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ABSTRACT 

 

A cavity ring-down spectrometer and condensation particle counter were used to investigate the 

limitations in the separation of singly and multiply charged aerosol particles by a tandem 

differential mobility analyzer (DMA) and aerosol particle mass analyzer (APM). The impact of 

particle polydispersity and morphology was investigated using three materials: nearly-

monodisperse polystyrene latex nanospheres (PSL); polydisperse, nearly-spherical ammonium 

sulfate (AS) and polydisperse lacey fractal soot agglomerates.  PSL and AS particles were easily 

resolved as a function of charge. For fresh soot, the presence of multiply charged particles severely 

affects the isolation of the singly charged particles. In cases where the DMA-APM was unable to 

fully resolve the singly charged particles of interest, the peak mass deviated by up to 13 % leading 

to errors in the mass specific extinction cross section of over 100 %.  For measurements of non-

spherical particles, non-symmetrical distributions of concentration as a function of mass were a 

sign of the presence of multiply charged  particles. Under these conditions, the effects of multiply 

charged particles can be reduced by using a second charge neutralizer after the DMA and prior to 

the APM.  Dilution of the aerosol stream serves to decrease the total number concentration of 

particles and does not remove the contributions of multiply charged particles.   

 

1.  INTRODUCTION 

 

The use of a tandem differential mobility analyzer (DMA), aerosol particle mass analyzer (APM) 

coupled to a condensation particle counter (CPC) to measure aerosol mass distributions has been 

extensively documented in the literature (Barone et al. 2011; Charvet et al. 2014; Cross et al. 2010; 

Geller et al. 2006; Kuwata and Kondo 2009; Laborde et al. 2012; Lall et al. 2009; Lall et al. 2008; 

Lee et al. 2011; Lee et al. 2009; Lin et al. 2014; Ma et al. 2013a; Ma et al. 2013b; Malloy et al. 

2009; Olfert and Collings 2005; Olfert et al. 2006; Pagels et al. 2009; Park et al. 2003a; Park et al. 

2004b; Park et al. 2003b; Rissler et al. 2013; Sakurai et al. 2003; Scheckman et al. 2009; Shin et 
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al. 2010; Tajima et al. 2011; Tajima et al. 2013; Xue et al. 2009). Some studies have added optical 

measurements to afford an additional level of classification (Radney et al. 2013; Radney et al. 

2014).  DMAs size-select particles by electrical mobility (Knutson and Whitby 1975) while APMs 

mass-select particles based on the balance of centrifugal and electrostatic forces (Ehara et al. 1996).  

Both methods use net charge in the mechanism of particle classification. Prior studies have only 

considered particles bearing a single net charge (Barone et al. 2011; Lall et al. 2008; Lin et al. 

2014; Olfert 2005; Tajima et al. 2011; Tajima et al. 2013).  A recent modeling study by (Kuwata 

2015) did consider the effects of multiply charged particles in a tandem DMA-APM measurement.  

However, only a single combination of transfer functions was considered for a given set of 

conditions instead of the convolution of transfer functions as is required; see ensuing discussion 

or (Lall et al. 2009).  Other measurement studies have demonstrated the presence of particles with 

multiple charges, but did not offer implications as to how they may affect subsequent 

measurements (Charvet et al. 2014; Lee et al. 2011; Radney et al. 2013).  A detailed investigation 

on the classification of particles using the tandem DMA-APM technique as a function of net charge 

is warranted.  Here, we provide an in-depth study on particles bearing multiple charges and the 

resultant effects on the interpretation of mass, number concentration, and extinction measurements 

and the calculated extinction cross sections using 3 aerosols with different properties: polystyrene 

latex nanospheres (PSL), ammonium sulfate (AS) and fresh soot.  Polystyrene latex nanospheres 

are monodisperse and spherical while ammonium sulfate is polydisperse and nearly-spherical.  

Fresh soot is polydisperse and non-spherical comprised of lacey aggregates with low effective 

density and high void volume. Studying these three materials enables the effect of polydispersity 

and morphology on the tandem DMA-APM separation to be studied and potential resolution 

limitations to be elucidated. 

 

2.  THEORY 

 

Particles suspended in a flowing gas stream are subjected to low-speed drag forces that will 

affect their electrostatic, diffusive and inertial properties.  Assuming laminar flow conditions (i.e. 

low Reynolds number) and slow particle rotation (relative to a background fluid), the drag force 

(𝐹⃗Drag) can be written as 

𝐹⃗Drag = 𝑓(𝑢⃗⃗f– 𝑢⃗⃗p)                 (1) 

where 𝑢⃗⃗f and 𝑢⃗⃗p represent the fluid and particle velocity vectors, respectively (Zhang et al. 2012).  

From the semi-empirical Stokes-Millikan equation, the friction coefficient (f, units of g s-1) for 

spherical particles can be written as 

𝑓 =
3𝜋𝜇𝐷

𝐶(Kn)
                  (2) 

where μ, D and C(Kn) are the gas dynamic viscosity, particle diameter and the Cunningham slip 

correction factor, respectively.  The Cunningham slip correction factor is 

𝐶(Kn) = 1 + Kn(𝛼 + 𝛽𝑒−𝛾 Kn⁄ )               (3) 

where Kn is the Knudsen number (Kn = 2λMFP/D, λMFP = gas mean free path) and α, β, and γ are 

constants with values of 1.142, 0.558 and 0.999 in air, respectively (Allen and Raabe 1985).    The 

Cunningham slip correction factor has been included in Eq. 2 to account for the fact that the friction 

coefficient is less than would be predicted by Stoke’s Law as aerosols occupy the free molecular 

and transition regimes (Kn > 0.25).  For particles in the continuum regime, C(Kn) → 1.  Previous 

investigations have modeled the friction coefficient of non-spherical aggregates in the free 

molecular and transition regime and some have a similar form to Eq. 2 except that D – and hence 



 

 

Kn and C(Kn) – are based upon the projected area of the particle (Gopalakrishnan et al. 2011; 

Hogan and de la Mora 2011; Melas et al. 2014; Zhang et al. 2012).  Other investigations have used 

the functional form 

𝑓 = 𝐴𝑁𝜂                  (4) 

where A is a constant related to the friction coefficient of a single monomer (f in Eq. 1), N is the 

number of monomers and η is the power law dependence of f on N  (Chan and Dahneke 1981; 

Isella and Drossinos 2010; Mackowski 2006; Meakin et al. 1989; Shin et al. 2009).  For ideal 

aggregates, η = 1, but due to shielding effects in real particles η < 1.   

