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Abstract
The complex distribution of particle charge states resulting from neutralization processes by radioactive or soft X-ray charge neutralizers is a well-documented problem in aerosol science. Here, we demonstrate that non-idealities in the collection efficiency of an impactor allows for the transmission of an unexpected population of multiply charged particles by a differential mobility analyzer that can bias optical measurements. The extinction cross sections (Cext) of ammonium sulfate particles were quantified using cavity ring-down spectroscopy and particle counting. Particles were selected by electrical mobility (i.e., a metric of particle size) using a differential mobility analyzer (DMA) or electrical mobility and mass selected by a tandem DMA and aerosol particle mass analyzer (APM), respectively, to elucidate multiple charging artifacts. Measured Cext exhibited statistically significant differences at particle sizes near the impactor cut point implying that these multiply charged particles should not be present and could not be confirmed by parallel size distribution measurements. Additionally, comparison of Cext with Mie theory demonstrates that misclassification of the multiply charged particles can give rise to numerically accurate results. To understand these observations, the collection efficiency (CE) of four impactors from similar electrostatic classifiers was investigated. From these measurements, it was determined that the nominal and actual diameters of the impactors differed by -0.5 % (457 μm versus (455 ± 1) μm, respectively (uncertainty is 1σ standard deviation)) but the average Stk50 (the Stokes number at the cut-point, D50) values differed by ≈ 23 % (0.23 versus 0.18 ± 0.01, respectively). The measured CE as a function of √Stk (a metric of particle aerodynamic size) exhibits a long tail towards higher √Stk values, allowing for transmission of the larger and multiply charged particles observed in the optical measurements. These measurements highlight the utility of using orthogonal, spectroscopic methods to quantify the presence of multiply charged particles.
1 Introduction 
[bookmark: _Hlk112312127]The complex distribution of particle charge states (e.g., Fuchs or Boltzmann charge distribution) resulting from charge neutralization processes is a well-documented problem in aerosol science with metrology implications (Bluvshtein et al. 2012; Cotterell et al. 2020; Mamakos 2016; Miles et al. 2011; Radney et al. 2013; Radney and Zangmeister 2016; Tigges, Jain and Schmid 2015; Tigges et al. 2015; Wiedensohler and Fissan 1988; 1991). One example is the use of a differential mobility analyzer (DMA) (Knutson and Whitby 1975) to either classify a distribution of particles as a function of electrical mobility (Zp, m2 V-1 s-1) or to select particles with a singular Zp (i.e., monomobile but not necessarily monodisperse). Zp is related to a particle’s mobility diameter (Dm), the equivalent diameter of a spherical particle bearing q elementary charges, through 
										(1)
[bookmark: _Hlk112312199]where e is the charge of an electron (≈ 1.602 × 10-19 C). For air at a temperature (T) of 298.15 K and a pressure (P) of 101.325 kPa, the gas viscosity (η) is 1.837 × 10‑5 kg m‑1 s‑1 and the mean free path (λg) is 67.9 nm. The Cunningham slip correction factor (Cc) 
						(2)
is included (Kulkarni, Baron and Willeke 2011) to account for reduced drag in the free molecular and transition regimes relative to the continuum regime. 
Prior to classification or separation by the DMA, the input aerosol-laden air stream is often passed through an impactor to remove particles larger than a critical aerodynamic diameter. This is done by accelerating the aerosol-laden air stream through a nozzle towards an impaction plate. Particle trajectories that follow air streamlines and bend around the plate remain in the air stream, while particles with sufficient inertia will have trajectories impacting the plate and are assumed to be removed. The plate is often coated with vacuum grease to minimize or eliminate particles bouncing off the impactor surface and/or shattering upon impaction, especially when classifying solid particles (Marple and Liu 1974; Pak, Liu and Rubow 1992; Turner and Hering 1987). The collection efficiency (CE) of the impactor is calculated as
										(3)
CE represents the fraction of particles collected by the impactor and can be determined by measuring the number density of particles upstream and downstream (NU and ND, respectively) as a function of the Stokes number (Stk).  The transmission efficiency (TE) is often used in place of CE and is simply the fraction of particles transmitted by the impactor at a given size with TE = 1 - CE.  
Stk is a dimensionless parameter defined as the ratio of a particle’s stopping distance at the average nozzle exit velocity (U, m s-1) to the diameter of the air jet formed by the nozzle (Dj, cm) where
										(4)
[bookmark: _Hlk125966086]and ρp is the particle density (g cm-3) and Dve is the volume equivalent diameter (nm). Dj is taken as the diameter of the orifice in the nozzle neglecting surface imperfections and asphericity. Larger Dj decrease Stk. 
While CE is a function of Stk, a simple relationship does not exist between the two terms and instead requires numerical simulation or measurement (Marple and Liu 1974; 1975). To simulate the relationship between CE and Stk, for a particular impactor geometry, the Navier-Stokes equations are solved to determine the flow velocity field and air streamlines. Utilizing these air streamlines, and for a given particle size, particle trajectories are then calculated, with CE being the ratio of the number of particle trajectories that intercept the impaction plate to the total number calculated. A CE curve is then determined by repeating these calculations for many particle sizes. The particle diameter at which 50 % of the aerosol is removed is referred to as the cut-point diameter or D50 with a corresponding Stk value of Stk50. Notably, simulations of particle CE agree well with measurements when CE > ≈ 0.2 but are unable to reproduce the characteristic “S-curve” of measured data. This disagreement partially arises from the finite and >> zero distribution width of particles transmitted by the DMA versus the infinitesimal, or zero, distribution width often used in models; we direct the reader to (Jaenicke and Blifford 1974; Rader and Marple 1985) for further discussion.
