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Ozone-free post-DBD aerosol bipolar diffusion charger: evaluation as neutralizer for SMPS size distribution measurements

A post-plasma neutralizer for submicron particles size measurements by mobility analysis has been evaluated. Bipolar ion currents have been measured downstream a Dielectric Barrier Discharge to estimate the ion fluxes at the inlet of charging volume and the n i •τ product that define the theoretical maximal concentration that can be neutralized. Charge distributions were measured versus DBD voltage, aerosol diameter and concentration for monodisperse aerosols. It is confirmed that the charge distribution of particles depends on the ratio of initial positive and negative ion currents controlled by the DBD voltage leading to a tuneable mean charge of aerosol in this post-DBD bipolar charger. As expected from Gunn's law, the mean charge and the variance are proportional to particle diameter above 50 nm and independent of the aerosol concentration. The size distributions measured with 85 Kr and post-DBD neutralizer present the same modal diameters and a maximal overestimation of the total concentration of 10 %, for aerosol from 15 to 730 nm with concentrations up to 6.10 12 m -3 . This post-DBD bipolar charger can be used for submicron aerosol neutralization and thus for SMPS size distribution measurements in air as well as in nitrogen to suppress ozone downstream DBD.

Introduction

Recent advances in aerosol processes imply increasing research efforts to control the charge distribution of aerosols for size measurement, sampling, transport, and material processing. The main instrument used for the measurement of submicron particles size distributions from 10 nm to 1 µm is the Scanning Mobility Particle Sizer (SMPS). This method requires a differential mobility analyser (DMA) [START_REF] Knutson | Aerosol classification by electric mobility : apparatus, theory, and applications[END_REF] and an aerosol charger to control the number of charges per particle with a defined charge distribution for each particle size (i.e. the fractions of particles with n elementary charges). Then, a measured aerosol mobility distribution can be converted into an aerosol size distribution [START_REF] Flagan | Differential mobility of aerosols : A tutorial[END_REF][START_REF] Fuchs | On the stationary charge distribution on aerosol particles in a bipolar ionic atmosphere[END_REF][START_REF] Wiedensohler | An approximation of Bipolar Charge distribution for particles in submicron size range[END_REF]). Bipolar charging is sometimes used to decrease the initial electrical charge of particles in order to reduce deposition in tubes or valves. More critical, is the application of bipolar charging to size distribution measurement based on defined aerosol charge distribution depending on aerosol diameter and gas temperature and required for SMPS data inversion [START_REF] Wiedensohler | An approximation of Bipolar Charge distribution for particles in submicron size range[END_REF]) whatever the aerosol properties are (e.g. for initial charge and concentration). Most of aerosol neutralizers are based on the collection on particles of bipolar ions produced by radioactive sources such as 241 Am, 85 Kr or 210 Po, despite some disadvantages [START_REF] Cooper | Neutralizing charged aerosol with radioactive source[END_REF]. In addition to expensive safeguard and legal restrictions in some countries, the so-produced ion density may be insufficient for the neutralization of particle with concentration higher than 10 12 m -3 for diameter smaller than 20 nm (de la Verpillere 2015) or with an initial mean charge higher than 1 [START_REF] Ji | Characteristics of aerosol charge neutralizers for highly charged particles[END_REF]. As an alternative to radioactive sources, soft X-rays are also used to generate bipolar ions for aerosol charging [START_REF] Lee | Bipolar diffusion charging for aerosol