are about 2-4 orders of magnitude below the vapor 

pressure of n-butanol at the peak supersaturation inside the condenser.  These two 

categories of compounds are expected to tolerate very high supersaturations without 

causing noticeable homogeneous nucleation.  The glycol based compounds are miscible 

in water while DOS and oleic acid are insoluble in water.  Ethylene glycol and diethylene 

glycol are somewhat toxic.  The primary health hazard for these compounds is kidney 

failure, which is caused by ingesting a large single dose (HSDB 2007; US-EPA 2007).  

However, the exposure to small concentrations of aerosol particles for these liquids 

should be minimal.  The lowest adverse effect level (LOAEL) of ethylene glycol is 

1000mg/kg/day.  Using the average inhalation rate of human adult (20 m3/day) and 

average weight of human adult (60 kg), the concentration of 500 nm droplets required to 

reach LOAEL was calculated to be on the order of 1010 cm-3 assuming that all the inhaled 

particles are deposited to human lung.  Propylene glycol and oleic acids are generally not 

considered to be toxic. DOS has been used for studying the intrapulmonary deposition of 

aerosol particles (Love and Muir 1976; Scheuch and Stahlhofen 1987; Myojo and 

Sugimoto 1997), and has low toxicity (Ekwall et al., 1982; Zeiger et al., 1985; Brain et al., 

1996). 

 The vapor pressure of the potential working fluids for detecting <2nm particles 

shown in Table 4.1 are 2 to 4 orders of magnitude lower than the vapor pressure of n-

butanol.  Therefore, it is important to analyze whether or not the activated particles can 

grow by condensation up to the size range that can be detected by light scattering.  

Condensational growth of activated droplets was simulated along the axis starting from 

the peak of supersaturation.  The enhanced evaporation by the Kelvin effect was 

neglected since evaporation rates are small relative to condensation rates once 

condensation begins.  The change in the droplet temperature by the addition of latent heat 

and conduction though the surrounding gas were taken into account in the growth model.  

Figure 4.5 shows the calculated droplet size along the axis of the condenser.   
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Figure 4.5. Simulated droplet sizes along the axis of CPC condenser 
 

The final droplet sizes of glycol based compounds are about 1 µm, which is roughly one 

order of magnitude smaller than droplets formed when of n-butanol is used as the 

working fluid.  While particles in the 1 µm diameter range can be detected by light 

scattering, they would be much more difficult to detect than the 10 µm droplets produced 

by butanol instruments.  When oleic acid and DOS are used as working fluids, particles 

grow only to about 100nm due to the exceedingly low vapor pressure of these compounds.  

Such small particles would be very difficult to detect optically.  Therefore, the instrument 

system that we designed uses an additional butanol CPC to complete the growth up to 

10µm or so.  In our experiments, the additional butanol based CPC (the “booster”) was 

added downstream of the UCPC to complete the growth of activated particles up to 10µm 

or so.   

It would be desirable to complete activation and growth within one laminar flow 

tube rather than adding another CPC downstream of the UCPC condenser, as was done in 

our research.  One way to accomplish this would be to add a short section of heated 

porous tube wetted with H2O to cause further condensational growth within a short 

distance (Hering et al., 2005).  Theoretical analysis of such a system is given in 

Appendix 4A.   
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4.4 EXPERIMENT 

4.4.1 EXPERIMENTAL SETUP 

 The activation efficiencies of the potential working fluids identified in our 

theoretical study were experimentally evaluated.  Figure 4.6 shows the setup for 

generating the test aerosols.   

 

 

 

Figure 4.6.  Aerosol generation system for evaluating the activation efficiency of the CPC 
 

Test nanoparticles are generated by the evaporation/condensation technique (Scheibel 

and Porstendöerfer 1983) from sodium chloride, ammonium sulfate, and silver.  Dry 

nitrogen sampled from the head space of liquid nitrogen at 77K was used as the carrier 

gas to reduce the likelihood that particle composition would be affected by the presence 

of contaminants.  The vapor homogenously nucleates and forms nanoparticles which then 

enter the aerosol charger.  Our aerosol charger (Chen and Pui 1999) can be used as either 

a unipolar or bipolar charger by turning on and off the voltage applied to the ion 

separation region.  The charged particles are classified by the Nano-DMA (Chen et al., 
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1998), which was operated with a sheath flowrate of 15.0 LPM.  The 1.5 LPM 

monodisperse aerosol outflow was controlled by the system downstream, as will be 

shown later.  The excess flow at 1.9 LPM was vented through a filter from the bypass 

flow port of the Nano-DMA, and the flowrate from the exit of furnace to the inlet slit of 

the Nano-DMA classifier region was controlled by a dilution loop.   

 Figure 4.7 shows the setup used to evaluate the activation efficiency of the 

Ultrafine CPC.   

 

 
 
Figure 4.7.  Experimental setup for evaluating the activation efficiency of the Ultrafine 
CPC that uses various working fluids 
 

The monodisperse aerosol flow is controlled by the amount of dry nitrogen makeup flow 

being added, and it was directly calibrated against the pressure drop through the laminar 

flow meter along the makeup flow.  The monodisperse aerosol exiting from the Nano-

DMA diluted by dry nitrogen make-up flow is passed through a 2.2 mm mixing orifice 

before being symmetrically separated into equal proportions that flow into the UCPC and 

Faraday cage electrometer (FCE).  The Faraday cage is based on the design of (Okuyama 

et al., 1998).  During this study the CPC and electrometer flowrates were varied from 1.5 

to 1.9LPM.  The difference between the condenser and saturator temperature of the 
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UCPC was maximized to the point where false counts due to homogeneous 

nucleation were negligible (1 count per ~5 minutes).  As theoretical analysis suggested, 

the final sizes at the condenser exit were too small to be detected by the UCPC optics; 

therefore, an additional CPC (TSI 3010) having a 50% cutoff size at 15 nm is used to 

complete the growth up to optically detectable sizes.  The flow control scheme within the 

UCPC is same as the original design (Stolzenburg and McMurry 1991).  Figure 4.8 shows 

a more detailed flow schematic of the UCPC.   

 

 
 
Figure 4.8. Flow schematic of the ultrafine condensation particle counter, UCPC, and 
downstream TSI 3010 CPC.   
 

The core portion of the total flow is sampled at 5.0 cm3/s through the aerosol intake hole.  

The major fraction of the sample flow is filtered and becomes the saturated sheath flow.  

The aerosol sample flow is introduced along the axis of the saturator extension through a 

small capillary.  The geometries of the capillary tube and the intake tube of the sample 

flow are found in Stolzenburg (1988).  The sampling efficiency from the UCPC inlet to 

the intake hole, and the intake hole to the entrance of the capillary tube were evaluated by 

assuming that flow within these two sections are fully developed, and the wall diffusion 

losses decrease the concentration within the core portion of these flow.  The sampling 

efficiency from the capillary entrance to the exit was evaluated using Gormley-Kennedy 
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equation.  In this study, the capillary flow rate is varied from 0.7 to 1.5 cm3/s.  The 

capillary flow rates were calibrated against the pressured drop across A and B, PAB. The 

experimental procedure used to calibrate the flow rate is described in Appendix 4B. 

 

4.4.2 EXPERIMENTAL RESULTS 

4.4.2.1 Activation Efficiency 

 The activation efficiencies inside the condenser were obtained from the measured 

concentration ratio of the downstream CPC (TSI-3010) to the FCE after correcting the 

concentration measured by the CPC for the particle losses from the flow separation tee to 

the end of the capillary, CPCteeP − , and correcting the concentration measured by the FCE 

for the particle losses from the flow separation tee to the detector region inside FCE, 

FCEteeP − .  The activation efficiency for particles of mobility size, pD , )( pDη , is: 

 
)(

))((

VDCPCtee

FCEtee

VFCE

CPC
VpD

P

P

N

N

−

−⋅=η      (4.3) 

where V is the DMA voltage.  Particle penetrations are evaluated for a given diffusion 

coefficient, D, which is also a function of V.  Equation 4.3 is obtained by neglecting the 

effect of the finite width of the Nano-DMA transfer function on the value of ))(( VpDη .  

Our analysis described in Appendix 4C shows that the effect on η  can be accurately 

accounted by shifting the size at which η  is evaluated, and this method was used to 

obtain the activation efficiencies in this study.  Additionally, the actual width of the 

Nano-DMA transfer function was evaluated semi-empirically by fitting the theoretical 

transfer function of Stolzenburg (1988) to the mobility spectrum of monodisperse 

fullerene (C60) monomer (Seol et al., 2002; Tanaka and Takeuchi 2002), and the details 

of this procedure are given in Appendix 4D.   