In all impactors, there exists a set of air streamlines and particle trajectories where the velocity is independent of position resulting in a stagnation point when they intersect the impaction plate (Marple and Liu 1975). In an axisymmetric impactor, this corresponds to the impactor jet centerline and CE = 1. Deviations away from this limiting case result in deflection of air and particles away from the impaction plate decreasing CE. The magnitude of this decrease is dependent upon ρp, Dve, U, η, and Dj (i.e., Eq. 4). In an ideal impactor, all particles larger than D50 are assumed to exhibit this centerline behavior allowing for CE to be represented by a Heaviside step function with CE = 0 for Stk < Stk50 and CE = 1 for Stk > Stk50. In reality, not all particle trajectories follow this centerline behavior with a fraction of particles larger (smaller) than Stk50 being transmitted (collected). 
Assuming ideality, an impactor enables the user to assume that particles larger than Stk50 are removed from the sample placing an upper bound on Dve, and, hence, the number density (N) of particles bearing multiple charges that must be considered at the output of a DMA. The presence of these multiply charged particles are important in quantitative spectroscopic measurements where a particle’s optical properties are a strong function of its size. Scattering and absorption scale as a function of D6 and D3 for small particles, respectively, and D2 for larger diameter particles  (Moosmüller, Chakrabarty and Arnott 2009). Thus, the presence of a few multiply charged particles can severely contaminate an optical measurement and subsequently bias instrument calibration or measurement validation or the retrieval of aerosol complex refractive indices from parallel measurements of the size distribution and optical properties. 
The sensitivity of optical spectroscopy, specifically cavity ring-down spectroscopy (CRDS), which measures the particle extinction, or the sum of absorption and scattering, can be leveraged to measure the spectroscopic impact of multiple charges. The effect of multiply charged particles is measured by comparing aerosol extinction cross sections (Cext) when particles are selected by electrical mobility using only a DMA to particles selected by electrical mobility and mass using a DMA and an aerosol particle mass analyzer (APM) or a centrifugal particle mass analyzer (CPMA), respectively (Ehara, Hagwood and Coakley 1996; Olfert and Collings 2005); we refer to these Cext values as CDMA and CDMA-APM, respectively. Mass selection by the APM is an orthogonal technique to the DMA that effectively removes the multiply charged particles; see (Radney and Zangmeister 2016; 2018). 
[bookmark: _Hlk125970045]Here we show that optical measurements of Cext can be biased high from the presence of a population of multiply charged particles with Stk larger than the Stk50 of an upstream impactor and arising from non-idealities in the impactor’s transmission function. The CE of the impactor was quantified to confirm that the impactor’s throughput allows for the presence of these multiply charged particles.  
2 Experimental Procedure
NIST Technical Disclaimer: Certain commercial equipment, instruments, or materials (or suppliers, or software, or etc...) are identified in this paper to foster understanding. Such identification(s) does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.
The experimental layouts are broadly divided into comparison of aerosol extinction cross-section (Cext) measurements, utilizing electrical mobility and mass selection (CDMA-APM) versus electrical mobility selection only (CDMA), and measurement of the impactor’s CE; Figures 1a and 1b, respectively. In total, three electrostatic classifiers (EC) were utilized: one TSI 3082 EC with a TSI 3081A long DMA column and TSI 3088 soft x-ray charge neutralizer, one TSI 3080 EC with a TSI 3081A long DMA column and TSI 3088 soft X-ray charge neutralizer, and one TSI 3080 EC with a TSI 3081A long DMA column. The radioactive charge neutralizer was absent from the last EC and particle charge neutralization was performed using the soft x-ray source. Additionally, four TSI 3775 CPCs were utilized for particle counting. Distributions of Dm were measured utilizing a TSI 3936 (3080 EC with 3775 CPC) scanning mobility particle sizer (SMPS) and TSI Aerosol Instrument Manager (AIM) software version 9.0.0.0. Mass measurements utilized a Kanomax 3602 APM-II controlled by the Kanomax APM Analyzer Software version 1.050. Mass data was recorded by custom LabView 2016 virtual instruments. For simplicity, in Figure 1, only the location of the DMA column, the soft x-ray charge neutralizers (SFX), and CPCs are shown with the ancillary hardware (e.g., flow control and voltage supply from the EC) absent. Flows between instruments were connected utilizing conductive silicone tubing (TSI 3001788) to minimize particle loss.
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Figure 1. Experimental block diagram for measurement of a) aerosol optical properties and b) impactor transmission efficiency. Flows are shown as solid black lines with the DMA-only measurements of CDMA shown by a dashed black line to bypass the APM. In practice, the APM was left inline for these measurements and turned off. Abbreviations: aerosol generator and conditioning (AGC), aerosol particle mass analyzer (APM), cavity ring-down spectrometer (CRD), condensation particle counter (CPC), differential mobility analyzer (DMA), HEPA-filtered dilution air (Dil), impactor (Imp), orifice (Ori), soft x-ray charge neutralizer (SFX). See discussion in text for further details.