 

2.1. DMA Separation 

 

Differential mobility analyzers separate aerosols based upon particle mobility within an electric 

field (Zp) (Knutson and Whitby 1975) in a bath gas of known composition.  When aerosol inlet 

and outlet flows are equal,  

𝑍𝑝 =
𝑞𝑒

𝑓
=

𝑞sh

2𝜋𝑉𝐿
ln (

𝑟2

𝑟1
)                       (5) 

where q is the number of charges on the particle, e is the elementary charge (1.602 x 10-19 C) and 

f is the friction coefficient in Eq. 1 , 2 and 4.  Electrical mobility can be related to the physical 

properties of the DMA column through the right-hand side of Eq. 5 where qsh, V, L, r1 and r2 are 

the volumetric sheath flow rate, the average voltage applied to the inner electrode, the length of 

the classification area and the radii of the inner and outer (grounded) electrodes, respectively. 

 

From this point forward, we will use Dm, the mobility diameter of the particle, instead of D, the 

physical diameter, to represent particle diameter.  For aggregated particles, a physical diameter 

cannot be defined as the particles are non-spherical.  However, we can measure the mobility of an 

aggregated particle in an electric field and relate that to spherical particles with known diameter 

as defined in Eq. 5.  This gives us a direct comparison between particles of different morphologies 

even though the absolute definition of Dm is rather loose. 

 

From Eq. 5, it is evident that for a given Zp, a single unique solution does not exist; i.e. multiple 

values of q/f (and hence Dm) can satisfy this relationship.  In practice, multiple charging effects 

can be reduced by either working at Zp values where particles with larger Dm are minimal (Cross 

et al. 2010) or applying an inversion algorithm, as discussed in (Wiedensohler et al. 2012). 

The electrical mobility bandwidth (ΔZp) is 

Δ𝑍p =
𝑞a

𝑞sh
𝑍p                  (6) 

where qa is the aerosol volumetric flow rate.  The transfer function of the DMA (ΩDMA) can be 

described as an isosceles triangle with value of 1 at Zp and going to 0 at Zp ± ΔZp for conditions 

where the aerosol inlet and outlet flows are equal (Kinney et al. 1991); see Fig. 1a and 1e. 

 

2.2. APM Separation   

 

Aerosol particle mass analyzers separate particles based upon the balance of centrifugal and 

electrostatic forces within a rotating annular region that can be described by (Ehara et al. 1996) 

𝑚𝑝𝑟𝜔2 =
𝑞𝑒𝑉

𝑟𝑙𝑛(
𝑟2

𝑟1
⁄ )

                 (7) 



 

 

where mp and ω are the mass of the particle and the angular rotation speed, respectively; V, r2 and 

r1 have the same definition as for the DMA.  The value r represents the radius of the center of the 

annular classification space; i.e. 𝑟 =
(𝑟1 + 𝑟2)

2⁄  . Similar to the DMA, a unique solution for mp/q 

does not exist for a given ω and V.  For the APM, this results in the effective mass (meff) of the 

particle being measured when q > +1 where   

𝑚eff =
𝑚p

𝑞
                  (8) 

For the APM used in this study, we can define the classification parameter (λc) (Ehara et al. 1996) 

𝜆c =
2𝜏𝜔2𝐿

𝜐0
                  (9) 

where L and v0 are the length of the classification region and volumetric flow rate, respectively.  

The quantity τ is the relaxation time and is equal to mp/f where f is the friction coefficient in Eq. 1, 

2 and 4.  The classification parameter represents the ratio of radial to axial transversal times and 

is a measure of the APM’s separation ability.  Higher values values of λc yield better resolution 

but lower particle throughput. 

 

The use of a tandem DMA-APM system allows for the determination of effective density (ρeff) 

where 

𝜌eff =
6

𝜋

𝑚p

𝐷m
3                 (10) 

For spherical particles, the effective and bulk densities should be equal.  However, in practice the 

effective density is less than the bulk density due to non-sphericity or air inclusions.  If a collection 

of mobility diameter and mass pairs are measured the mass-mobility scaling exponent (Dfm) can 

be calculated using 

𝑚p = 𝑘0 (
𝐷m

150 nm
)

𝐷fm

               (11) 

where k0 is the particle mass at a reference particle size (150 nm used in this investigation).  The 

mass-mobility scaling exponent is a commonly used metric for particle morphology; spherical 

particles will have Dfm ≈ 3 while non-spherical particles will have Dfm < 3 (Ma et al. 2013a; 

McMurry et al. 2002; Park et al. 2004a; Rissler et al. 2013).  Fractal aggregates, such as soot, 

typically have 1.8 ≤ Dfm ≤ 2.2. 

 

If only a single charge is considered, as in(Lall et al. 2009), (Tajima et al. 2011) and (Tajima et 

al. 2013), the theoretical separation by a tandem DMA-APM, can be seen schematically in Fig. 1a 

through 1d; for the present discussion we have assumed that particles do not possess a distribution 

of effective densities for a given electrical mobility.  Particles with a given electrical mobility (Zp) 

and electrical mobility bandwidth (ΔZp), and hence mobility diameter (Dm), are selected by the 

DMA with the transfer function (ΩDMA) shown in Fig. 1a.  Particles within Zp ± ΔZp pass through 

the DMA to the APM.  The APM possesses its own inherent transfer function and, ideally, particles 

within ΔZp (gray dotted lines in Fig. 1a) map directly to their respective masses.  Instead particles 

can map to a range of masses as seen by the green traces in Fig 1b.  (Each gray dotted line in Fig. 