In order to simplify the presentation of our results the activation curves that we 

measured for only two representative working fluids are shown in Figure 4.9: diethylene 

glycol (DEG) and oleic acid (OA).  DEG and OA represent the working fluids that have 
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high surface tension and very low vapor pressure, respectively, and these working 

fluids had lower 50% cutoff size, 50pD , than other working fluids investigated in this 

study.   
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Figure 4.9.  Measured activation efficiencies η  of diethylene glycol (DEG) and oleic acid 
(OA) that were obtained by using test aerosols generated from (a) sodium chloride (b) 
ammonium sulfate and (c) silver. 
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The values in square and round brackets on the horizontal axis are the mobility diameter 

(Knudsen and Weber 1911; Millikan 1923a; Millikan 1923b) the mass diameter (Tammet 

1995), respectively.  Mobility diameter corresponds to the collision cross section between 

a particle and gas molecules, and the mass diameter is the actual geometrical size of the 

particle (Budd and Marshall 1985; Tammet 1995; Fernandez de la Mora et al., 1998).  

There are several important qualitative trends.  First, negatively charged particles are 

more easily activated than positively charged particles.  The polarity dependence of the 

activation efficiency of charged particles has been observed in previous experimental 

studies using a mixing type CPC (Kim et al., 2003) and an expansion type CPC (Winkler 

et al., 2006; Winkler et al., 2007).  The activated fractions at given sizes using oleic acid 

are generally slightly higher than those obtained using diethylene glycol, probably due to 

insufficient concentration of oleic acid vapor around the activated particles.  The 

activated fraction using oleic acid can be increased by increasing the concentration of 

vapor inside the condenser, which can be done by increasing saturator temperature while 

maintaining the temperature difference between the saturation and condenser.  It is also 

evident that the activation efficiencies depend on the material of test particles.  Previous 

theoretical studies indicate the activation efficiencies are strongly affected by the 

solubility of test particles in the working fluid and the wettability of particle surface by 

the working fluid vapor (Scheibel and Porstendöerfer 1986; Kulmala et al., 2007).  Table 

4.2 shows values of 50pD  for all the working fluids investigated in this study.  The values 

in square and round brackets are the mobility diameter and the mass diameter, 

respectively.   
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Table 4.2.  The 50% cutoff size of activation curve  for all the working fluids 
investigated material place inside an evaporation tube. 
 Material placed inside an evaporation tube 
Polarity  Working Fluids NaCl (NH4)2SO4 Ag 

diethylene glycol [1.6] (1.3) [1.6] (1.3) [2.0] (1.6) ±0.04 
ethylene glycol [3.0] (2.4) ±0.4 [1.7] (1.3) [1.8] (1.4) ±0.08 

propylene glycol [1.9] (1.5) ±0.06 [1.8] (1.5) ±0.01 [2.8] (2.2) ±0.03 
oleic acid [1.6] (1.3) [1.8] (1.4) [2.0] (1.6) ±0.02 

 
 
Positive 

DOS [2.0] (1.5) [2.2] (1.8) ±0.02 [1.9] (1.5) ±0.04 
diethylene glycol [<1.3] (<0.9)  [1.3] (1.0) ±0.02 [1.9] (1.5) ±0.03 
ethylene glycol [1.3] (0.9) ±0.07 [1.5] (1.1) ±0.05 [2.6] (2.0) ±0.4 

propylene glycol [1.6] (1.2) ±0.06 [1.6] (1.3) ±0.05 [2.5] (1.9) ±0.02 
oleic acid [<1.2] (<0.8) [1.5] (1.1) ±0.03 [1.9] (1.5) ±0.02 

 
 
Negative 

DOS [1.8] (1.4) [2.2] (1.7) ±0.02 [1.7] (1.3) ±0.04 
 

Qualitative trends in the performance of ethylene glycol and propylene glycol were 

similar to those for diethylene glycol.  Propylene glycol has higher 50pD  than diethylene 

glycol for detecting all three different particle materials, and ethylene glycol has higher 

50pD  than diethylene glycol for detecting particles generated by evaporating silver.  DOS 

has equal or higher 50pD  for detecting sodium chlorides than those for detecting silver 

indicating that the material dependence is slightly different between DOS and the other 

working fluids investigated.   

 If the vapor pressure of sampled nanoparticles is relatively high, diethylene glycol 

is preferable to oleic acid as a working fluid.  Although the performance of oleic acid is 

similar to that for diethylene glycol, the required saturator temperature is considerably 

higher for oleic acid (See Table 4.1).  Therefore, if the particles contain volatile species 

(e.g., water) significant evaporation could occur at the elevated temperatures that are used 

inside the oleic acid based UCPC before the particles reach the condenser.  Conclusively, 

with diethylene glycol, particles having mobility diameter 1.9 nm (mass diameter 1.5 nm) 

can be detected independent of particle material.  Depending on composition, particles 

having mobility diameter as small as 1.3 nm (mass diameter 0.9nm) can be detected with 

this working fluid.   
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4.4.2.2 Performance Stability of Glycol Based CPC 

One important application of the UCPC is to measure the concentration of size 

classified sub 3nm diameter particles during atmospheric aerosol sampling.  Moisture is 

one of the most important sources of potential UCPC instability over long hours of 

unattended operation.  Significant condensation of water vapor onto the condenser wall 

can induce the gravitational migration of condensed water along the wall.  Since the 

glycol-based compounds are miscible with water, condensed water can influence the 

extent to which the glycol-based liquids evaporate in the saturator, thereby affecting 

saturation ratios that are achieved in the condenser.  In addition, the condensed water can 

accumulate within the annular gap between the capillary and the wall of saturator 

extension (See Figure 4.8).  Water trapped within the annular space brakes up frequently 

causing pressure fluctuations inside the UCPC. Furthermore, microdroplets that are 

formed when the trapped water breaks up contribute large noise counts.  The stability of 

the glycol-based UCPC was investigated by monitoring the instrument output over a 

period of three days when 2.2 nm silver particles were sampled at 40-45% relative 

humidity.  Silver was used because it can easily be produced at stable concentrations over 

extended periods of time.  Relative humidities were controlled by using a Nafion 

semipermeable membrane to control the RH of the UCPC sheath flow, an approach that 

can easily be used during atmospheric sampling without affecting the concentrations of 

sampled nanoparticles.  Although stability tests were not performed using diethylene 

glycol as the working fluid, we would expect results similar to those found for propylene 

or ethylene glycol since the physical/chemical properties and performance of these three 

working fluids are similar.  Figure 4.10 shows the concentration ratio of CPC to FCE 

near the cutoff size versus time.   
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Figure 4.10.  The concentration ratio of CPC to FCE near the cutoff size versus time 
using (a) ethylene glycol and (b) propylene glycol as working fluid.  These measurement 
were done using 2.2nm silver particles. 
 

During 2-3 days of testing the pressure reading across the capillary did not show any 

signs of water accumulation.  As shown in Figure 4.10 the fraction of 2.2nm silver 

particles detected by the UCPC remained steady over several days.  Considering that 

50pD  is sensitive to the instability of the instrument due to sharp increase or decrease in 

the activation efficiency around 50pD , the observed fluctuations over the several days are 

considered acceptable.   

4.5 Conclusion and Future Work 

 A laminar flow ultrafine condensation particle counter (UCPC) for detecting sum-

3nm particles was developed by modifying the original prototype UCPC developed by 
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Stolzenburg and McMurry (1991).  Prior to experiments, theoretical analyses were 

performed using different working fluids to predict activation efficiencies and subsequent 

condensational growth.  We chose to study five working fluids for which the predicted 

cutoff diameter, 50pD , is below 2nm. We selected working fluids that are non-hazardous 

and that have relatively low viscosities.  However, due to the low vapor pressures, Pv, of 

these working fluids a second, conventional CPC is required to grow particles to a readily 

detectable size.  Experiments were performed using test particles generated by 

evaporating sodium chloride, ammonium sulfate, and silver.  To obtain the activation 

efficiency from the experimental data we have accounted for the size dependence of the 

input particle size distribution and particle penetration within the diffusion-broadened 

mobility window of particles selected by the DMA.  Using diethylene glycol and oleic 

acid 50pD  of negatively charged particles generated by evaporating sodium chloride, 

ammonium sulfate, and silver are <1.3, 1.3, and 1.9nm as mobility diameter (<0.9, 0.9 

and 1.5nm as mass diameter), respectively.  Among the working fluids studied, 

diethylene glycol is the recommended working fluid for detecting sub 3nm freshly 

nucleated particles in the atmosphere.  The stability of the UCPC for long-term operation 

was tested by monitering instrument’s response to 2.2 nm silver particles in an air stream 

at ~40% RH using glycol based working fluids.  This reasonably simulates conditions 

typically encountered during new particle formation events in the atmosphere.  

Diethylene glycol was used rather than oleic acid since the elevated temperatures 

required for oleic acid could lead to the evaporation of volatile particles within the UCPC.  

The performance was sufficiently steady (±3% fluctuation in 50pD ) for several days 

indicating the device can perform stably during unattended operation.   