2.1 Aerosol generation and conditioning.
Polydisperse aerosols were generated from a solution of ammonium sulfate ((NH4)2SO4) using a TSI 3076 constant output atomizer at 172 kPa (25 psig). Solution mass concentrations of (NH4)2SO4 were 1 mg mL-1 and 5 mg mL-1 for the optical and impactor collection efficiency measurements, respectively. Of the 2.2 L min‑1 of aerosol-laden flow generated, 0.55 L min‑1 or 0.30 L min-1 was sampled for the spectroscopic (Figure 1a) and CE (Figure 1b) measurements, respectively. The sampled aerosol was dried by passing the air stream through a pair of TSI 3062 silica gel diffusion dryers. When the relative humidity (RH) increased above 10 %, as monitored in the sheath flow of the upstream EC, the desiccant was changed.
[bookmark: _Hlk111615174]2.2 Cavity ring-down spectrometer.
The cavity ring-down spectrometer (CRD) was custom built at NIST and is similar to that in (Radney and Zangmeister 2018) except that the operating wavelength, λ, in the current investigation was 405 nm. A brief description of cavity ring-down spectroscopy is provided here, and the reader is directed to the Supplemental Information and the review by (Atkinson 2003) for more complete descriptions. 
A high finesse optical cavity consisting of a pair of plano-concave mirrors (λ = 405 nm, reflectivity ≈ 99.975 %, transmission ≈ 0.01 %) is pumped by a continuous wave diode laser to saturation. Individual ring-downs were triggered at 1 kHz using an acousto-optic modulator and digitized at 100 MHz for 5 × 104 samples of which only the first 7τ (7 times the ring-down time) were transferred to the computer for fitting using a corrected successive-integration routine (Everest and Atkinson 2008; Halmer et al. 2004). τ were converted to αext with both values retained and averaged to 1 s. All other data were discarded. The 1 s τ typically represents the average of ∼ 500 independent ring-down events. At 1 s, the aerosol-free average τ ± 1σ standard deviation is (5.02 ± 0.04) μs with a limit of detection (3σ) of 1.5 × 10‑5 m-1. Flow through the CRD was maintained by a downstream CPC with a nominal flow of 0.3 L min‑1. A 0.025 L min‑1 dry HEPA-filtered air backflush was supplied to each mirror to prevent particle deposition. 
2.3 Determination of CDMA-APM. 
[bookmark: _Hlk125550727]For the spectroscopic measurements (Figure 1a), particles were passed through an impactor with a nominally 457 µm diameter orifice, electrical mobility selected by a DMA, and mass selected by the APM with αext measured by the CRD and N by a CPC. Distributions of Dm were measured in parallel to the mass distributions by a SMPS; see Figure 1a. For determination of CDMA-APM, distributions of αext and N as a function of mass (m) were measured by scanning the voltage (V) of the APM at a constant rotation speed (ω) and a classification parameter λc = 0.32 (Ehara, Hagwood and Coakley 1996; Tajima et al. 2013). N, V, and ω were sampled at 20 kHz and averaged to 1 s, and the corresponding 1σ standard deviations calculated. From the 1 s data, the mass was calculated from 
										(5)
where r, r1, and r2 are the radius of the center of the classification region, the inner electrode, and the outer electrode, respectively. The 1σ standard deviation in m was then calculated by propagating the 1σ standard deviation in ω and V; note, these standard deviations were only used as diagnostics for APM performance. All 1 s data were logged for further analysis. 
Distributions of αext and N were collected for 10 min at each mobility diameter (Dm) and the resulting data fit to a bi-Gaussian distribution (Buys and De Clerk 1972)
						(6)
where f(m), f(m)max, mp, and σ are the measured quantity (αext or N), the peak of the distribution, the average mass, and the standard deviation of the distribution, respectively. The σ1 and σ2 denote that the distribution is asymmetric and exhibits a “tail” towards higher masses since m scales with Dm3 (i.e., volume). Only peaks with q = +1 were fit because N was often insufficient to obtain a statistically significant fit at larger Dm and q > +1. There was sufficient resolution between particles bearing q = +1 and q > +1 as a result of the high mass density of (NH4)2SO4 (ρp = 1.77 g cm-3); see (Radney and Zangmeister 2016). The 1 s 1σ standard deviations in αext and N were included as a weighting term in all fits so that the reported uncertainties in CDMA-APM include these measurement uncertainties.
Using the fit parameters, the average extinction cross-section of the mobility and mass selected particles (CDMA-APM) were calculated from the ratio of the integrals
							(7)
Uncertainties in CDMA-APM were independently propagated in the positive and negative directions utilizing the 1σ model fit uncertainties in αext, N, σ1, and σ2, respectively. 
Measured CDMA-APM were validated by comparing measured values for mobility and mass selected polystyrene nanospheres (PSL) to those calculated using Mie theory assuming a refractive index (RI)
											(8)
of 1.6255 +0i (Zhang et al. 2020) where n and k are the real and imaginary components, respectively. On average, CDMA-APM agreed with theory to better than 1 % ranging from +4.2 % at Dm = 296 nm to -1.2 % at Dm = 401 nm (see SI). 
2.4 Determination of CDMA. 
Immediately following the completion of a mass distribution scan, αext and N were measured using only electrical mobility (i.e., DMA only without mass selection) at the selected Dm for 300 s. The 1 s αext and N were averaged and the 1σ standard deviations calculated. The Cext measured with electrical mobility selection only (CDMA) was calculated from
											(9)
with the uncertainties in CDMA being propagated from the 1σ standard deviations in αext and N. Note, CDMA contains the monomobile ensemble of all particles (see Eq. 1) The APM was left inline, but turned off, during measurement of CDMA to ensure direct comparability to CDMA-APM.
2.5 Confirmation of q > +1. 
To confirm the presence of particles bearing q > +1 in the optical measurements, distributions of aerosol Dm were measured by an SMPS in parallel to the APM-CRD-CPC at a flow rate of 0.3 L min‑1; see Figure 1a. Distribution measurements utilized a 10:1 sheath:aerosol flow, lasted 300 s, spanned 14.1 nm ≤ Dm ≤ 736.5 nm, and particles were re-neutralized prior to measurement. To verify similarity of the Dm distributions between CDMA-APM and CDMA measurements, since changing distributions would alter the fraction of particles with q > +1 and CDMA, two distributions were collected during the measurement of CDMA-APM and one during the measurement of CDMA that immediately followed CDMA-APM. Average distributions with 1σ standard deviations are shown in Figure 4.
2.6 Impactor CE. 
The CE of four nominally 457 µm diameter impactors was quantified to determine if observations of particles bearing multiple charges in the optical measurements were specific to that impactor or more generally applicable. Of the remaining impactors, two were from TSI 3080 ECs and one was from a TSI 3082 EC. Particles generated by the atomizer were sampled at 0.3 L min-1 and passed through a pair of silica gel diffusion dryers before being classified by a DMA utilizing a 10:1 sheath flow allowing for constant Zp resolution at all Dm spanning 100 nm ≤ Dm ≤ 650 nm. Particles were mass selected by a static APM with a classification parameter (λc) of 0.32 for Dm > 200 nm or 0.50 for Dm ≤ 200 nm. Utilizing the APM ensures that only q = +1 were transmitted, although the higher λc for Dm ≤ 200 nm was necessary to guarantee this condition. The APM was set to transmit particles with an effective density (ρeff)
											(10)
of 1.65 g cm-3 or 1.75 g cm-3; the bulk density for (NH4)2SO4 is 1.77 g cm-3. N, V, and ω were sampled at 20 kHz and averaged to 1 s, and the corresponding 1σ standard deviations calculated. From the 1 s data, the mass was calculated from Eq. 5. All 1 s data were logged for further analysis. 
The relative peak width () and relative full width () of the APM transfer function in the (positive, negative) directions were (0.27, -0.24) and (0.04, -0.04) at λc = 0.32 and (0.17, -0.16) and (0.04, -0.04) for λc = 0.50; see (Kuwata 2015; Yao et al. 2020) for calculation of transfer function widths. Particles transmitted by the DMA and APM were then diluted with ≈ 0.9 L min-1 HEPA-filtered laboratory air, passed through a 1000 μm orifice to ensure mixing and split into the upstream and downstream branches with a total of ≈ 0.6 L min-1 flowing to each branch. The downstream branch passed through the impactor being tested while the upstream branch passed through an orifice of the same nominal diameter that consisted of the “throat” from another impactor with the base plate replaced with a union fitting. 
CE for all impactors was quantified by ratioing the measured Dm distributions of the upstream and downstream particles using two 3936 SMPS operated in parallel. Both SMPS had nominal aerosol flows of 0.3 L min-1 and sheath flows of 2.5 L min-1. Dm distributions measurements lasted 300 s and spanned 15.1 nm ≤ Dm ≤ 850.5 nm. Particles were not re-neutralized prior to measurement due to the already low N from upstream particle selection by electrical mobility and mass and the ≈ 4:1 dilution. Each set of CE measurements was treated as a single technical replicate with a minimum of six replicates collected for each Dm and impactor. 
2.7 Impactor imaging. 
The orifices from four 457 µm impactor assemblages were imaged utilizing a Celestron 5 MP digital microscope with a 5 element, IR cut high quality glass lens and the Microsoft Windows Camera Application. No aberration/distortion correction was applied during processing of the images. Images were acquired at ≈ 5 MP and processed in ImageJ (1.51k). Each impactor was imaged surface normal to the orifice with the orifice being situated at or near to the center or the lens stack (see Figure 2a). ImageJ processing steps included conversion of raw images into a 32-bit gray scale, centering, cropping, and length scale calibration. 
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Figure 2: a) Orientation of impactors during imaging. Images were acquired surface normal to each impactor and five diameters were measured at 0°, 45°, 90°, 135°, and at a random position relative to its longitudinal axis. b) Diagram showing where parameters used in Eq. 11 are measured relative to drawn symmetric circle. c) Micrograph of ground glass calibration slide. d) Micrograph of crosshair and grid calibrant. The white lines were added during image processing (in ImageJ) and indicate locations of image distortion check measurements. e) Micrograph of housed impactor for TSI 3082 EC. f) Zoomed image of same impactor. White circle overlays the approximate circumference of the orifice, and the white lines indicate approximately where diameter measurements were acquired. Scale bar in e) is 1 mm.