1a corresponds to a separate trace in Fig. 1b).  This broadening arises from the multitude of flow 

vectors a particle can traverse depending upon the radial position (r) at which it enters the annular 

region.  Lower values of the classification parameter (λc) increase this broadening.  Thus, a 

superposition of the individual APM and DMA transfer functions (ΩDMAΩAPM, green lines Fig. 1c) 

occurs.  The superposition term represents the effective penetration of a given particle with a 

specific Zp at a specific mp.  The actual theoretical output of the APM is the summation of all the 



 

 

individual transfer functions and is shown as the red line in Fig. 1c.  Finally, the number 

concentration of particles that exits the DMA-APM, relative to the number concentration that 

entered, to be measured by a downstream CPC also depends upon the Boltzmann charge 

distribution (Pq) imparted by the charge neutralizer (Wiedensohler and Fissan 1988) and is shown 

in Fig. 1d.   

 

The objective of this manuscript is to demonstrate limitations of using a DMA-APM when 

particles with higher order charges are considered as in Fig. 1e) through 1h).  We note that 

throughout the remainder of this manuscript, the coloring convention shown in Fig. 1 will be 

maintained; q = +1, +2 and +3 will be shown in green, cyan and blue, respectively, while the 

summation of the contributions from all charges will be shown in red.  We present measurements 

of polystyrene latex nanospheres, ammonium sulfate and flame generated soot to demonstrate 

the presence of multiply charged particles within a mass distribution and provide guidelines for 

the interpretation of mass separation under experimental conditions.  Beyond measuring number 

concentration using a condensation particle counter (CPC), as is commonly performed, we also 

measure particle extinction to aid in the identification of particles by charge from their extinction 

cross sections; i.e. larger particles with multiple charges will have significantly larger extinction 

cross sections.  We conclude by presenting a framework to identify the presence of multiply 

charged particles and reduce their impact on measurement quality and interpretation. 

 
Figure 1:  Schematic of the theoretical transfer functions and separation of aerosol particles at an 

electrical mobility (Zp) and mass (mp) combination using a tandem DMA and APM.  Panel a), b), 

c) and d) represent the transfer function of the DMA (ΩDMA), the transfer function of the APM 

(ΩAPM), the convolution of DMA and APM transfer functions (ΩDMA ΩAPM) and the convoluted 

transfer function after being weighted to the appropriate Boltzmann charge distribution (Pq) from 

the charge neutralizer, respectively, when only particles bearing a single charge are considered.  

Each green trace in b) through d) corresponds to one of the gray dotted lines in a).  The solid red 

lines in c) and d) correspond to the summation of all of the individual transfer functions.  Panels 

e) through h) follow the same progression as a) through d) except that the contributions of 

multiply charged particles have been included and are shown in cyan (q = +2) and blue (q = +3).  

These 3 traces are overlapped in e) because they possess identical electrical mobility values, see 
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Eq. 5 and discussion in text.  In b) through d), distributions are plotted against mp since q = +1 

while in f) through h) distributions are plotted against meff as q > +1 are present. 

 

3.  MATERIALS & METHODS 

 

A block diagram of the experimental setup used presently is shown in Fig. 2. 

 
 

Figure 2:  Schematic of the experimental setup used in this study.  Solid lines indicate primary 

flows and dashed lines indicate optional flows.  Measured quantities are shown in parenthesis.  

Abbreviations:  charge neutralizer (CN), differential mobility analyzer (DMA), aerosol particle 

mass analyzer (APM), cavity ring-down spectrometer (CRD) and condensation particle counter 

(CPC). 

 

3.1. Polystyrene Latex Nanospheres Generation 

 

Polystyrene latex nanospheres (PSL) aerosol with nominal diameters of 102 ± 3 nm (Thermo 

Scientific 3100A)1, 147 ± 3 nm (Thermo Scientific 3150A) and 203 ± 5 nm (Thermo Scientific 

3200A) were generated from aqueous solutions at a concentration of 2 drops mL-1 using a constant-

output liquid jet cross flow atomizer (TSI 3096, 30 psig) operated on particle-free air supplied by 

an FT-IR purge gas generator (dew point < -73 °C). Of the ≈ 2.2 L min-1 of flow, 0.5 L min-1 was 

conditioned by passing the aerosol laden stream through a pair of diffusion dryers (TSI 3602).  

Excess flow was exhausted into a fume hood. 

 

3.2. Ammonium Sulfate Generation   
 

Ammonium sulfate (AS) aerosol was generated from 1 mg mL-1 aqueous solution similarly to 

the PSLs except that the aerosol stream was passed through a tube furnace (Lindberg-Blue Mini 

Mite) at 150 ⁰C in between the pair of diffusion dryers.  

 

3.3. Soot Generation   

 

Soot was generated using a Santoro diffusion flame operated on ethylene fuel (Santoro et al. 

1983).  Soot was sampled at 5 cm above the base of the flame along the centerline and aspirated 

into a 4 L min-1 carrier stream of dry, HEPA-filtered air.  An ejector pump situated downstream of 



 

 

 

the sampling port was operated at 8 L min-1 using dry, HEPA-filtered air.  Of the ≈ 12 L min-1 of 

total flow, 0.5 L min-1 was sampled for further analysis and conditioned similarly to the AS.  

Excess flow was exhausted in a fume hood.   