For future work, it is recommended that the TSI Nano-DMA as a part of the 

monodisperse aerosol generation system be replaced with a Vienna type DMA that is 

known to have considerably higher size resolution.  The effect of Brownian broadening 

on the transfer function of the Nano-DMA was significant; therefore, considerable efforts 

were spent in this study to extract the activation efficiencies form the concentration ratio 

measured by the downstream CPC and Faraday cage electrometer.   
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4.6 Appendix 4A: completing the growth of activated particles by 
using a Heated porous tube wetted with water 

 In our experiments, a butanol-based “booster” CPC was added downstream of the 

UCPC to complete the growth of activated particles up to 10 µm or so.  However, it 

would be preferable to complete activation and growth within a single laminar flow tube 

rather than adding another CPC downstream of the UCPC condenser.  One way to 

accomplish this is to add a short section of  heated porous tube wetted with H2O to 

enhance the condensational growth up to .  Figure 4A.1 shows an example of the design.   

 

 
 
Figure 4A.1.  Schematic of an approach for achieving nanoparticle activation and growth 
within a single laminar flow tube.   
 

 In this example, the condenser length and temperature are set to 10cm and 5°C, 

respectively.  The UCPC condenser serves as the growth activator in which working fluid 

having low vapor pressure activates the growth of sub-3nm particles.  As was mentioned 

previously, since the activated particles exiting from the condenser are still too small to 

be detected by light scattering , these particles are further grown with a growth booster 

downstream.  The wall of the growth booster consists of either porous ceramic or 

polypropylene wetted with H2O.  Porous ceramic are naturally hydrophilic but 

polypropylene is not; therefore, the polypropylene tube must be coated with surfactants to 

enhance the wicking of porous fluid such as water.  A suitable material of this type is 

manufactured by PorexTM and distributed by Interstate Specialty Products.  In this 

example, the length and wall temperature of the growth booster are set to 5cm and 55°C, 

respectively.  The droplet size along the axis was simulated using the setup in Figure 

4A.1 as model input.  Composition of the particles growing within the growth booster 
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changes from working fluid vapor at the entrance to almost all water at the exit.  The 

vapor of activating fluid and water condense simultaneously within the growth booster.  

Instead of modeling the particle size the number of molecules of these two components 

within a particle are modeled, and the temperature change caused by the latent heat of 

condensation and conduction through the surroundings are also included.  The droplets 

consisting of two components are assumed to form an ideal mixture, and the vapor 

pressure of each component at the particle surface was predicted by Raoult’s law.  Figure 

4A.2 shows the simulated results for all the activating fluids introduced in Table 4.1 

except for n-butanol.  The growth curve for n-butanol, which is already shown in Figure 

4.5, is also given as a reference.   

 

 
Figure 4A.2.  The simulated droplet growth within growth activator and booster using the 
setup shown in Figure 4A.1 as model input.  The growth curve of n-butanol already 
shown in Figure 4.5 is also given as a reference.   
 

The growth due to the condensation of supersaturated water vapor initiates shortly after 

the aerosol enter the growth booster.  Although the droplet sizes are initially different, 

depending on the activating working fluid, they are expected to asymptotically reach 

~10µm following the condensation of water.  Although the proposed new design 

consisting of growth activator and booster is theoretically feasible there is one problem 
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that needs to be overcome to implement this design.  It is important to prevent the 

liquid water running down along the wall into the saturator of the UCPC.  Liquid water 

could result from condensation of the moisture in the sampled aerosol as well as the flow 

of water from the saturated porous media of the growth booster.  Since the vapor 

consumption rates of the proposed activating working fluid are orders of magnitude lower 

than that of n-butanol, the consumption rates of these working fluids are also orders of 

magnitudes slower; consequently, the addition of water condensate into the saturator will 

eventually dilute the water-miscible working fluids, thereby affecting saturation ratios 

that are achieved in the condenser.   
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4.7 Appendix 4B: Capillary Flow Calibration 

 It is critical to accurately calibrate the capillary flowrate of the UCPC since the 

relative error in the measured concentration is proportional to the relative error in the 

capillary flow calibration.  One way to calibrate the capillary flow, capq , is to subtract the 

measured UCPC sheath flow, shq , from the total UCPC sample flow, totq .  However, as 

the fraction of capq  within totq  decreases, the relative error in capq  increases for a fixed 

value of measurement error in shq  since the relative error in capq , capcap qdq / , is given by 

)/( totcapsh qfdq ⋅  where the capf  is the fraction of capq  within totq .  In this study capf  was 

set between 0.1 and 0.15.  For this reason the measurement of capq  by shtotcap qqq −=  is 

susceptible to a large error.  In this study we directly calibrated capq  by using the 

approach described below.  Figure 4B shows the experimental setup for calibrating the 

capillary flow.   

 

 

Figure 4B.1.  The experimental setup for calibrating the capillary flow 
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 The setup is a simplified version of the calibration scheme shown by Stolzenburg 

(1988).  The flow restriction, which is shown in parallel with the recirculation pump, 

consists of a short segment of plastic Tygon tubing.  The inner diameter of this Tygon 

tube was chosen such that the flow restriction is just enough to re-circulate 5.0 cm3/s of 

UCPC sheath flow through the UCPC when valve V2 is fully open.  In order to simulate 

the pressure drop from the inlet of capillary tube to A, the flowrate through the sheath 

recirculation path is set to 5.0cm3/s minus the target capillary flow rate by adjusting V2.  

Before calibration the saturator and condenser temperature are set to the values used 

during normal instrument operation to maintain the correct viscosity of carrier gas.  The 

capillary flow was measured by a bubble flow meter (B.F.) and set to the target value by 

adjusting valve V1.  The capillary flow rates versus pressure difference between point A 

and B around the target values were taken to make a calibration curve.   
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4.8 Appendix 4C: Data Inversion 

 When sub 3nm particles are classified by the Nano-DMA operating at 15LPM 

sheath flow and 1.5LPM aerosol flow significant diffusional broadening in the width of 

DMA transfer function occurs.  Therefore, it is not necessarily valid to assume that 

particles entering the UCPC and FCE are monodisperse.  In addition, diffusional 

deposition of particles along the wall of all the plumbing in the experimental setup also 

becomes significant.  For these reasons a proper data inversion scheme is needed to 

extract the UCPC activation efficiency from the concentrations measured by the FCE and 

UCPC.  In this section, data inversion is performed by three methods: the formal 

approach of Stolzenburg (1988), the monodisperse approximation, and another 

approximation which I refer to as the "mean size seen by CPC".  We prove that the third 

method is simpler and also sufficiently accurate for analyzing our data.   

4.8.1 FORMAL APPROACH OF STOLZENBURG(1988) 

The formal approach of Stolzenburg (1988) performs data inversion in two steps.  

The first step is to solve for the particle size distribution of charged particles at the inlet 

slit of Nano-DMA, PdDdN /± .  Figure 4C.1(a) and 1(b) shows the schematics that are 

important for the data inversion procedure.   

 

Figure 4C.1.  Schematics of the (a) Nano-DMA and the (b) UCPC and FCE. 
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The aerosol concentration seen by Faraday cage electrometer, FCE, when the DMA 

voltage is set at a value V , 
VFCEN  is given by 

∫∞ ±

⋅Ω⋅⋅=
0

P
P

VxyyzVFCE dD
dD

dN
PPN .     (4C.1) 

where VΩ  is the DMA transfer function, xyP  is the penetration from the exit slit to the 

flow separation tee, and yzP  is the penetration from the tee to the end of the transport tube 

inside the Faraday cage.  In Equation 4C.1 the flowrates of polydisperse inlet and 

monodisperse outlet flows are assumed to be equal.  Penetration though a straight tubular 

section is approximated by Gormley-Kennedy equation and through an annular section is 

approximated by the diffusional deposition within a fully developed laminar flow 

between parallel plates (Fuchs and Sutugin 1970; Hinds 1999).  The transfer function, 

VΩ , includes the effect of broadening of mobility window by Brownian diffusion 

(Stolzenburg 1988).  A least square method is used to solve for PdDdN /±  from 

measurements of 
VFCEN  vs.V ’s.  Figure 4C.2 shows an example of PdDdN /±  that gives 

the best fit to the measured values of 
VFCEN  vs. V .   

 

 
 
Figure 4C.2.  An example of particle size distribution of charged particles at the DMA 
inlet, pdDdN /± , that gives the best fit to the measured values of 

VFCEN  vs. V .  In this 
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case negatively charged particles were classified, and test particles are generated by 
evaporating ammonium sulfate crystals.   
 

The pdDdN /±  shown had the sharpest descent toward lower sizes below 1.5nm among 

all the experimental data in this study; therefore, this example would show the largest 

effect of whether or not including the variability of pdDdN /±  affected activation 

efficiencies.   

The second step of the data inversion is to obtain the activation efficiency, η, 

from data for UCPC and FCE concentration measured over a range of DMA voltages V.   