An AmScope microscope calibration slide (MR400) made of precision-ground glass was used to calibrate the images and check for image distortion. The calibration was cross-checked with a calibration sample from DinoLite. Imaging angles, working distances, and magnifications were kept constant between impactors and calibration samples. The housed impactor had a working distance and magnification that was slightly different from those used for the non-housed impactors. Distortion within the orifice diameter relevant length scale range (orifice ≈ 0.457 mm; range 0.05 mm – 1.0 mm) was checked by imaging the crosshair and grid scale on the glass calibration slide, then measuring the outer (at 1 mm) and inner (at 0.05 mm) angles of the crosshair and grid patterns, respectively, and the length of the crosshairs in the x, y planes (see Figure 2b). All angles were found to be at 90° and the x, y lengths agreed within uncertainty (± 0.005 mm, 1σ). These results suggest that no imaging distortions occur within the measurement range. The scale is ≈ 199 pixels mm-1 for the non-housed impactors and ≈ 197 pixels mm-1 for the housed impactor.B

To measure the opening of an orifice, it was first outlined with a symetric circle. The center of the circle was calculated using:
									(11)
[bookmark: _Hlk114144721]Where rc is the radius of the cicle (mm and ½ the diameter), x and y are the coordinates at any point on the circumfrence of the circle, and g and h are the coordinates of the center of the circle (Figure 2b and 2d). Five diameters were measured through the calculated circle center and were aquired at ≈ 0°, 45°, 90°, 135°, and a random position relative to the impactor’s longtiudinal axis (Figure 2b, example shown in Figure 2f). 
The average diameter from these radial positions were found to be within uncertainity of the manufacturer listed values. Uncertainities are based on n = 5 measurements and reported to 1σ. Results are summarized in Table 1 below and shown in Figure S2 in the SI.
3 Results
The complex distribution of particle charge states imparted on aerosol particles by a charge neutralizer is a well-known problem in aerosol science. Here we show that spectroscopic measurements of (NH4)2SO4 Cext are biased high from a population of multiply charged particles with Stk (i.e., diameters) larger than the Stk50 of an upstream impactor and arising from non-idealities in the impactor’s transmission function. To this end, this section is arranged as follows: 1) comparison of (NH4)2SO4 Cext measurements using mobility and mass selection (CDMA-APM) versus mobility selection only (CDMA) to demonstrate the presence of these lower mobility particles (larger mobility diameter) that 2) cannot be confirmed by measurements of the Dm distribution in parallel. 3) The CE of the impactor utilized in the optical measurements is then quantified to show that non-idealities in the impactor’s transmission efficiency can allow for this population of multiply charged particles larger than Stk50. 
3.1 Comparison of distribution and ensemble Cext. 
Cext for (NH4)2SO4 were determined by measuring αext and N using a CRD and CPC, respectively. Cext were measured for particles classified using either a tandem DMA and APM for electrical mobility and mass selection (CDMA-APM) or only a DMA for electrical mobility selection (CDMA) and are shown in Figures 3a through 3e as black circles and grey squares, respectively. A nominally 457 µm diameter impactor was used upstream of the DMA for all measurements. Under the present measurement conditions (impactor flow = 549 cm3 min-1, T = 22 °C, and P = 97.8 kPa) the nominal D50 was calculated to be 358 nm (see §3.3).
CDMA-APM and CDMA were measured at 50 nm increments for 200 nm ≤ Dm ≤ 450 nm; see Figure 3. At Dm = 200 nm, the CDMA is greater than CDMA-APM by a factor ≈ 2 due to the presence of multiply charged particles. The presence of these particles is confirmed by the Dm distribution shown in Figure 4. As Dm increases, CDMA-APM and CDMA-APM converge. For example, at Dm = 350 nm CDMA-APM = (2.9 ± 0.1) × 10-13 m2 and CDMA = (3.1 ± 0.2) × 10‑13 m2 corresponding to a relative difference of 9 %; see Figure 3c. The differences between CDMA-APM and CDMA are statistically significant as determined from the 1-tailed Student’s t-test at a significance level 0.001: tcalc = -21.6 and tcrit = 3.090. At Dm ≥ 400 nm, this difference has decreased to within measurement uncertainty; CDMA‑APM = (4.4 ± 0.3) × 10‑13 m2 versus CDMA = (4.3 ± 0.4) × 10‑13 m2 indicating that for all Dm ≤ D50, q > +1 are present. For q = +1 and Dm = 350, q = +2 would have Dm ≈ 580 nm assuming a shape factor (χ) = 1.05 (average value from optical measurements of particles with Dm ≥ 250 nm, see SI). Equating CDMA-APM and CDMA requires ≈ (4.2 ± 2.5) % of particles to bear q = +2 corresponding to (15 ± 9) × 106 m-3 out of 3.5 × 108 m-3 particles. Agreement of CDMA-APM and CDMA to within measurement uncertainty only requires ≈ 1.7 % of particles have multiple charges corresponding to ≈ 6 × 106 m-3. 
[image: ]
[bookmark: _Hlk111627512][bookmark: _Hlk111627504][bookmark: _Hlk111627518]Figure 3. a) Extinction cross-section (Cext) as a function of mobility diameter (Dm) determined from mobility and mass selected measurements (CDMA-APM, black circles) versus mobility selection only (CDMA, dark grey squares) and theoretical values calculated using Mie theory with the mobility diameter (CMie,Dm, dotted grey line) and the volume-equivalent diameter (CMie,Dve, dashed grey line) assuming RI = 1.53 + 0i at λ = 405 nm. Vertical long-dashed black line corresponds to the nominal cut-point diameter (D50) of the impactor. Expanded views for comparison of Cext at Dm = b) 300 nm, c) 350 nm, d) 400 nm, and e) 450 nm; values are horizontally offset ± 0.5 nm of Dm for clarity. Scale along the abscissa in b), c), d), and e) is ± 5 nm. See discussion in text for determination of values and the corresponding uncertainties.