 

3.4. Cavity Ring-down Spectroscopy   
 

The use of cavity ring-down spectroscopy (CRDS) for the measurement of aerosol extinction 

coefficients has been well documented in the literature, so only a brief description will be given 

presently.  For more details, the reader is directed to Atkinson’s review on CRDS for 

environmental applications (Atkinson 2003).  Light from a λ = 660 nm laser pumps a high finesse 

optical cavity to saturation (mirror reflectivity > 99.98 %, transmission ≈ 0.002 %).  The light 

intensity is quickly terminated using an acousto-optic modulator.  The intensity of light in the 

cavity decays passively and exponentially through mirror loss, absorption by gas molecules, and 

the scattering and absorption of light by aerosols; extinction is the sum of scattering and absorption.   

Mathematically, this process is described by 

𝐼 = 𝐼0𝑒−𝑐𝛼ext𝑡                           (12) 

where I0 and I are the initial light intensity and the intensity at time t, respectively, c is the speed 

of light and αext is the extinction coefficient (units of m-1) which corresponds to the fractional loss 

of light intensity due to extinction per unit distance.  The quantity cαext represents the decay rate.  

Aerosol extinction coefficients are calculated by taking the difference in measured extinction 

coefficients between aerosol laden and HEPA-filtered air streams 

𝛼ext,aerosol = 𝛼ext,total − 𝛼ext,HEPA             (13) 

In the present setup, ring-downs are measured at 100 Hz and then averaged to 1 s; typical ring-

down times for the HEPA-filtered air were ≈ 26 x 10-6 s.  These data points were then averaged to 

5 s.  At this averaging interval, the minimum uncertainty, as calculated from an Allan deviation 

(Sullivan et al. 1990), is 1.3 x 10-7 m-1 corresponding to a limit of detection (LOD, 3 times the 

minimum uncertainty) of 3.9 x 10-7 m-1.   

 

3.5. Aerosol Mass Distribution Measurements   
 

The distribution of extinction and number concentration as a function of mass were measured 

by the CRD and CPC, respectively, as in (Radney et al. 2013) and (Radney et al. 2014).  The DMA 

was operated with an aerosol flow of 0.5 L min-1 and sheath flow of 5.0 L min-1.  Measurements 

were made with the APM set to the desired rotation speed corresponding to a λc = 0.32 and a peak 

mass density of 1.05 g cm-3, 1.77 g cm-3 and 0.15 g cm-3 for the PSL, AS and soot, respectively.  

The APM was continuously scanned for 10 min over the mass range of interest with rotation speed, 

voltage and number concentration being logged at 100 Hz and then average to 1 s; in post-

processing data was averaged to 5 s.  For the soot experiments using multiple charge neutralizers, 

data was binned to 5 x 10-17 g as 6 x 10 min mass distributions were collected over separate voltage 

windows (at a common rotation speed) in order to improve the mass resolution as the program 

controlling the APM ramps the voltage exponentially to mimic a scanning DMA (Collins et al. 

2004).  This exponential ramp can increase broadening in the mass distribution and shift the 

observed peak mass when sufficiently wide mass windows are needed. 

 

From the number concentration and extinction mass distributions, the extinction cross section 

(Cext) of each data point in the mass distribution was calculated as 



 

 

 

𝐶ext =
𝛼ext

𝑁
                (14) 

in order to isolate particles by charge from the change in slope in the plot of Cext vs mp, see Figure 

3d and corresponding discussion.   

 

4.  RESULTS & DISCUSSION 

 

4.1. Polystyrene latex nanospheres   
 

Polystyrene latex spheres were used to first validate measurements of mass, number 

concentration, extinction and extinction cross section.  PSLs represent a nearly ideal test particle 

for the tandem DMA-APM measurements as they are spherical and nearly monodisperse with a 

well-defined size, mass, density (ρ = 1.05 g cm-3) and refractive index; n = 1.5855 as extrapolated 

from (Sultanovaa et al. 2009).  Particles with nominal diameters of 102 ± 3 nm, 147 ± 3 nm and 

203 ± 5 nm were analyzed. Mass distributions for the 147 nm PSLs are shown in Figure 3a through 

3d as a function of number concentration (N) on a linear axis, number concentration (N) on a 

logarithmic axis, extinction (αext) and extinction cross section (Cext), respectively.  Mass 

distributions for the 102 nm and 203 nm PSLs can be found in Fig. S1 and S2 of the Supporting 

Information.  For all PSLs measured, the DMA was set to the nominal diameter; Zp = 2.5994 x 10-

8 m2 V-1 s-1, 1.4010 x 10-8 m2 V-1 s-1, and 8.4106 x 10-9 m2 V-1 s-1 for the 102, 147 and 203 nm 

respectively.  For all data sets, number concentration data has been plotted on both linear and 

logarithmic axes – Fig. a and b, respectively – to highlight the small absolute contribution to 

number concentration and the larger relative contribution to extinction by particles bearing higher 

order charges, respectively.  Shaded gray areas correspond to the 2σ measurement uncertainty at 

this 5 s temporal resolution.  The data for N and αext show that for the PSL, the q = +1 particle is 

well separated from others present in the distribution.  In the plot of extinction cross section (Fig. 

3d), well separated particles can be recognized as regions with a continuous and nearly constant 

slope where particles bearing the unique charge are present. In Fig. 3 this corresponds to the nearly 

flat sections around ≈ 2.0 x 10-15 g and 3.25 x 10-15 g.  When there is overlap between the different 

particles, there is a sharp change in the slope of Cext which is indicative of a transition region where 

particles of different charge and/or morphologies being present. 

 



 

 

 

 

Figure 3: a) Number concentration (N) on linear axis, b) Number concentration (N) on logarithmic 

axis, c) Extinction (αext) and d) Extinction cross section (Cext) as a function of particle mass (mp) 

for polystyrene latex spheres with a nominal diameter of 147 ± 3 nm.  Inset: Cext on a linear axis 

over the range 1.25 x 10-15 g to 2.25 x 10-15 g.  DMA was set to a Dm = 147 nm.  Number 

concentration plotted on linear and logarithmic axes to highlight peak separation and contribution 

of q > +1, respectively.  Solid red, green cyan and blue lines correspond to sum of contributions 

from all particles and presumably particles with q = +1, +2 and +3, respectively.  Measurement 

uncertainties (2σ) are shown as shaded gray regions. 