∫
∫

∞ ±

∞ ±

⋅Ω⋅⋅

⋅Ω⋅⋅⋅
=

0

0

p
p

Vxyyz

p
p

Vxyyw

VFCE

CPC

dD
dD

dN
PP

dD
dD

dN
PP

N

N
η

.    (4C.2) 

The numerator of the RHS shows that the concentration measured by CPC at given 

voltage V , 
VCPCN  is the integral over the product of the DMA transfer function, VΩ , the 

particle penetration from the DMA exit slit to the flow separation tee, xyP , particle 

penetration from the tee to the end of UCPC capillary, ywP , and the activation efficiency.  

The sample flow is extracted at 5 cm3/s from the core portion of the total UCPC inlet 

flow (21.0-31.7cm3/s).  The loss within the core portion of the flow was estimated by 

solving the Graetz problem, which solves the axial convection by fully developed flow 

and radial diffusion using the method of separation of variables (Stolzenburg 1988).  

However, the mixing orifice upstream of the flow separation tee is expected to make the 

flow profile turbulent at the tee; therefore, some distance from the tee would be required 

for the flow profile to reach fully developed flow.  It was assumed that the flow and 

concentration profile within the half of the flow entrance length was fully mixed, and the 

wall diffusion losses were estimated from those within the turbulent boundary layer 

(Hinds 1999).  The loss from the intake hole to the capillary inlet was also estimated by 

solving the Graetz problem, and the loss through the capillary tube was estimated by 
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Gormley-Kennedy equation with inlet correction.  One example of the functional 

form that can represent the activation efficiency, η, is  

 

[ ]( ){ }n
pppp DDDDA )/()()2ln(exp1 0500 −−−−⋅=η ,   (4C.3) 

 

which is similar to one used during theoretical analysis (Equation 4.2) except there is a 

prefactor A in Equation 4C.3.  The parameters A, Dp0, Dp50, and n are treated as fit 

parameters, and Figure 4C.3 shows an example of activation efficiency, η, that gives the 

best fit to the measured set of  
VFCECPC NN /  vs. V .   

 

 
 
Figure 4C.3.  An example of activation efficiency, η, that gives the best fit to the 
measured sets of  versus DMA voltage.  Activation efficiency without the prefactor A is 
also given.  The test particles are generated by evaporating the ammonium sulfate inside 
a heated tube. 
 

In order calculate the errors in measured values of 
VFCECPC NN / , the relative standard 

deviation (RSD) of measured 
VFCECPC NN / , σ~ , was defined as  

222 ~~~
FCECPC σσσ +=        (4C.4) 
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where CPCσ~  is the RSD of measured CPC concentration based on Poisson statistics, 

and FCEσ~  is the RSD of fifty current readings taken at a given DMA voltage .  As shown 

in the figure the measured 
VFCECPC NN /  and those fitted by solving Equation 4C.2 

generally match well.  It was consistently observed during this study that the η does not 

converge to unity within the fitted size range (<4nm) because the value of the obtained 

prefactor A is about 0.9.  This is because the η was fitted to the size range below 4nm to 

accurately capture the sharp drop in the activation curve.  One possible cause of the 

missing 10% fraction is the additional losses that were not theoretically taken into 

account, such as particle losses within secondary flows formed at sharp bends or less than 

100% detection of particles by the downstream CPC.  The error in the calibration of 

capillary flowrate is likely to be less than a few percent.   

4.8.2 MONODISPERSE APPROXIMATION 

 The second method of data inversion assumes that the mobility window of the 

transfer function is sufficiently narrow to justify assuming that the classified particles are 

perfectly monodisperse.  The size dependence of pdDdN /± , xyP , yzP , ywP , and η inside 

the integrals of Equation 4C.2 are neglected, and all these parameters come out of the 

integral.  As a result, Equation 4C.2 is explicitly solved for η to obtain η at the size 

corresponding to the DMA voltage V.   

)(

))((

VDyw

yz

VFCE

CPC
VpD

P

P

N

N=η ,      (4C.5) 

The activation efficiency is evaluated at size pD  which is evaluated at the mobility 

corresponding to the DMA voltage, V.  Particle penetrations are evaluated for a given 

diffusion coefficient, D, which is also a function of V.  The greatest advantage of this 

method is that η at given size can be obtained solely by a single measurement of 

VFCECPC NN / .  Figure 4C.4 compares η obtained by monodisperse approximation and 

the formal approach of Stolzenburg (1988).   
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Figure 4C.4.  Comparison of activation efficiency η obtained by the monodisperse 
approximation and the formal approach of Stolzenburg (1988).  The test particles are 
generated by evaporating the ammonium sulfate inside a heated tube. 
 

The values of 50pD  obtained by the monodisperse approximation and the formal 

approach of Stolzenburg (1988) are 1.1nm and 1.2nm, respectively.  As it will be 

demonstrated in the next section, the difference between two methods is caused by the 

size dependence of pdDdN /±  and penetration factors.  Since the distribution function 

used for these measurements varies sharply with size in the minimum of 50pD  this 

example should provide a reasonable estimate of the maximum error in 50pD  caused by 

the monodisperse approximation in this study.   

4.8.3 MEAN SIZE SEEN BY CPC 

 The difference between the monodisperse approximation and the formal approach 

of Stolzenburg (1988) is caused by the size dependence of the particle size distribution 

and penetration factors within the mobility window of the diffusion broadened transfer 

function.  This point is illustrated by Figure 4C.5 which shows the particle size 

distribution, pdDdN /± , all the penetration factors, and the diffusion broadened transfer 
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function calculated by the method of Stolzenburg (1988) when the DMA voltage is 

set at 4.62V.   

 

 

Figure 4C.5.  Particle size distribution of charged particles, pdDdN /± , the penetration 

factors, xyP , yzP , and ywP , the diffusion broadened transfer function calculated by the 

method of Stolzenburg (1988) when the DMA voltage is set at 4.62V, VV 62.4=Ω , and the 

product PVywxy dDdNPP /62.4
±

= ⋅Ω⋅⋅ . 

 

The particle size distribution seen by CPC, CPCn , is given by the product 

pVywxy dDdNPP /62.4
±

= ⋅Ω⋅⋅ , and the peak diameter of CPCn  is shifted by +0.05nm from 

that of 62.4=ΩV  because of the increasing trend of the product pywxy dDdNPP /±⋅⋅  with 

size up to ~1.5nm.  By taking into account the size dependence of the multiplying factor 

of VΩ  inside the integral the formal inversion essentially increases or decreases the size 
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seen by the instrument downstream depending on the size dependence of the 

multiplying factor.  The third method tries to estimate the mean diameter of CPCn  and to 

use this value as the representative size of the data point.  The mean diameter seen by 

CPC is given by 

( )
∫

∫
∞

∞

⋅

⋅⋅
=

0

0

pCPC

pCPCP

CPCp

dDn

dDnD

D       (4C.6) 

The particle size distribution seen by CPC, CPCn  is given by 

p
Vywxy

CPCp dD

dN
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dD

dN ±

⋅Ω⋅⋅=





*      (4C.7) 

Formal inversion for obtaining the particle size distribution at the DMA inlet, pdDdN /± , 

involves least square analysis of data taken by the FCE.  The method to obtain pdDdN /±  

is simplified by applying the monodisperse approximation to the concentration measured 

by the FCE at a set of DMA voltages.  The input distribution evaluated at the particle 

diameter *
pD  is given by 
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where aeQ  and shQ  are the aerosol flow rate and sheath flowrate when the sheath flowrate 

is being re-circulated, and pB  is the mechanical mobility of the particles inside the 

classifier region.  In order to integrate continuously over CPCp nD  or CPCn  in Equation 

4C.6 a functional form needs to be given to pdDdN /± ; however, the value of FCEN  is 

only available at a set of DMA voltages.  In order to obtain FCEN  from any hypothetical 

DMA voltage corresponding to an input diameter *
pD , *V , the behavior of FCEN  around a 
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given DMA voltage, iV , is chosen to be represented by assuming a power law 

between 
iVVFCEN

≈*  and *V .   

( ) iiVVFCE bVaN
i

+= ∗
≈

lnln *       (4C.9) 

where ai and bi are the slope and intercept at iV  obtained by fitting a linear function to the 

data points having voltage indices i-1 through i+1.  A logarithmic scale is used for 

voltages and concentration since the data are acquired at the voltages that are equally 

spaced in the logarithmic space, and similarly the measured FCEN  generally increase or 

decrease exponentially with voltages.  First, the hypothetical DMA voltage corresponding 

to an input diameter, *V , is calculated, and if the value falls between the measured DMA 

voltages iV  and 1+iV  the value of FCEN  is calculated by the following expression   
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Therefore, the value of ln(FCEN ) evaluated using the slopes and intercepts at i and i+1 are 

weighted according to the distance of *lnV  from iVln  and 1ln +iV .  If the input *V  is 

outside of the measured range the following expressions were used.   