The measured CDMA-APM and CDMA can be compared to Cext calculated from Mie theory (CMie) assuming RI = 1.53 + 0i and particle sphericity. Considering that (NH4)2SO4 forms particles that aren’t perfectly spherical (Yao et al. 2020; Zelenyuk, Cai and Imre 2006), two options of particle “size” for input into the Mie calculations are Dm and the volume-equivalent diameter (Dve) where
											(12)
Dve represents the diameter of a sphere with the same mass as the particles of interest. Excellent agreement between CDMA-APM and CMie is realized at all Dm when CMie is calculated using Dve (CMie,Dve); see dashed grey line in Figure 3. When CMie is calculated using Dm (CMie,Dm) agreement between CDMA-APM and CMie,Dm is only realized at Dm ≥ 400 nm where CDMA-APM and CDMA also agree within measurement uncertainty. For these data, the average absolute deviation between CDMA-APM and CMie,Dve is 2.8 % versus 12.4 % for CDMA-APM and CMie,Dm (see SI) indicating that CMie,Dve is a better metric for comparison between measurement and theory. 
[bookmark: _Hlk125723728]Interestingly, CDMA agrees with CMie,Dm at Dm ≥ 250 nm. This indicates that it is possible to misclassify the multiply charged particles and still obtain numerically accurate results. This highlights that some metric of particle shape should be included in the Mie calculations, as particle asphericity is masked by the presence of multiply charged particles. This is because asphericity decreases Cext relative to a spherical particle, but this decrease is masked by the much larger Cext of the multiply charged particles.
3.2 TDMA Dm distributions
In addition to measuring CDMA-APM and CDMA, Dm distributions of particles transmitted by the upstream DMA were measured. Particles were re-neutralized prior to measurement to identify particles transmitted by the upstream DMA with q > +1. Measured Dm distributions are shown in Figure 4 as a function of the selected Dm with the nominal D50 shown by the dashed grey line; see §3.3 for discussion of D50. Solid black lines represent the average of three Dm distribution scans while shaded grey areas are the 1σ standard deviations. A total of three distributions were collected successively: two distributions during the measurement of CDMA-APM and one distribution during CDMA. Collected results demonstrated: 1) that the relatively low uncertainties in N imply that differences between CDMA-APM and CDMA cannot be explained by changes to transmitted particle Dm distribution over the period of data collection (≈ 15 min); 2) particles with q > +1 are clearly visible for Dm ≤ 300 nm confirming that CDMA should be > CDMA-APM across these Dm as observed in Figure 3a, and 3) multiply charged particles appear absent from the TDMA distributions at Dm ≥ 400 nm confirming that CDMA-APM and CDMA should likely be similar (within measurement uncertainty) at these Dm. However, at Dm = 350 nm while the presence of multiply charged particles is confirmed optically, further confirmation is not provided from the TDMA Dm distributions. This lack of confirmation arises because at this Dm, only (15 ± 9) × 106 m-3 multiply charged particles are necessary to equate CDMA‑APM and CDMA. Considering the resolution of the SMPS scans, the Dm distributions cover ≈ 10 size bins and would require ≈ (4 ± 2) × 106 m-3 multiply charged particles at the peak with the remainder distributed across the isosceles triangle that is the DMA transfer function. This particle population would have Dm ≈ 580 nm assuming a shape factor (χ) = 1.05 (average value from optical measurements, see Table S3 in SI). There is some evidence for this observable in Figure 4 (see grey circled area and inset), but the observed high noise to signal indicates that it is likely near the limit of detection for the SMPS measurement. 
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[bookmark: _Hlk125720340]Figure 4: Measured tandem DMA Dm distributions with the upstream DMA set to the Dm shown in each panel. Solid black lines and grey shading represent the average and 1σ standard deviation of the three successively measured Dm distributions: two during CDMA-APM measurements and one during CDMA measurements. Vertical dashed dark grey line corresponds to the nominal D50. Particle q in the upstream and downstream DMA are denoted as q1  q2 for each peak, respectively. Inset for Dm = 350 nm shows zoom in of area circled in grey. For reference, the average ± 1σ geometric mean diameter and geometric standard deviation of the aerosol upstream of the DMA was (99 ± 2) nm and 1.66 ± 0.01, respectively.  