nanoparticle measurement using a soft X-ray charger[END_REF]. However, the X-ray generator and the controller are expensive and complex [START_REF] Han | A novel bipolar charger for submicron aerosol particles using carbon fiber ionizer[END_REF]) with a lifetime of a few thousand hours, still concerned by legal restrictions in some countries. For a long time, aerosols have been charged by diffusion of ions produced by electrical discharges. Corona discharges were used to create unipolar ions for aerosol charging [START_REF] Liu | Diffusion charging of aerosol particles at low pressures[END_REF], while bipolar charging can be performed with two DC corona [START_REF] Adachi | Aerosol charge neutralization by a corona ioniser[END_REF][START_REF] Romay | A sonic Jet corona Ionizer for Electrostatic discharge and aerosol neutralization[END_REF][START_REF] Han | A novel bipolar charger for submicron aerosol particles using carbon fiber ionizer[END_REF][START_REF] Qi | Miniature Dual-Corona Ionizer for Bipolar Charging of Aerosol[END_REF] or with an AC corona [START_REF] Kimoto | Aerosol charge neutralisation by mixing-type bipolar charger using Corona Discharge at High Pressure[END_REF][START_REF] Stommel | A new corona discharge based aerosol charger for submicron particles with low initial charge[END_REF]. More recently, aerosol injection in AC polarized DBD, producing bipolar ions has been studied for their potentialities as aerosol chargers [START_REF] Jidenko | Décharges à barrière diélectriques en géométrie plan-plan dans l'air à pression atmosphérique: application à la filtration d'aérosol[END_REF][START_REF] Kwon | Characteristics of aerosol charge distribution by Surface-discharge Microplasma Aerosol Charger (SMAC)[END_REF][START_REF] Wild | Evaluation of a Drained DBD Electrode Apparatus for Nano-Particle Charging[END_REF][START_REF] Borra | Atmospheric pressure plasmas for aerosols processes in materials and environment[END_REF]. The main drawbacks of these bipolar chargers are the distortion of the size distribution due to gas heating during the transit in the discharge gap, ozone and particles production [START_REF] Kogelschatz | Dielectric-barrier discharges : Their history, Discharge Physics, and Industrial Applications[END_REF][START_REF] Borra | Vaporization of bulk metals into single-digit nanoparticles by nonthermal plasma filaments in atmospheric pressure dielectric barrier discharges[END_REF] and the discharge destabilization by aerosol collection when aerosol is injected in the discharge gap [START_REF] Jidenko | Self-cleaning, maintenance-free aerosol filter by non-thermal plasma at atmospheric pressure[END_REF]. DBD are produced by the polarization with a high AC voltage of metal electrodes covered by dielectrics materials separated by a gas. In air at atmospheric-pressure between planar parallel electrodes, the discharge occurs as thin filaments (duration ∼ 1-20 ns, diameter ∼ 20-100 μm) distributed over the electrode surface up to half of both half-cycles [START_REF] Kogelschatz | Dielectric-barrier discharges : Their history, Discharge Physics, and Industrial Applications[END_REF]. It has to be noted that throughout this paper, the word "filament" includes all phases from Townsend prebreakdown avalanches to streamer, surface discharge and quenching. These successive filaments can be considered as transient and local sources of ions, electrons and UV [START_REF] Borra | Charging and Nucleation in Atmospheric Pressure Plasmas[END_REF]. Post-DBD positive and negative ion densities have been measured to estimate n i •τ products (n i the mean ion density and τ the charging time) higher than 10 12 m -3 .s for charging time higher than 1 s that could be sufficient to reach the same charge distribution than with the commercial 85 Kr neutralizer with activity of 74 MBq [START_REF] Bourgeois | DBD as a post-discharge bipolar ions source and selective ion-induced nucleation versus ion polarity[END_REF]).