 

The number density and extinction as a function of mass exhibit a Gaussian profile as predicted 

by the convolution of transfer functions (Lall et al. 2009) and can be globally (simultaneously) fit 

using 

𝑁 = ∑ 𝐴N,𝑞 ∗ exp (
−(𝑚−𝑚eff,𝑞)

2

2𝜎eff,𝑞
2 )  and  𝛼ext = ∑ 𝐴αext,q ∗ exp (

−(𝑚−𝑚eff,𝑞)
2

2𝜎eff,𝑞
2 )       (15) 

where AN,q is the peak number concentration, Aαext,q is the peak extinction, meff,q is the average 

effective particle mass and σeff,q is the standard deviation of the distribution; q represents the net 

particle charge.  The summation is included in both of these expressions to account for the presence 

multiple distributions.  PSL fit coefficients are shown in Table 1.  The global fit requires that meff,q 

and σeff,q are conserved (i.e. the same value for both fits) and as a result, the average extinction 

cross-section is calculated from the ratio of the amplitudes 



 

 

 

𝐶ext,avg =
∫ 𝛼ext,q𝑑𝑚p

∫ 𝑁q𝑑𝑚p
=

𝐴αext,q𝜎q√2𝜋

𝐴N,q𝜎q√2𝜋
=

𝐴αext,q

𝐴N,q
            (16) 

One implicit assumption to the global fit is the treatment of Cext as a constant for particles bearing 

a specific charge; i.e. Cext does not exhibit a strong dependence on mass over the range of interest.  

This assumption is acceptable over the mass ranges of interest as a result of transfer function 

convolution, as the Cext measured at any specific mass, after being sorted by the APM represents 

the average of particles spanning a finite range of masses, see Fig. 1f and ensuing discussion of 

AS and soot.  This assumption does not hold for strongly scattering spherical particles in the 

Rayleigh limit as Cext ≈ Cscat ∝ mp
2 since Cscat ∝ Dp

6. This effect can be seen in Fig. S1 for the 102 

nm PSL where the fits of the number concentration and extinction are slightly offset from peak 

center in using Eq. 14.  However, although the average masses are slightly offset, the errors 

introduced to Cext and ρeff are within 2% for 102 nm PSL particles.  We do note that when working 

with spherical particles, the concentration and extinction could be fit independently as the 

measured peaks are sufficiently well resolved.  However, for consistency we have chosen to retain 

the global fit for all data sets.  For non-spherical particles, the overlap between peaks is 

significantly higher and the global fit is necessary to properly constrain the center and width 

between the two distributions (see ensuing discussion on soot).   

Fit coefficients for the PSLs with nominal diameters of 102 ± 3 nm, 147 ± 3 nm and 203 ± 5 

nm are shown in Table 1.  The nominal diameters listed with the dashes correspond to multiplets 

of PSLs that are able to pass through the DMA with q > +1.  For the 102 nm PSL, it is expected 

that the larger particle consists of a triplet of PSLs with q = +2 as deduced from meff,q.  For the 

147 nm PSL, the larger particles are expected to represent a triplet/+2, quartet/+2 and pentet/+2 

while for the 203 nm PSLs the larger particles are a triplet/+2 similar to the multiplets observed 

in (Zelenyuk et al. 2006).   

The effective density and extinction cross section of the singlet PSL particles are shown in Table 

2.  The uncertainties listed with ρeff represent the width of the distribution (σeff,q/meff,q) to highlight 

the range of densities observed.  These values compare well to the bulk density of polystyrene 

(1.05 g cm-3).  The measured effective densities were higher than the reported bulk density, which 

may be attributed to surfactant that can remain on the PSL during atomization.  The measured Cext 

were also compared to values calculated using Mie theory for the nominal particle diameters.  

Good agreement was obtained with the measured values being higher than those calculated.  

Importantly, for both ρeff and Cext, the errors from the values for the nominal diameters are within 

the sizing uncertainty of both the PSLs and the DMA (Kinney et al. 1991; Mulholland et al. 1999). 

The PSL mass distribution (and hence transfer function) is broader than theoretically expected 

from the range of particles transmitted by the DMA.  The DMA was set to Zp = 1.4010 x 10-8 m2 

V-1 s-1 (147 nm) with ΔZp = 1.4010 x 10-9 m2 V-1 s-1 corresponding to particles with Dm of 139 nm 

to 157 nm being transmitted.  The quoted standard deviation for the 147 nm particles is 4.3 nm, so 

the transfer function of the DMA roughly corresponds to the 2σ width of the PSL distribution.  If 

we assume polystyrene has a uniform density of 1.05 g cm-3, this size range would correspond to 

masses of 1.48 x 10-15 g to 2.13 x 10-15 g being transmitted by the APM.  The actual range of 

particle masses transmitted by the APM (at 2σeff,q) is 1.43 x 10-15 g to 2.52 x 10-15 g. 

 

 

 

 

 



 

 

 

Table 1:  Fit coefficients for peaks observed in the mass distribution of PSL nanospheres of 3 

nominal diameters 

Nominal Diameter (x 10-9 m) AN,q (x 108 m-3) Aαext,q (x 10-6 m-1) meff,q (x 10-15 g) σeff,q (x 10-16 g) 

102 167 ± 10 2.5 ± 0.1 0.62 ± 0.01 0.88 ± 0.05 

-- 20 ± 10 2.5 ± 0.2 0.94 ± 0.01 1.0 ± 0.2 

147 146 ± 2 20.4 ± 0.3 1.97 ± 0.01 2.74 ± 0.03 

-- 17 ± 2 13 ± 2 3.00 ± 0.02 3.5 ± 0.3 

-- 3 ± 2 7 ± 7 4.0 ± 0.2 7 ± 3 

-- 0.3 ± 2 3 ± 2 5 ± 2 11 ± 13 

203 31.8 ± 0.3 29.5 ± 0.3 4.80 ± 0.01 6.8 ± 0.1 

-- 2.7 ± 0.3 16.4 ± 0.4 7.97 ± 0.04 9.4 ± 0.5 

 

Table 2:  Calculated values for q = +1 PSL nanospheres from fit coefficients in Table 1. 