[bookmark: _Hlk125726294]We note the presence of multiply charged peaks in Figure 4 present at Dm smaller than the classified peak of interest that should not be present in the inverted data. The size distribution measurements presented here were collected using TSI AIM version 9.0.0.0 software with a TSI 3080 EC with a soft x-ray charge neutralizer. The noted peaks are artifacts from the data inversion process using multiple charge correction. The AIM software is configured to use the charging efficiencies for a radioactive neutralizer from (Wiedensohler 1988; Wiedensohler and Fissan 1988) rather than the charging efficiencies for a soft x-ray charge neutralizer (Tigges et al. 2015) and this causes a small fraction of particles to not be inverted correctly. 

3.3 Determination of impactor collection efficiency
The CE as a function of Dm was measured for four nominally 457 μm diameter impactors using (NH4)2SO4 and is shown in Figure 5a through 5d as a function of √Stk (which is proportional to Dve; see Eq. 4). Particles were selected by electrical mobility by an upstream DMA using a 10:1 sheath:aerosol flow (at all Dm) and mass selected by the APM at a ρeff = 1.65 g cm-3 or 1.75 g cm-3 to remove particles bearing q > +1; (NH4)2SO4 ρp = 1.77 g cm‑3. For PSL, measured ρeff = ρp within measurement uncertainty at all sizes indicating the accuracy of the mass measurements; see Table S1 in SI. After mobility and mass selection, the aerosol-laden air stream was mixed with HEPA-filtered laboratory air and passed through a 1000 μm orifice to ensure adequate mixing. This air stream was then split into the upstream and downstream branches and passed through a nominally 457 µm diameter orifice or a nominally 457 µm diameter impactor, respectively. The upstream orifice consisted of the “throat” from another nominally 457 µm diameter impactor with the base removed and replaced with a union fitting. The upstream and downstream flows were then split between a CPC and an SMPS with an 8.3:1 sheath flow (2.5 L min‑1:0.3 L min-1). Multiple sets of CE data were collected (nine in Figure 5a, seven in Figure 5b, six in Figure 5c, eight in Figure 5d), and, in each set, CE was measured in 50 nm decrements starting at Dm = 650 nm or 625 nm and decreasing to 100 nm or 75 nm, respectively. After collection of a set of CE data, the impactor was completely removed from the flow line, cleaned, and re-installed with fresh vacuum grease on the impaction plate. The variability in CE likely arises from removal and reinstallation of the impactor housing and/or the new coating of vacuum grease. 
Dm distributions for the calculation of CE were measured by both the upstream and downstream SMPS. The desired peak in both distributions were fit to a log-normal distribution
									(13)
[bookmark: _Hlk112403710]where dN, and AdN, μgeo, and σDm are the number density of particles in a size bin and the amplitude, geometric mean, and geometric standard deviation of the distribution, respectively. The fit was then summed over all Dm to determine N
											(14)
for both the upstream and downstream branches. CE was then calculated from Eq. 3. 
Particles were not re-neutralized prior to these measurements due to the already low N because of upstream electrical mobility and mass selection and the 4:1 dilution. The N calculated from the Dm distribution fits were often substantially higher than that measured by the CPCs operated in parallel. This arises from the fact that the particles were not re-neutralized prior to the Dm distribution measurement and the TSI AIM software utilizes charging parameters for a radioactive source from (Wiedensohler and Fissan 1988). However, the Dm distributions were measured utilizing identical instruments and software, so the relative ratios were comparable. 
[bookmark: _Hlk125718064]To ensure that the relative ratios of the SMPS measurements on the upstream and downstream branches were comparable, the 457 μm impactor on the downstream branch was orientated in the “reverse” direction so that the impactor plate was absent from the jet after passing through the orifice. This effectively makes the upstream and downstream branches identical. In this configuration, CE measurements were performed in the same manner as if testing the impactor CE. For Dm < 700 nm, the average CE ± 1σ was 0.006 ± 0.013; see Figure S1 in the SI. For Dm = 700 nm, the CE was < 0 arising from the low absolute N at this size and noise in the SMPS measurement. For this reason, Dm = 700 nm was not included in the analysis. The CPCs that were not part of an SMPS were only present to act as constant volume pumps to have a total volumetric flow of ≈ 0.6 L min-1 on the upstream and downstream branches.
The measured CE for the impactors is plotted as a function of √Stk in Figure 5a through 5d; the collection of all data is shown in Figure 5e with the corresponding Dve shown on the top axis (√Stk ∝ Dve, see Eq. 4) with Dve calculated from the mass measurements. CE deviates significantly from ideality as shown by the dashed black line in Figure 5e and instead exhibits the shape of a logistic regression
							(15)
where ACE, ms, and b are the amplitude, slope, and offset, respectively. In theory, ACE = 1/π (≈ 0.32) and b = 0.5 since tan‑1(x) ranges from -π/2 to π/2. In practice, CE may not span from exactly 0 to 1 over the measured range. For the data shown in Figure 5e, ACE = 0.37 ± 0.01, ms = 12.4 ± 0.8, and b = 0.48 ± 0.01. From the CE fit, the Stk50 was determined to be 0.18 ± 0.01, ≈ 23 % less than the nominal 0.23 specified by the manufacturer. Light grey shaded areas in Figure 5e correspond to the 95 % prediction interval of the fit. Additionally, the CE for each of the impactors was fit and is shown as the dotted black line in Figures 5a through 5d. Shaded grey areas and solid black lines in Figures 5a through 5d correspond to the 95 % prediction interval of these fits and the global fit from Figure 5e, respectively. Fit coefficients and uncertainties for are listed in Table 1.
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[bookmark: _Hlk125717746]Figure 5: Measured collection efficiency (CE) and calculated logistic regressions for four 457 µm impactors as a function of the square root of the Stokes number (√Stk). a), b) and c) are TSI 3080 EC impactors while d) is from a TSI 3082 EC. a) was used for the collection of optical data in §3.1. e) is the collection of all data shown in a) through d) for the calculation of an average logistic regression and is shown as the solid black line in all panels. Shapes are conserved between figures. Dotted lines in a) through d) correspond to the fit of each individual impactor’s data. Dark and light grey shaded areas correspond to the 95 % confidence and prediction bands, respectively, for the fit in each panel. D50 shown as dashed line in e) with Dve shown along top axis.