( ) ( )
11

lnln
VVFCEVVFCE NN

≈< ∗∗ =       (4C.11a) 

( ) ( )
imaximax VVFCEVVFCE NN

≈≥ ∗∗ = lnln      (4C.11b) 

Figure 4C.6 compares the measured FCEN  and those calculated using Equation 4C.10-11.   
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Figure 4C.6.  Measured FCEN  and those calculated using Equation 4C.10-11 

 

The FCEN  calculated using Equation 4C.10-11 match well with the measured FCEN , and 

the extrapolated tails outside the measured voltage ranges appear to follow the overall 

trend.  Conclusively, Equation 4C.10-11 can be used to approximate FCEN  for any given 

hypothetical DMA voltage for a given size input *PD ; therefore, the value CPCn  can be 

obtained at any particle size.  Figure 4C.7 shows comparison of activation efficiency η 

obtained by the formal approach of Stolzenburg (1988) and by correcting the 

corresponding size to the mean size seen by the CPC.   
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Figure 4C.7.  Comparison of activation efficiency η obtained by the formal approach of 
Stolzenburg (1988) and by correcting the corresponding size to the mean size seen by the 
CPC 
 

The calculated Dp50 agrees with that of formal approach within 0.1% indicating that the 

method |yields sufficiently accurate results.  All the experimental results in this study 

were processed by this approach.   
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4.9 Appendix 4D: Estimating the actual width of the Nano-DMA 
transfer function for sub 2nm particles 

 As was already demonstrated in Figure 4C.5, due to diffusional broadening the 

full width half maximum (FWHM) of the nano-DMA transfer function becomes 

significant for sub 3nm particles.  Theoretical values of FWHM of the transfer function at 

1.3nm mobility diameter with and without including the effect of Brownian diffusion 

inside the classifier region are 0.2 and 0.05nm, respectively, indicating the size resolution 

of DMA near typically observed 50% cutoff sizes is primarily determined by Brownian 

diffusion.  Therefore, it is important to experimentally evaluate the actual width of the 

diffusion broadened transfer function by fitting a theoretical transfer function to the 

measured particle size distribution of originally monodisperse aerosol.  The formal 

method to characterize the performance of the DMA is the tandem differential mobility 

analysis (TDMA)(Rader and McMurry 1986; Stolzenburg 1988; Karlsson and 

Martinsson 2003).  The TDMA can examine the theoretical electrical mobility-voltage 

relation, FWHM, and the transport efficiency of DMAs.  However, it is time consuming 

to configure the TDMA system experimentally.  Recent studies show that the evaporated 

fullerene monomer C60 produces a nearly monodisperse mobility spectrum around 1nm; 

therefore, C60 can be used to characterize the width of the transfer function (Seol et al., 

2002; Tanaka and Takeuchi 2002).  Figure 4D.1 shows the setup that was used to 

generate and classify C60 monomer in this study.   
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Figure 4D.1.  Setup used to generate and classify C60 monomer.   
 

A minimum effort was required to setup the above system since it is similar to the 

monodisperse aerosol generation system shown in Figure 4.6.  The crystalline form of 

C60 was placed on a small combustion boat, and the boat was placed inside a 2.54cm O.D. 

quartz tube.  Since the potential health hazards caused by inhaling C60 monomer are not 

well understood, special care was taken to eliminate any release of C60 into the laboratory.  

Critical orifices are used to control all the flows to keep the absolute pressure of the 

system slightly lower than atmosphere.  The Faraday cage electrometer (FCE) was 

directly attached to the monodisperse outflow tube of the Nano-DMA.  Electric current 

due to the classified C60 monomer starts to appear in the reading of FCE when the furnace 

temperature is set somewhere above 450 °C when the flowrate of nitrogen carrier gas is 

~3.5LPM.  Assuming that the aerosol at the DMA inlet slit is monodisperse the 

concentration measured by FCE when the DMA is set at a voltage V is theoretically given 

by 

VVFCE PNN Ω⋅⋅=
60C .       (4D.1) 
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The penetration, P , from the DMA ext slit to the detector of FCE and the transfer 

function VΩ  are evaluated at the size of C60 monomer.  The dimensionless diffusion 

broadening parameter, σ, that appears in the expression of VΩ  is also evaluated at the 

size of C60 monomer.  The unknowns in Equation 4D.1 are the number concentration of 

C60 monomer at the DMA inlet, 
60CN , the size of C60 monomer, and the multiplying 

factor to the theoretical diffusion broadening parameter, σf , which is defined as 

theof σσ σ ⋅=         (4D.2) 

where theoσ  is the theoretical diffusion broadening parameter (Stolzenburg 1988).  The 

values of these threes parameters are found by fitting 
VFCEN  predicted by Equation 4D.2 

to a set of measured 
VFCEN  versus voltage.  Figure 4D.2 shows an example of the fitted 

transfer function and a measured mobility spectrum of C60 monomer.   

 

 
 
Figure 4D.2.  Example of a fitted transfer function and a measured mobility spectrum of 
C60 monomer 
 

The actual spectrum of C60 not only shows a monomer peak but also another peak, 

possibly due to some impurities, around 1.4nm mass diameter; therefore, the data points 

above 1.25nm and below 0.8nm in the figure were not included in the fitting procedure.  
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The value of σf  ranged from 1.05 to 1.09 times greater than the theoretical value of 

Stolzenburg (1988); therefore, σf =1.07 was used for the entire analysis during this study.  

The solved size of C60 monomer based on the mobility-size relation of the standard 

Stokes-Einstein-Millikan, Tammet (Tammet 1995), and Fernandez de la Mora 

(Fernandez de la Mora et al., 1998) are 1.40nm, 1.03nm, and 0.85nm.  The mobility 

diameter corresponds to the collision cross section between a particle and colliding gas 

molecules; therefore, the geometrical diameter is obtained by subtracting the collision 

diameter of the gas molecules from the mobility diameter.  On the other hand, the size of 

C60 monomer measured by high resolution TEM ranges from 0.7 to 0.8nm (Cox et al., 

1991; Ajayan and Iijima 1992; Goel et al., 2004).  The size based on the standard Stokes-

Einstein-Millikan relation is significantly different from those measured by electron 

microscopy, which shows clearly that the standard mobility diameter is larger than the 

geometrical size of spherical molecular cluster approximately by the collision diameter of 

gas molecules.   



 

 

156 

4.10 References 

Ajayan, P. M. and S. Iijima (1992), Nature, 358, 23. 
Bartz, H., H. Fissan, C. Helsper, Y. Kousaka, K. Okuyama, N. Fukushima, P. B. Keady, 

S. Kerrigan, S. A. Fruin, M. P. H., D. Y. H. Pui and S. M. R. (1985), Response 
characteristics for four different condensation nucleus conters to particles in the 3-
50nm diameter range, J. Aerosol Sci., 16, 5, 443-456. 

Brain, J. D., J. D. Blanchard, J. Heyder, S. F. Wolfthal and B. D. Beck (1996), Relative 
Toxicity of Di(2-ethylhexyl) Sebacate and Related Compounds in an In Vivo 
Hamster Bioassay, Inhalation Toxicology, 8, 6, 579-593. 

Budd, T. and M. Marshall (1985), Droplet growth and diffusion in a low pressure cloud 
chamber, J. Aerosol Sci., 16, 2, 145-155. 

Chen, D.-R. and D. Y. H. Pui (1999), A high efficiency, high throughput unipolar aerosol 
charger for nanoparticles, J. Nanoparticle Res., 1, 1, 115-126. 

Chen, D.-R., D. Y. H. Pui, D. Hummes, H. Fissan, F. R. Quant and G. J. Sem (1998), 
Design and evaluation of a nanometer aerosol differential mobility analyzer 
(Nano-DMA), J. Aerosol Sci., 29, 5/6, 497-509. 

Cox, D. M., S. Behal, M. Disko, S. M. Gorun, M. Greaney and C. S. Hsu (1991), J. Am. 
Chem. Soc., 113, 2940–2944. 

Ekwall, B., C. Nordensten and L. Albanus (1982), Toxicity of 29 plasticizers to HeLa 
cells in the MIT-24 system., Toxicology, 24, 3-4, 199-210. 

Fernandez de la Mora, J., L. De Juan, T. Eichler and J. Rosell (1998), Differential 
mobility analysis of molecular ions and nanometer particles., Trends in Analytical 
Chemistry, 17, 6, 328-339. 

Friedlander, S. K., (2000), Smoke, dust, and haze :fundamentals of aerosol dynamics, 
Oxford University Press, New York. 

Fuchs, N. A. and A. G. Sutugin, (1970), Highly Dispersed Aerosols, Ann Arbor Science 
Publishers, Ann Arbor London. 

Goel, A., J. B. Howard and V. S. J. B. (2004), Size analysis of single fullerene molecules 
by electron microscopy, Carbon, 42, 1907-1915. 