Nominal Diameter (x 10-9 m) ρeff (g cm-3) Error (%)a Cext,calc (x 10-15 m2) Cext,avg (x 10-15 m2) Error (%) 

102 1.12 ± 0.16 6.4 0.14 0.15 ± 0.02 7 

147 1.19 ± 0.16 13 1.26 1.39 ± 0.05 11 

203 1.09 ± 0.16 4.3 8.4 9.3 ± 0.3 11 

 
a for PSL ρeff = 1.05 g cm-3   

 

Separation of the individual peaks can be quantified by calculating the peak resolution (Rs): 

 

𝑅s =
2(𝑚eff,q2−𝑚eff,q1)

𝑊𝑞2+𝑊𝑞1
               (17) 

where W is the full peak width and the subscripts q1 and q2 denote particles with different charges; 

i.e. +1/+2 or +2/+3; here, W is determined experimentally such that W = 4σeff,q as recommended 

by (Inczédy et al. 1998) and where σeff,q is the standard deviation from Eq. 15.  The peaks are 

sufficiently resolved when Rs > 0.5 when using a CPC alone.  For the 102 nm, 147 nm and 203 nm 

PSLs, the peak resolution of the primary q = +1 peak from the next peak is 0.85, 0.82 and 0.98 

indicating the peaks are sufficiently resolved. 

 

4.2. Ammonium sulfate mass distributions   
 

PSL aerosols, in theory, represent the simplest system for DMA-APM separations.  However, 

the presence of aggregates of multiple particles with q > +1 can complicate separation.  For 

polydisperse aerosols, such as ammonium sulfate (AS), the presence of particles with q > +1 can 

also make separation a challenge.  After aerosolization, a 1 mg mL-1 AS solution exhibited a 

lognormal distribution with a geometric mean diameter and geometric standard deviation of 144 

nm and 1.61, respectively; a representative size distribution can be seen in Fig. S3a of the 

Supporting Information.  The DMA was set with Dm = 150 nm (Zp = 1.3661 x 10-8 m2 V-1 s-1).  A 

second DMA and charge neutralizer were employed to determine the mobility diameters of 

particles possessing q > +1 selected by the first DMA and are shown in Fig. S3b.  The q = +2 and 

+3 particles exiting the first DMA have Dm of 234 and 310 nm, respectively.  



 

 

 

The APM was scanned across mass space and the corresponding distributions of N (linear), N 

(logarithmic), αext and Cext are shown in Figs. 3a through 3d, respectively. As with PSL, number 

density has been plotted on linear and logarithmic axes to highlight the small absolute contribution 

to number concentration and the larger relative contribution to extinction by particles bearing 

higher order charges, respectively.  The error bars in the figure correspond to 2σ uncertainty at a 5 

s temporal resolution. The data for N and αext show that for spherical AS, the +2 and +3 charge 

particles are well separated (Fig. 3b and 3c), similar to the PSLs and the results of (Radney et al. 

2013).  As with the PSLs, the extinction cross sections (Fig. 3d) of the separated particles possess 

a continuous slope where particles bearing a unique charge are present; corresponding to the nearly 

flat sections at ≈ 2.5 x 10-15 g, 5 x 10-15 g and 8 x 10-15 g for q = +1, +2 and +3, respectively. Where 

there is overlap between the charges (+1/+2 and +2/+3 at ≈ 4 x 10-15 g and 7 x 10-15 g, respectively) 

there is a sharp change in the slope of Cext, indicative of a transition region with particles of 

different charges being present. 

 

 
 

Figure 3:  a)  Number concentration (N) on linear axis, b) Number concentration (N) on 

logarithmic axis, c) Extinction (αext) and d) Extinction  cross section  (Cext) as a function of particle 

mass (mp) for ammonium sulfate with Dm = 150 nm.  Number concentration plotted on linear and 

logarithmic axes to highlight peak separation and contribution on q > +1 particles, respectively.  

Solid red, green cyan and blue lines correspond to sum of contributions from all particles and 

particles with q = +1, +2 and +3, respectively.  Measurement uncertainties (2σ) are shown as 

shaded gray regions in c) and d); uncertainties in a) and b) were smaller than data points in the plot 

and have thus been omitted. 

 



 

 

 

Table 3:  Fit coefficients for peaks observed in the mass distribution of Dm = 150 nm AS 

q Dm (x 10-9 m) AN,q (x 107 m-3) Aαext,q (x 10-6 m-1) meff,q (x 10-15 g) σeff,q (x 10-15 g) 

1 150 780 ± 15 6.7 ± 0.2 2.47 ± 0.01 0.58 ± 0.01 

2 234 80 ± 15 9.4 ± 0.2 4.90 ± 0.05 0.95 ± 0.05 

3 310 6 ± 19 5.8 ± 0.3 7.9 ± 0.1 0.9 ± 0.2 

 

 

Table 4:  Calculated values for Dm = 150 nm AS from the fit coefficients. 

q Dm (x 10-9 m) ρeff (g cm-3) fAS neff Cext,calc (x 10-15 m2) Cext,meas (x 10-15 m2) Error (%) 

1 150 1.4 ± 0.3 0.79 1.42 0.76 0.86 ± 0.03 -13 

2 234 1.5 ± 0.3 0.83 1.44 10.4 12 ± 2 -17 

3 310 1.5 ± 0.2 0.86 1.46 44 100 ± 354 -135 

 

Crystalline AS has a bulk density of 1.77 g cm-3, 21 % higher than the measured ρeff.  The PSL 

measurements illustrate that the APM and CRD/CPC accurately measured mp and Cext.  Since AS 

tends to form nearly spherical particles, as demonstrated in (Zelenyuk et al. 2006), we assume that 

the difference in material density is due to air inclusions within the particle (most likely a result of 

the rapid and aggressive drying utilized), and the effective refractive index (neff) can be calculated 

by volume weighting the corresponding refractive indices; i.e.  