Table 1:  CE fit parameters from Eq. 15 – amplitude (ACE), slope (ms), cut point (Stk50), and offset (b) – and Stk50 deviation from nominal, impactor orifice average diameters (μ), minimum (Min), and maximum (Max) transect length. 1σ standard deviations are shown in parenthesis.
	EC Model
	ACE
	mS
	Stk50
	b
	Deviation (%)
	m (µm)
	Min (µm)
	Max (µm)

	3080
	0.38 (0.01)
	10.8 (0.9)
	0.19 (0.01)
	0.47 (0.01)
	-17
	455 (4)
	451
	461

	3080
	0.37 (0.01)
	14.6 (1.4)
	0.16 (0.01)
	0.48 (0.01)
	-31
	454 (6)
	447
	463

	3080
	0.36 (0.01)
	12.3 (2.3)
	0.17 (0.01)
	0.49 (0.02)
	-28
	456 (4)
	449
	461

	3082
	0.36 (0.02)
	13.1 (1.6)
	0.19 (0.01)
	0.49 (0.01)
	-18
	453 (7)
	446
	461

	 mAll
	0.37 (0.01)
	12.4 (0.8)
	0.18 (0.01)
	0.48 (0.01)
	-23
	455 (1)
	448 (2)
	462 (1)



The fits of the data show variability in Stk50 between impactors ranging from 0.16 ± 0.01 to 0.19 ± 0.01 and all significantly less than the nominal impactor Stk50 of 0.23; see Table 1. One potential source of this variability would be differences in the orifice diameter of the individual assemblies. To this end, the orifices were imaged by calibrated light microscopy; see Figure S2 in the SI. Average diameters (μ) and 1σ standard deviations were calculated from five individual transects (n) of the orifice; see Table 1. Average diameters ranged between 453 μm and 456 μm and the differences between the impactors were not statistically significant (e.g., within 1σ). The average diameter of the entire collection of impactors (μAll) is (455 ± 1) μm, a difference of -0.5 % from the nominal 457 μm diameter. This implies that the variability in Stk50 is not caused by differences in orifice diameter.