Hering, S. V., M. R. Stolzenburg, F. R. Quant, D. R. Oberreit and P. B. Keady (2005), A 
laminar-flow, water-based condensation particle counter (WCPC), Aerosol Sci. 
Technol., 39, 7, 659-672. 

Hienola, A. I., P. M. Winkler, P. E. Wagner, H. Vehkamaki, A. Lauri, I. Napari and M. 
Kulmala (2007), Estimation of line tension and contact angle from heterogeneous 
nucleation experimental data., Journal of Chemical Physics, 126, 9,  

Hinds, W. C., (1999), Aerosol technology : properties, behavior, and measurement of 
airborne particles, Wiley, New York. 

HSDB, (2007), Hazardous Substances Data Bank: deithylene glycol, 
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/f?./temp/~uazb32:1 

Karlsson, M. N. A. and B. G. Martinsson ( 2003), Methods to measure and predict the 
transfer function size dependence of individual DMAs., J. Aerosol Sci., 34, 5, 
603-625. 



 

 

157 

Kesten, J., A. Reineking and J. Porstendoerfer (1991), Calibration of a TSI model 
3025 ultrafine condensation particle counter, Aerosol Sci. Technol., 15, 2, 107-11. 

Kim, C. S., K. Okuyama and J. Fernãndez de la Mora (2003), Performance evaluation of 
an improved particle size magnifier (PSM) for single nanoparticle detection, 
Aerosol Sci. Technol., 37, 1-13. 

Knudsen, M. and S. Weber (1911), Luftwiderstand gegen die langsame Bewegung 
kleiner Kugeln, Ann. Phys., 36, 981–994. 

Kulmala, M., G. Mordas, T. Petäjä, T. Grönholm, P. P. Aalto, H. Vehkamäki, A. I. 
Hienola, E. Herrmann, M. Sipilä, I. Riipinen, H. E. Manninen, K. Hämeri, F. 
Stratmann, M. Bilder, P. M. Winkler, W. Birmili and P. E. Wagner (2007), The 
condensation particle counter battery (CPCB): A new tool to investigate the 
activation properties of nanoparticles, J. Aerosol Sci., 38, 289-304. 

Lide, D. R., (2006), CRC handbook of chemistry and physics, 87th Ed., CRC Press, 
Cleveland, Ohio. 

Love, R. G. and D. C. Muir (1976), Aerosol deposition and airway obstruction., 
American review of respiratory disease, 114, 5, 891-897. 

McMurry, P. H. (2000), The History of Condensation Nucleus Counters, Aerosol Sci. 
Technol., 33, 4, 297–322. 

Millikan, R. A. (1923a), Coef. cients of Slip in Gases and the Law of Reflection of 
Molecules from the Surfaces of Solids and Liquids, Phys. Rev., 21, 217–238. 

Millikan, R. A. (1923b), The General Law of Fall of a Small Spherical Body through a 
Gas and its Bearing Upon the Nature of Molecular Reflection from Surfaces, Phys. 
Rev., 22, 1–23. 

Myojo, T. and M. Sugimoto (1997), Comparative Study of Challenge Aerosols for 
Performance Test for Dust Respirators, Industrial Health, 35, 4, 502-507. 

Okuyama, K., M. Shimada, A. Okita, Y. Otani and S. J. Cho (1998), Performance 
evaluation of cluster-DMA with integrated electrometer and its application to ion 
mobility measurements, Earozoru Kenkyu, 13, 2, 83-93. 

Rader, D. J. and P. H. McMurry (1986), Application of the tandem differential mobility 
analyzer to studies of droplet growth or evaporation., Journal of Aerosol Science . 
17, 5, 771-787. 

Reid, R. C., J. M. Prausnitz and B. E. Poling, (1987), The properties of gases and liquids 
4th ed., McGraw-Hill, New York. 

Scheibel, H. G. and J. Porstendöerfer (1983), Generation of monodisperse silver and 
sodium chloride aerosols with particle diameters between 2 and 300 nm., J. 
Aerosol Sci., 14, 2, 113-126. 

Scheibel, H. G. and J. Porstendöerfer (1986), Counting efficiency and detection limit of 
condensation nuclei counters for submicrometer aerosols, J. Colloid Interface Sci., 
109, 1, 261-274. 

Scheuch, G. and W. Stahlhofen (1987), Particle Deposition of Inhaled Aerosol Boluses in 
the Upper Human Airways, J. Aerosol Sci., 18, 6, 725-727. 

Seol, K. S., J. Yabumoto and K. Takeuchi (2002), A differential mobility analyzer with 
adjustable column lnegth for wide particle-size-range measurements, J. Aerosol 
Sci., 33, 1481-1492. 



 

 

158 

Sgro, L. A. and J. Fernandez de la Mora (2004), A Simple Turbulent Mixing CNC for 
Charged Particle Detection Down to 1.2 nm, Aerosol Sci. Technol., 38, 1, 1-11. 

Stolzenburg, M. R., (1988), An ultrainfe aerosol size distribution measuring system, Ph.D. 
Thesis, Dept. of Mech. Eng., Univ. Minnesota, Minneapolis, Minnesota, USA. 

Stolzenburg, M. R. and P. H. McMurry (1991), An ultrafine aerosol condensation nucleus 
counter, Aerosol Sci. Technol., 14, 1, 48-65. 

Tammet, H. (1995), Size and mobility of nanometer particles, clusters and ions, J. 
Aerosol Sci., 26, 3, 459-75. 

Tanaka, H. and K. Takeuchi (2002), C60 monomer as an inherently monodisperse 
standard nanoparticle in the 1nm range, Jpn. J. Appl. Phys., 41, 922–924. 

Topas-GmbH, (2007), Specification and MSDS Sheet for Di-Ethyl-Hexyl-Sebacat, 
http://www.topas-gmbh.de/_DEHS_en.htm 

US-EPA, I., (2007), Integrated Risk Information System: Ethylene glycol, 
http://www.epa.gov/iris/subst/0238.htm 

Wiedensohler, A., D. Orsini, D. S. Covert, D. Coffman, W. Cantrell, M. Havlicek, F. J. 
Brechtel, L. M. Russell, R. J. Weber, J. Gras, J. G. Hudson and M. Litchy (1997), 
Intercomparison study of the size-dependent counting efficiency of 26 
condensation particle counter, Aerosol Sci. Technol., 27, 2, 224. 

Wilke, C. R. and C. Y. Lee (1955), Estimation of diffusion coefficients for gases and 
vapors., Journal of Industrial and Engineering Chemistry, 47, 1253-1257. 

Winkler, P. M., G. W. Steiner, G. P. Reischl, A. Vrtala and P. E. Wagner, (2007), The 
Effect of Seed Particle Charge on Heterogenenous Nucleation, 17th International 
Conference on Nucleation and Atmospheric Aerosols, Galway, Ireland. 

Winkler, P. M., G. W. Steiner, G. P. Reischl, A. Vrtala, P. E. Wagner, A. Hienola, H. 
Vehkamäki and M. Kulmala, (2006), Experimental study of heterogeneous 
nucleation on charged and uncharged nanoclusters, Formation and Growth of 
Atmospheric Aerosols, DOE-NSF-ACCENT-BACCI-iLEAPS-IGAC-SOLAS, 
Otsego, Minnesota, USA. 

Yaws, C. L., (1999), Chemical properties handbook : physical, thermodynamic, 
environmental, transport, safety, and health related properties for organic and 
inorganic chemicals, McGraw-Hill, New York. 

Zeiger, E., S. Haworth, K. Hortelmans and W. Speck (1985), Mutagenicity testing of 
di(2-ethylhexyl)phthalate and related chemicals in salmonella, Environmental 
Mutagen, 7, 213-232. 

 



 

 

159 

5 Future Work 

During the course of my doctoral research I have identified several major gaps in 

knowledge that need to be filled.  This chapter briefly summarizes my conclusions 

regarding these research needs.  

5.1 Direct Evaluation of Ion-Aerosol Combination and Recombination 
Coefficients 

As was shown by Equation 3.9, particle stationary state charged fractions 

theoretically do not depend on the absolute values of the ion-particle combination (0β ) 

and recombination coefficients (1β ). Instead, the stationary state charged fractions 

depend only on the ratio of these coefficients.  However, the analyses described in 

Chapters 2 and 3 depend on the values of 0β  and 1β  because the outcome of the analyses 

predominantly depends on the competition between condensational growth rates and ion-

particle combination or recombination rates.  In this thesis the values of 0β  or 1β  are 

evaluated using the limiting sphere approach of Fuchs as described in (Reischl et al., 

1996).  Although there are laboratory studies verifying that the stationary state charged 

fraction of 3-10 nm particles is correctly described by theoretical charged fraction 

predicted by the theory of Fuchs (Hussin et al., 1983; Kousaka et al., 1983; Reischl et al., 

1983; Reischl et al., 1996; Alonso et al., 1997), this theory makes assumptions that are 

probably not always valid.  The theory of Fuchs assumes that when ions collide with 

particles, charge is transferred to the particle.  This will not occur if the ion has a higher 

affinity for the charge than the particle, and those affinities depend on the chemical 

composition of both the ion and the particle.  The effects of charge affinities on values of 

0β  and 1β  are needed.  Furthermore, Fuchs’ theory assumes that only Culombic and 

image forces contribute to the energy potential between ions and neutral or charged 

nanoparticles.  Previous studies have shown that the ion and neutral molecules consisting 

of sulfates and nitrates react at rates significantly below the collision limited rates 
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(Viggiano et al., 1985; Viggiano et al., 1997; Lovejoy et al., 2004).  It is possible that 

the values of 0β  and 1β  for nanoparticles in the atmosphere are also affected by the 

chemical affinities between ions and particles.  Conclusively, laboratory studies are 

needed to evaluate0β  and 1β  for ions and particles of known chemical composition.   