 

𝑛eff = 𝑛AS𝑓AS + 𝑛Air𝑓Air = 1.53 ∗ 𝑓AS + 1 ∗ 𝑓Air           (18) 

 

where nx, fx correspond to the refractive index and volume fraction of species x; for AS, n = 1.53 

at λ = 660 nm (Toon et al. 1976).  The volume fractions, the corresponding neff and calculated Cext 

as a function of particle charge can be seen in Table 4.  From this weighting, our measurement 

error of the q = +1 and +2 particles are -13 % and -17 %, respectively.  The q = +3 error is -135 % 

but still within the measurement uncertainty.  We note that for q = +3 the uncertainty in Cext is 

dominated by the uncertainty in the fit of number concentration and not extinction; relative 

uncertainties are 345 % and 5.4 %, respectively. 

 

Evidence for the convolution of transfer functions between the DMA and APM can be observed 

upon closer examination of Cext, this corresponds the green lines in Fig. 1a and 1b being multiplied 

together to obtain the green lines in Fig. 1c and subsequent summation to form the solid red line.  

For neff = 1.42 (corresponding to q = +1 in Table 4), increasing Dm from 141 nm to 160 nm (the 

range of transmitted Zp) should cause Cext to increase from 5.30 x 10-16 m2 to 1.11 x 10-15 m2, 

respectively.  Instead, Cext has a modest slope with a value of 9 x 10-16 m2 at 1.5 x 10-15 g to 1.22 

x 10-15 m2 at 3.0 x 10-15 g. Over this range of masses the presence of any slope increase is most 

likely due to the increasing presence of q = +2 particles when mp > ≈ 2 x 10-15 g.   

 

Like the PSLs, the peaks in the AS distribution are well resolved.  The +1/+2 and +2/+3 peaks 

have Rs of 0.79 and 0.80, respectively.  However, as will be shown for soot below, resolution 

without the optical measurement is not always possible.   

 

 

 



 

 

 

4.3. Soot mass distributions   
 

Spherical particles, such as PSLs and AS, offer the most simple case for separation of higher 

order charges at a selected electrical mobility.  For spherical particles, the friction coefficient (f) 

depends only upon the particle diameter, the Cunningham slip correction factor and gas viscosity 

as shown in Eq. 2.  Aggregates, such as flame generated soot, exhibit more complex friction 

coefficients.  Compared to spherical AS particles with the same volume equivalent diameter (i.e. 

particles with the same total volume of material), soot particles experience significantly larger drag 

forces, decreasing the observed meff for a given Zp and concomitantly reducing the ability to resolve 

higher order charges (q > +1). This is demonstrated in Fig. 4 where the distribution of fresh 

ethylene soot from a Santoro diffusion flame (Santoro et al. 1983) at Dm = 150 nm (Zp = 1.3661 x 

10-8 m2 V-1 s-1) is shown. The current discussion will focus only on the raw data (black).  The fitted 

and calculated data (colors) will be discussed below.  The number concentration data as a function 

of mass (Fig. 4a) exhibits a non-symmetrical peak shape with a tail extending towards higher mass.  

The extinction data exhibits a similar non-symmetric peak and an elongated tail of higher mass 

particles, as evident in Fig. 4b. The tails and shape differences arise from the presence of higher 

order charges as can be seen from Cext in Fig. 4c.  Here, the cross section possesses a single slope 

up to ≈ 4 x 10-16 g indicative of particles with a unique charge.  As the mass increases, the slope 

of Cext rapidly rises due to the presence of q > +1 particles within the distribution.  Unlike the AS 

data where the Cext of unique charges was resolved (the stair-step shape of Fig. 3d), for soot the 

higher order charges in Fig. 4c have been convoluted resulting in the continuous rise of Cext.  Upon 

closer inspection of Fig. 4c, the slope rise in Cext is not constant (i.e. the derivative of the slope ≠ 

0), further indicating the presence of particles bearing different charges. 

 

To improve separation, a second CN was employed between the DMA and APM and the mass 

distribution was re-measured (Fig. 4d – 4f).  This serves to reduce the fractional contribution of 

particles with q > +1 in the primary peak and also shifts particles that initially possessed q > +1 to 

now possess q = +1 allowing for measurement of mp instead of meff.  The number concentration 

(N), extinction (αext) and extinction cross sections (Cext) are shown in Figs. 4d, 4e, and 4f, 

respectively. The number concentration data illustrates that the use of a second CN reduces particle 

counts by nearly an order of magnitude, but also decreases the contribution from q > +1 in the 

primary peak at ≈ 5 x 10-16 g.  The q > +1 reduction is also seen as a shift in the peak mass of αext 

from Fig. 4e to 4b. The multiple slopes of Cext in Fig. 4f indicate that the particle distribution still 

contains higher order charges even with the utilization of multiple CNs. The Cext data also shows 

that the region where q = +1 is isolated is very similar when comparing the use of single CN to 

two CNs. 

 

Up to this point, we have only commented on the observed shape differences between number 

concentration, extinction and extinction cross section as a function of mass for soot.  We now aim 

to show how the combination of these measurements allows for both resolving peaks with Rs < 0.5 

and minimizing uncertainty in meff and Cext determination.  In Fig. 4, the colors green, cyan, and 

blue correspond to the particles with q = +1, +2, and +3, respectively, when exiting the DMA prior 

to mass selection and are maintained through all plots.  In Fig 4d through 4f, the dashed lines are 

used to indicate that q has changed as a result of the second CN, while the colors have been 

maintained to correspond to q after the first CN. 