Between CE runs, the impactor assembly was removed from the flow lines, disassembled, cleaned with water, dried with volatile solvent (methanol or acetone) and air, the impactor plate greased with high vacuum grease, re-assembled, and re-installed in the flow system. The impactors from the 3080 ECs utilize 9.525 mm (3/8 in) Swagelok fittings for the inlet and outlet and the impactor from the 3082 EC utilizes a quick-lock assembly. These connectors shouldn’t be a source of error leaving imperfections or variability in the grease layer on the impactor base plate as most likely culprit. This suggests that more stringent quality control in applying vacuum grease, as in (Pak, Liu and Rubow 1992), may be required since the grease is present to increase the probability that particles stick to the impaction plate versus bouncing or shattering and becoming resuspended (Marple and Liu 1974; Pak, Liu and Rubow 1992; Turner and Hering 1987). Additionally, imperfections in the surface flatness of the grease layer may impact the deflection of air streamlines thereby impacting CE.
The data in Figure 3a show that for Dm = 350 nm a 9 %, and statistically significant, difference exist between the CDMA-APM and CDMA. Statistical significance was determined from the 1-tailed student’s t-test with tcalc = -21.6 and tcrit = 3.090 (significance level of 0.001). Notably, this Dm is > the actual D50 and in theory, this Dm, let alone multiply charged particles, should not pass through the system. However, the actual CE curves in Figure 5 demonstrate significant deviation from ideal behavior having a finite slope at D50. While the slope of the CE could be higher using a more monodisperse particle stream (Jaenicke and Blifford 1974; Rader and Marple 1985), it is not expected to approach the infinite slope of ideality and is likely the result of imperfections in the grease layer on the impaction plate. In the case of the spectroscopic measurements in Figure 3a, at Dm = 350 nm, particles with q = +2 and a shape factor (χ) = 1.05 (average value from optical measurements, see Table S2 in SI) would have Dm ≈ 580 nm translating to Dve ≈ 566 nm, Stk ≈ 0.456 (√Stk ≈ 0.675) and CE ≈ 0.94 ± 0.14 (uncertainty defined by the 95 % prediction bounds). For the specific impactor used in the spectroscopic measurements (see Figure 5a) CE ≈ 0.91 ± 0.10 at Dm = 350 nm indicating that the observed deviations between CDMA-APM and CDMA are likely the result of particles bearing multiple charges.
[bookmark: _Hlk125725393][bookmark: _Hlk125970119]As a closing example, we want to assess the implications of our measurements to a common application of size resolved Cext measurements: RI retrievals. In RI retrievals, a collection of measured Cext are compared to values calculated using Mie theory. In practice, a few different types of optimizations have been performed in the literature (Freedman et al. 2009; Radney and Zangmeister 2018; Sumlin, Heinson and Chakrabarty 2018). As a demonstration, here, we retrieve RI using the cumulative fractional difference (CFD) optimization outlined in (Freedman et al. 2009; Hasenkopf et al. 2010; Veghte et al. 2016). Presently, RI was iterated across 1 ≤ n ≤ 2, 0 ≤ k ≤ 1 at Δn = Δk = 0.01 with CFD calculated as
									(16)
where Cext,meas and Cext,calc are the measured (CDMA or CDMA-APM) and calculated Cext, respectively, and M is the number of measurements. The RI of the particles was taken to be the RI with the minimum CFD and the uncertainty in RI was taken to be the locus of data points that satisfy CFD ≤ 0.1 corresponding to an average relative error in all Cext ≤ 10 %.
The RI of bulk ammonium sulfate is 1.53 at λ = 405 nm. For CDMA-APM, the retrieved RI is (1.47 ± 0.01) + 0i versus + (0.03 ± 0.02)i for CDMA at Dm ≥ 250 nm. Dm < 250 nm were omitted from the CDMA retrieval because of the obvious presence of multiply charged particles; see Figure 4. The differences between the retrieved RI are well outside of the quoted uncertainties, indicating that the differences are significant. And, while the retrieved RI from the CDMA-APM data is low compared to the bulk, these differences are readily explained by the asphericity of ammonium sulfate which exhibits an average χ ± 1σ of 1.07 ± 0.02; see SI. The retrieved RI for the CDMA data agrees well with bulk, but for the wrong reasons; CDMA has misclassified the multiply charged particles. Considering the magnitude of RI deviations observed here (Δn = 0.05, Δk = 0.03) when using size and mass selection versus size selection only, it is likely that deviations for full distribution RI retrievals would be even larger; see (Radney and Zangmeister 2018).
5 Conclusions 
[bookmark: _Hlk125964385]The DMA-CRD-CPC combination is a common experimental set up for the measurement of Cext but lower mobility (larger size) particles bearing multiple charges can induce errors in the optical measurement. Installing an impactor can reduce the contributions of these larger particles, but the finite slope of the impactor CE curve may not remove all particles larger than Stk50 giving rise to an unexpected population of multiply charged particles. In quantifying the CE for a collection of impactors, it was shown that the actual Stk50 values range from 0.16 to 0.19 for the 3080 EC impactors and differ from the nominal Stk50 (0.23) by up to 30 % with long tails towards larger Stk. 
[bookmark: _Hlk125971495]Additionally, as shown here, for Dm = 350 nm (a Dve larger than the D50) a 9 %, and statistically significant, difference existed between the extinction cross sections utilizing electrical mobility and mass selection versus only electrical mobility selection. A common thought in the aerosol metrology community is that mobility selecting particles from the large-size tail of the size distribution will minimize the impact of multiply charged particles that could transverse the DMA. While this may be true for particles with sharp large-size distribution tails, e.g., Cab-O-Jet 200 in (Zangmeister and Radney 2018), this certainly was not the case for the ammonium sulfate utilized in this work. As a result, we recommend using materials with sharper distributions such as PSL. However, it is worth noting that these materials can exhibit their own challenges such as multiplets (Radney et al. 2009; Zelenyuk, Cai and Imre 2006). Another option is the use of an aerodynamic aerosol classifier (AAC) (Tavakoli and Olfert 2013; Yao et al. 2020). While these complications are likely to only affect spectroscopic measurements of mobility-selected aerosol particles (due to the sensitivity of the technique), understanding these previously unreported sources of error improves aerosol metrology. 
 

List of symbols
Roman alphabet
	Symbol
	Description
	Units

	ACE
	Amplitude of CE curve fit
	

	AdN
	Amplitude of size distribution fit
	m-3

	APM
	Aerosol particle mass analyzer
	

	b
	Fit offset
	

	Cc
	Cunningham slip correction factor
	

	CDMA
	Extinction cross section measured with size selection only
	m2

	CDMA-APM
	Extinction cross section measured with size and mass selection
	m2

	CE
	Collection efficiency
	

	Cext
	Extinction cross-section
	m2

	CFD
	Cumulative factional difference
	

	CN
	Charge neutralizer
	

	CPC
	Condensation particle counter
	

	CRD
	Cavity ring-down spectrometer
	

	CRDS
	Cavity ring-down spectroscopy
	

	D
	Particle diameter (general)
	nm

	D50
	Cut-point diameter
	nm

	Dj
	Impactor jet diameter
	cm

	Dm
	Mobility diameter
	nm

	DMA
	Differential mobility analyzer
	

	dN
	Number of particles in a size distribution bin
	m-3

	Dve
	Volume equivalent diameter
	nm

	e
	charge of electron
	C

	EC
	Electrostatic classifier
	

	m
	Mass
	fg

	mp
	Average particle mass
	fg

	ms
	Slope of CE curve fit
	

	N
	Number density of particles
	m-3

	ND
	Number density of particles downstream
	m-3

	NU
	Number density of particles upstream
	m-3

	P
	Pressure
	kPa

	q
	Number of elementary charges on a particle
	

	RI
	Refractive index
	

	SI
	Supplementary Information
	

	SMPS
	Scanning mobility particle sizer
	

	Stk
	Stokes number
	

	Stk50
	Stokes number at D50
	

	T
	Temperature
	K

	TE
	Transmission efficiency
	

	Zp
	electrical mobility
	m2 V-1 s-1


	
Greek alphabet			
	Symbol
	Description
	Units

	αext
	Extinction coefficient
	m-1

	η
	Gas viscosity
	kg m‑1 s‑1

	λ
	Wavelength
	nm

	λc
	APM classification parameter
	

	λg
	Gas mean free path
	nm

	μgeo
	Geometric mean diameter
	nm

	ρeff
	Particle effective density
	g cm-3

	ρp
	Particle bulk density
	g cm-3

	σ
	Standard deviation
	Varies

	σDm
	Geometric standard deviation of size distribution fit
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