5.2 Improving the Performance of Particle Size Measurement System 

 Measurements of particle size distribution are achieved by bringing the aerosol to 

a known size-dependent charge state, classifying the particles by their mobility, and 

counting the mobility-classified particles with a condensation particle counter (CPC).  

The signal-to-noise ratio (SNR) of the measured particle size distribution can be 

estimated by assuming that particles counted by the CPC follow a Poisson process.  

Assuming that the particle countsX  obtained during a given time interval represent the 

expected number, the standard deviation of the Poisson distribution is given by 2/1X .  

Accordingly the SNR ( 2/1/ XX ) is given by 2/1X .  For example, one hundred particles 

need to be counted to achieve a value of SNR equal to ten.  Assuming that the DMA 

sheath flow is being recirculated, the number of size-classified particles counted by the 

CPC within a given sampling time is given by 

tcQX cpc∆= cpc         (5.1) 

where t∆  is the sampling time, and cpcQ  and cpcc  are sampling flowrate of the CPC and 

the concentration measured by the CPC, respectively.  The sampling flowrate of the TSI 

3025 UCPC as well as the nano CPC described in Chapter 4  is 10-20% of the aerosol 

sample flowrate through inlet or exit of the DMA, asQ  (Stolzenburg and McMurry 1991); 

therefore, cpcQ  can be expressed as 

ascpccpc QQ γ=         (5.2) 

where cpcγ  is the fraction of the flow from the DMA that is counted by the CPC.  The 

concentration measured by the CPC, cpcc , is the size classified charged particles passing 

through the DMA in the size window 
*
pDpD∆  
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q dDdN  is the size and charge distribution of particles after being classified 

by the DMA.  The size window, 
*
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central electrical mobility of the DMA transfer function.  The size distribution of total 
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The activation efficiency of the CPC, the fractional penetration of particles through all 

the transport channels, and the charging efficiency of aerosol charger evaluated at ∗
pD  are 

given by CPCη , transη , and chargerη , respectively.  The size window of the DMA is related to 

the classifying window in electrical mobility space by 

ppDp DDD
p

ln*
*

∆=∆        (5.5a) 

p

Dp

p
p D

Dd

Zd
Z

p

ln
ln

ln
ln

*

∆−=∆       (5.5b) 

*
ln

p

p
p Z

Z
Z

∆
=∆        (5.5c) 

ppp ZZZ
~* ∆=∆         (5.5d) 

where ∗
pZ  is the electrical mobility pZ  evaluated at the central mobility of the DMA 

transfer function, and pZ
~

 is the dimensionless particle mobility, defined by ∗= ppp ZZZ /
~

.  

From DMA theory the classifying window in pZ
~

 is given by shasp QQZ /
~ =∆  assuming 

that the DMA sheath flow shQ  at the inlet and outlet are the same (Knutson and Whitby 

1976).  Note that when sub 3 nm particles are classified with conventional DMAs, 

Brownian diffusion causes the value of the actual dimensionless mobility window to be 

significantly greater than occurs for non-diffusing particles ( shasp QQZ /
~ =∆ ).  However, 
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although the effect of Brownian diffusion causes a fraction of particles having pZ  

within pp ZZ ∆± 2
1  at the DMA inlet to exit outside of the window bounded by 

pp ZZ ∆± 2
1  the diffusion effect also causes about the same fraction of particles having 

pZ  outside of pp ZZ ∆± 2
1  at the DMA inlet to exit within the window bounded by 

pp ZZ ∆± 2
1 ; therefore, the number of counts at ∗

pD  is not seriously affected by the effect 

of Brownian diffusion (Stolzenburg 1988).  Finally, the number of size classified particles 

counted by the CPC during a given sampling time t∆  can be expressed as 

( ) ( )
pDp

p
pD dD

dN

Dd

Zd
D
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Q
tQX

p
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sh

as
chargertranscpcaecap
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−∆= ηηηγ  (5.6) 

The particle size distribution at the sampling inlet, pdDdN / , the size at central mobility 

∗
pD , and the transformation variable 

*
ln/ln

pDpp DdZd , are not related to the 

performance of the instrument; therefore, these parameters are irrelevant for analyzing 

how each parameter of the instrument affects the SNR.  Accordingly, Equation 5.6 is 

rewritten as 

( )
sh

as
chargertranscpcascap * Q

Q
tQX

pD
ηηηγ ∆∝      (5.7) 

It is straightforward to see that the number of counts increases with the sampling time, 

t∆ .  In order to find a parameter that is independent of the desired time resolution, the 

counts X  is normalized by the sampling time t∆ which gives the particle count rate, Xɺ .   

( )
sh

as
chargertranscpcascap * Q

Q
QX

pD
ηηηγ∝ɺ      (5.8) 

It is interesting to note that particle count rate Xɺ  is increased by a factor of four by 

increasing the aerosol flow rate asQ  by a factor of two.  Therefore, the signal-to-noise 

ratio can be increased by sacrificing the mobility resolution.  The particle count rate Xɺ  is 

increased by increasing the fraction of the mobility classified particles that are sampled 
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by the CPC, cpcγ , and also by improving the all the efficiency parameters CPCη , transη , 

and chargerη .   

 In order to qualitatively show how much each efficiency parameter affects the 

SNR a limiting case calculation was performed.  Figure 5.1(a) shows the Nano-SMPS 

system that was used by the McMurry group during a Fall 2007 sampling campaign in 

Boulder CO.  Atmospheric aerosol is sampled from outside at 20.7 LPM through 5/8” 

OD (0.55” ID) copper tubing, and the flow is extracted along the axis through a 0.25” OD 

tube at 6.9 LPM to reduce the effects of diffusion losses which have a greater effect near 

the walls for laminar flow.  Particles above 10 µm are subsequently removed by an 

impactor that has 10 µm cutoff size to prevent the accumulation of the large primary 

particles inside the system downstream.  Aerosol subsequently enters an aerosol charger 

which is based on the design of (Chen and Pui 1999).  This charger can be used as either 

a unipolar or bipolar charger by turning on and off the voltage applied to the ion 

separation region.  The exit region of the aerosol charger is directly attached to a TSI 

Nano-DMA (Chen et al., 1998), as illustrated in Figure 5.1(b), to minimize the particle 

losses during transport.  The bypass flow port of the Nano-DMA is implemented to set 

the flowrate up to the DMA inlet slit at 6.9 LPM and leave 2 LPM as DMA aerosol flow.  

The charged particles are classified by the Nano-DMA, which was operated with a sheath 

flowrate of 20.0 LPM.  Monodisperse outflow at 2.0 LPM was controlled by a detector 

assembly that consists of the UCPC and the TSI-3010.  Diethylene glycol is used as 

working fluid of the UCPC to activate growth of incoming particles having mobility 

diameter down to 1.3nm.   
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Figure 5.1. (a) Schematic of the prototype Nano-SMPS system that was used by the 
McMurry group during the Fall 2007 sampling campaign in Boulder CO. (b) Schematic 
illustrating the transition between aerosol charging and size classification region within 
Nano-SMPS system. 
 
 The transport efficiency of the Nano-SMPS system was evaluated theoretically by 

assuming all the losses are due to laminar flow diffusion losses.  Losses through the 

tubular sections are evaluated by the Gormley-Kennedy equation (Fuchs and Sutugin 

1970; Liu et al., 1985).  Losses through the annular channel entering the DMA are 

evaluated by approximating the flow profiles as fully developed between two infinite 

parallel plates; therefore, a simple analytical expression can be used to evaluate those 
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wall diffusion losses (Fuchs and Sutugin 1970; Hinds 1999).  Although the flowrate 

is constant the transport length was segmented at places where the mixing of aerosol is 

expected to flatten the concentration profile of particles in the radial direction.  The 

transport efficiency through the Nano-DMA is evaluated by fitting an empirical equation 

to the experimental data of (Chen et al., 1998) and correcting for the reduced losses up to 

the DMA inlet slit through the annular inlet channel for the high flowrate that was used in 

this study.   