 



 

 

 

The concentration and extinction data shown in Fig. 4d and 4e was fit using Eq. 15 for 6 peaks 

and the resulting coefficients are shown in Table 5.  The values for q and q’ in the table represent 

the particle’s charge after the first and second charge neutralizer, respectively.  From the fit 

coefficients, we attempted to globally fit the individual concentration and extinction peaks in Fig. 

4a and 4b.  Unfortunately, even with pre-constrained fit values for meff,q and σeff,q, unphysical fit 

coefficients were obtained – N for q = +3 was greater than q = +2 – thus demonstrating that even 

with the addition of an optical technique peak resolution is not always possible.   

 

  

 

Figure 4:  Left column:  a) size distribution (dN/dlog(Dm)). b) number concentration, c) extinction 

(αext) and d) extinction cross section (Cext) as a function of mass for soot particles with a Zp = 

1.3661 x 10-8 m2 V-1 s-1 corresponding to a q = +1 Dm of 150 nm using a single charge neutralizer 

(CN) with a differential mobility analyzer (DMA) and aerosol particle mass analyzer (APM).    

Right column:  same order as the left column except that the particles have been passed through a 

second charge neutralizer prior to entering the APM causing a redistribution of particle charge.  

Error bars are 2σ.  See discussion in text for additional details. 

 

Table 5:  Soot mass distribution fits from Fig. 4f and 4g 

q q' AN,q (x 108 m-3) Aαext,q (x 10-6 m-1) meff,q (x 10-15 g) σeff,q (x 10-15 g) ρeff (g cm-3) Cext (x 10-15 m2) 

1 2 4.6 ± 0.6 0.94 ± 0.32 0.25 ± 0.01 0.05 ± 0.01 0.29 ± 0.06 2 ± 1 

1 1 19 ± 1 5.1 ± 0.6 0.52 ± 0.01 0.09 ± 0.01 0.29 ± 0.05 2.7 ± 0.7 

2 2 6 ± 2 3.8 ± 0.6 0.68 ± 0.02 0.09 ± 0.01 0.21 ± 0.03 6 ± 4 

2 1 15.0 ± 0.3 12.1 ± 0.2 1.27 ± 0.01 0.20 ± 0.01 0.19 ± 0.03 8.1 ± 0.4 

3 1 5.1 ± 0.2 6.7 ± 0.3 2.22 ± 0.02 0.38 ± 0.02 0.15 ± 0.03 13 ± 2 

4 1 1.6 ± 0.2 3.0 ± 0.1 3.53 ± 0.06 0.6 ± 0.1 0.13 ± 0.02 19 ± 4 

 

The ability to sufficiently resolve the contribution of every charge has implications for the 

interpretation of mass and the corresponding optical properties.  From Fig. 4b, if we consider the 



 

 

 

peak to contain only a single charge and that the tail was a measurement artifact, mavg would be 

calculated as 5.9 x 10-16 g while the measured mass of the resolved q = +1 particle is 5.2 x 10-16 g, 

as determined from the global fit (See Table 5), an error of 13 %.  Similarly, if we only consider 

the extinction at the peak of the distribution, Cext would be calculated as 6.4 x 10-15 m2 while from 

Table 5 the measured Cext of the isolated q = +1 particle is 2.7 x 10-15 m2, an error of 137 %.  

Translating these errors to the mass specific extinction cross section (MEC = Cext/mp), we obtain 

values of 11 m2 g-1 and 5.1 m2 g-1 for the peak values versus the isolated q = +1 cases, respectively, 

an error of 110 %, where the error in mp offsets the error in Cext.  

 

Beyond the limitations in Rs imposed by the particles under investigation, there also exist 

physical limitations imposed by the APM.  In principle, Rs should improve by increasing λc; higher 

λc increases the radial versus transversal velocity within the APM thereby narrowing the output 

mass distribution (decreasing σeff,q in Eq. 15).  However, depending upon the flow rate through the 

APM, the radial travel time may be short relative to the transverse travel time causing σ to approach 

an asymptotic value.  Another consideration for soot at Dm = 150 nm, mp = 5.1 x 10-16 g and the 

APM rotation speed operates near its physical maximum. Increasing λc requires a concomitant 

increase in rotation speed and is not possible due to instrumentational limitations.  The presented 

data are likely to be universal for other aerosol systems and independent of the instrument utilized. 

To test this we performed measurements using a larger APM (Kanomax 3600) which has a similar 

experimental geometry with equivalent results. 

 

5.  Conclusions 

 

We have demonstrated practical limits to the DMA-APM separation technique using polystyrene 

latex nanospheres, ammonium sulfate and lacey soot aggregates and close with a few suggestions 

for performing DMA-APM measurements based on the presented data: 

 

1.  For measurements of non-spherical particles, non-symmetrical mass distributions are a sign 

of the presence of particles bearing multiple charges.  We recommend the use of a second charge 

neutralizer after the DMA and prior to the APM to aid in the identification and to reduce the effects 

of particles initially bearing multiple charges. 

2.  We purposefully chose to collect data at Dm = 150 nm as this represents the worst-case 

scenario for separation; i.e. the mass separation of the particles is sufficiently small while the 

probability of having q > +1 is sufficiently large.  At smaller Dm, the probability of q > +1 

approaches 0, while for larger Dm, the effective mass separation between successive charges is 

larger. 

3.  The underlying size distribution of particles will drastically effect the fractional contribution 

of particles bearing higher charges.  If Dm on the rising edge of the distribution are selected (small 

Dm), than a higher fraction of q > +1 can be expected relative to selecting Dm on the falling edge 

of the distribution.  However, unless methods are taken to physically remove q > +1, there remains 

a probability, regardless of how small, that q > +1 particles will be present.  Further, dilution of 

the aerosol stream serves to dilute the number concentration of particles as multiple charging is a 

statistical issue that is independent of concentration. 
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