[ ]
)(

)( //)/(exp
asQ

Qn
asDMA P

P
QDBAP ⋅−⋅=      (5.9) 

where the pre-exponential factor A, length parameter B, and power to the dimensionless 

parameter n are obtained by the least squares method.  The dimensionless parameter 

asQDB /⋅  consists of the length parameterB , the diffusion coefficient D, and the DMA 

aerosol flowrate asQ .  As shown in Figure 5.2 the empirical form of Equation 5.9 fits well 

with the experimental data.   

 

 

Figure 5.2.  Fit of the empirical correlation (Equation 5.9, A=0.92021, B=5755.1 cm, 
n=0.81606) to data from Chen et al (1998) for size-dependent penetration through the 
nano DMA. 
 
The penetration within the annular channel under high flowrate (6.9 LPM) and DMA 

aerosol flowrate are given by )( //QP  and )( asQP , respectively, and the ratio )()( /
// asQQ PP  
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corrects for the reduced losses within the annular inlet channel under higher flowrate.  

There are three places where a fraction of the total flow is extracted along the axis at the 

end of a flow segment, and Table 5.1 describes these locations.   

 
Table 5.1.  Description of flow extractions along the axis at the end of flow segment 
within the Nano-SMPS system 

Location Total Flowrate Flowrate extracted along the axis 
Sampling inlet just upstream 

of impactor (Figure 5.1a) 
20.7 LPM 6.9 LPM 

Sampling inlet of UCPC 
(Figure 4.8) 

2.0 LPM 0.3 LPM 

Entrance of capillary tube 
(Figure 4.8) 

0.3 LPM 0.73 cm3/s 

 
A mass transfer equation that accounts for axial convection within fully developed flow 

and radial diffusion toward the tube wall was solved to obtain the diffusion losses within 

the extracted core portion.  The activation efficiency of the UCPC+TSI-3010 assembly 

was obtained experimentally prior to the sampling campaign.  Figure 5.3 shows the 

overall transport efficiency, aerosol charging efficiency, and activation efficiency of 

UCPC+TSI-3010 assembly calculated from the products of efficiencies for individual 

components.   

 

 
 
Figure 5.3.  Transport efficiency, activation efficiency of UCPC+TSI-3010 assembly, and 
charging efficiency of Nano-SMPS system shown in Figure 5.1 
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The activation efficiency of the CPC assembly CPCη  sharply drops to zero below 1.3 nm 

and sets the lower detection limit of the system.  It is noted that the activation efficiency 

of the CPC assembly, CPCη , was evaluated separately from those obtained in Chapter 4 

because the sampled particles are transferred from dry nitrogen into ambient air.  The 

saturator temperature of the UCPC was lowered form 50.2°C to 47.3°C to completely 

eliminate the false counts due to homogeneous nucleation under reasonably humid 

conditions (RH~50%).  As a result, the 50% cutoff size of the activation efficiency 

curve, 50pD , increased from 1.3 nm to 1.5nm for particles generated by evaporating 

ammonium sulfate.  The transport efficiency through all the transport sections, transη  

shows that the particle losses increase exponentially as the size decreases contributing to 

the rapid decrease of SNR toward lower sizes.  Conclusively, it is important to optimize 

the geometrical and flow configuration of the SMPS system so as to minimize these 

transport losses.  Size-dependent charging efficiencies, chargerη , were not evaluated 

experimentally prior to the campaign; therefore, Widensohler’s correlation was used to 

estimate the values of chargerη  when the UPC was used as a bipolar charger.  The values of 

chargerη  do not decrease as sharply as those of CPCη  with decreasing size; however, the 

values of chargerη  are lower by equal or greater than one order of magnitude than CPCη .  

Chen and Pui (1999) showed that the values of chargerη  are significantly greater when the 

instrument is operating as a unipolar charger; however, there are no experimental studies 

to verify this for sizes below 3nm.  Since the charging efficiency is the limiting factor of 

SNR for the currently existing Nano-SMPS system within the detectable size range, a 

novel aerosol charging technique is needed.   

 An analysis was performed to evaluate whether the Nano-SMPS system shown in 

Figure 5.1(a) can effectively measure the particle size distribution of freshly nucleated 

particles at the sampling site where the system was used.  The surface site at Boulder CO 

is a transition site between an urban and a rural area.  As already shown in Table 2.2 

nucleation rates estimated at 1nm, 1nmJ , measured at NCAR Marchall site near Boulder 
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CO ranged from 8 to 120 cm-3 s-1.  We have estimated particle currents corresponding 

to the lower detection limit at each k-th size interval of the Nano-SMPS system, kLDL,J .   

dt

dD

Dd

dN

Ddt

dD

dD

dN
J p

kp

LDL

p

p

kp

LDL

log)10ln(

1
kLDL, ==    (5.10) 

where, 
kpLDL dDdN /  and 

kpLDL DddN log/  are the lowest detectable particle size 

distribution function in pD  and pDlog  space at k-th size interval, and their values are 

calculated from concentration measured by the CPC when one particle is counted in each 

size interval.  Using the measured values of diameter growth rates at Marshall site the 

values of kLDL,J  were calculated for the two operating conditions given in Table 5.2.   
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Table 5.2.  Operating conditions of the Nano-SMPS system to calculate particle current corresponding to the lower detection limit. 
 

 

 Unit Case 1 Case 2 
DMA Sheath Flow, Qsh LPM 20 15 
DMA Sample Flow, Qas LPM 2 5 
Lower/Upper End Voltages Volt 5-50 3.75-37.5 
Diameter Range in mobility [mass] 
diameter 

nm 
1.30-4.13 

[0.92-3.53] 
1.30-4.13 

[0.92-3.53] 
Total one way scanning time Seconds 130 130 
Geometric mean size of the lowest size 
bin as mass diameter 

nm 1.1 1.2 

FWHM of DMA transfer function at 
geometric mean size of the lowest size 
bin 

nm 0.22 0.39 

The ratio of FWHM to bin size of 
lowest size bin in nm 

nm/nm 0.66 0.64 

Total number of size bins - 5 3 
Time per each size bin Seconds 26 43.3 

169 
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The size range corresponding to scanned voltage ranges are 1.3-4.1 nm mobility 

diameter [0.92-3.5 mass diameter] for both cases.  The DMA scans up and down each 

way for 130 seconds, and measurements of 1.3-4.1 nm size distributions are completed 

every 5 minutes.  The major differences between two cases are DMA sheath flow rates, 

Qsh, and aerosol sample flow rates, Qas.  The sheath flow rates of Case 1 and 2 are 20 and 

15 LPM, respectively, and the ratio of aerosol sample to sheath flow rates, Qas / Qsh, for 

Case 1 and 2 are 1:10 and 1:3, respectively.  Case 1 is considered a conventional setup 

and Case 2 is considered a case under a reduced size resolution. Values of FWHM of the 

transfer function for Case 2 are about 1.7 times higher at the geometric mean diameter of 

the lowest size bin including the effect of Brownian diffusion.  In order to prevent 

excessive overlapping of the DMA transfer function between fist and the second size bins 

the width of size bin was set sufficiently larger than the FWHM of the transfer function; 

accordingly, Case 2 has larger bin width and therefore fewer size intervals.  Figure 5.3 

shows the values of lowest detectable particle current at each size interval, LDLJ ,  for the 

conventional setup (Case 1, (a)) and for the reduced size resolution (Case 2, (b)). 

 

 
 
Figure 5.4.  the values of lowest detectable particle current at each size interval, LDLJ ,  of 
the Nano-SMPS system for the conventional setup (Case 1, (a)) and for measurements at 
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reduced size resolution (Case 2, (b)).  Mass diameters calculated using the algorithm 
of Tammet (1995) are given inside square brackets.   
 

The horizontal error bars indicate full width at half maximum (FWHM) of the Nano-

DMA transfer function including the effect of diffusion broadening, and the grid lines 

along the abscissa show the boundaries of size bins.  The vertical error bars are the 95% 

confidence intervals of the value of LDLJ  based on observed diameter growth rates during 

regional nucleation events in Boulder CO during 2005, which are given in Table 2.2.  The 

plot also shows the average and 95% confidence intervals caused by the variation in 

measured diameter growth rates given in Table 2.2.  The value of LDLJ  at 0.92-1.3 mass 

diameter size bin under Case 1 is within the same order of magnitude as the observed 

values of 1nmJ .  Considering that the value of J satisfying ~30% statistical accuracy (10 

counts) would be 10 times higher than the values LDLJ  given in the plot the conventional 

setup (Case 1) would not allow accurate measurements of size distribution functions for 

sizes as small as 1 nm for the particle production rates that are expected at this sampling 

site.  On the other hand, the values of LDLJ  under the low size resolution (Case 2) at 0.92-

1.3 mass diameter size bin is about two orders of magnitude lower than observed 1nmJ  

indicating that reduced size resolution under Case 2 is likely to allow reasonably accurate 

measurements of size distribution function for sizes as small as 1nm.   
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