The aim is here to test such post-DBD neutralizer for the measurement of aerosol size distribution in the range from 15 to 730 nm. The aerosol is injected in post-DBD to avoid aerosol collection on dielectric material in the discharge gap and the related discharge destabilization. It will be shown that post-DBD ion currents can be controlled by gas flow rates and DBD voltage, and that charge distribution could then be adjusted for aerosol neutralization. For the selected working conditions, mean charge and standard deviation of the charge distributions are determined versus aerosol diameter and versus aerosol concentration, then compared to usual bipolar charging laws [START_REF] Wiedensohler | An approximation of Bipolar Charge distribution for particles in submicron size range[END_REF][START_REF] Gunn | The statistical electrification of aerosols ionic diffusion[END_REF] and post 85 Kr neutralizer measurement. The comparison of size distributions measured downstream this post-DBD or the reference radioactive neutralizers, confirm the interest of post-DBD neutralizer for aerosol characterization. Finally, nitrogen injection in the DBD gap is also tested to show that this post-DBD aerosol charger can be used as classical neutralizer for SMPS size distribution measurements without ozone production to avoid the corrosion of post-discharge DMA and detection tools.

Experimental set-up and methodology

FIG. 1: experimental set-up

The transit time is one of main parameters controlling ion losses and aerosol charging. In that respect, four transit times are defined: the reference time t 0 = 0 s is related to the inlet mixing between ion and aerosol in the charging chamber, t 1 is the transit time up to the first ion measurement for the evaluation of n ion _ in , t 2 is the transit time in the charging chamber, t 3 is the transit time up to the second ion measurement for the evaluation of n ion _ out and t 4 is the total charging time.

DBD and post-DBD bipolar ion characterization

A preliminary study has shown that post-DBD ion currents depends on ion densities, transit time as well as discharge and post-discharge parameters (DBD electrode length, DBD gap length, nature and shape of walls). The post-DBD, neutralizer presented here, has been selected among 20 different arrangements as the one leading to maximal post-DBD ion current with a discrepancy between positive and negative current lower than 50 %. The post-DBD neutralizer consists of a DBD used to produce bipolar ions and a charging chamber downstream the DBD, where the sampled aerosols and ions from the DBD are mixed. Two planes of alumina (thickness of 0.5 mm) are separated by a gap of 1.6 mm and polarized by cylinder electrodes with 4 mm diameter and 30 mm length. The flow section is 1.6 mm height × 50 mm length (cf. Figure S1 in supplementary file). The electrical characterization of DBD is performed with an oscilloscope. A high voltage probe measures the applied voltage (peak-to-peak voltage, U pp from 0 to 20 kV and frequency of 60 kHz ±10%). From Lissajou's Figure (q(t)=f(u(t))) using a capacitance of 1 nF, the energy per period and thus the power consumed by DBD (product of energy per period times the frequency of the applied voltage) are measured. The transferred charge per filaments is measured using a 25 Ω resistor. Positive and negative post-DBD ion currents are measured one after the other by an electrometer connected to an electrostatic precipitator (ESP). The ESP is located either at 2 cm from the DBD (cf. Figure S1a) after a volume of 3.7 cm 3 leading to a transit time of t 1 = 0.22 s at 1 L.min -1 or at 15 cm (downstream the charging chamber) after a volume of 65 cm 3 leading to a transit time of t 3 = 3.9 s at 1 L.min -1 . Mean post-DBD ion densities are evaluated from ion currents measurements (cf. §S2 of supplementary file for details). These operating conditions have been used to identify the critical mechanisms that control ion transport and losses as well as to define the operating conditions for aerosol charging presented in section 3.1.1.

Aerosol production and characterization

Aerosols are injected at 5 mm downstream the DBD just after the alumina plates through a slit (5 mm width × 50 mm length). The aerosol and ion planar jets are mixed in cross-flow with equal ion and aerosol flow rates. The charging volume is composed by the charging chamber and the tubes up to the DMA. The charging chamber has a trapezium shape with a volume of 58 cm 3 (cf. Figure S1b). A Sinclair-LaMer Generator produces 300-600 nm monodisperse droplets of di-ethyl-hexyl-(DEHS) in nitrogen. A nebulizer, feed with dry and filtered air, produces 100 nm polystyrene latex spheres (PSL), 34 nm SiOx and unimodal NaCl aerosols (cf. Figure 7 for size distributions). The aerosols produced by the nebulizer have initial bipolar charge distribution. To operate with neutral aerosol, an ESP collects the charged particle before neutralization by 85 Kr or post-DBD neutralizer. Between 80 and 95% is collected by the ESP depending on aerosol size confirming previous result from Forsyth (1998).

Aerosol concentration is tuned by dilution.

The aerosol mobility distributions were measured in both positive and negative polarities with a DMA and a CPC (condensation particle counter) for both the post-DBD neutralizer and a radioactive ( 85 Kr of 74 MBq) neutralizer. The TSI SMPS software (Aerosol Instrument Manager, Version 8.0) was used to calculate particle size distribution from the mobility distributions measured with the DMA-CPC system.

For monodisperse aerosol, the charge distribution can be estimated from the measured mobility distribution using the height of each mobility peak related to each particle charge level. This method has been confirmed on one diameter by comparison of charge distribution measured downstream a 85 Kr neutralizer and calculated from theoretical laws (cf. supplementary file). Bipolar charging laws and charge distributions: Theoretical laws are used to define the main parameters that control the aerosol charge (see supplementary files for detail). Three theories are used: Boltzmann, Wiedensohler and Gunn. For diameter larger than 50 nm, [START_REF] Gunn | The statistical electrification of aerosols ionic diffusion[END_REF] -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 q <q> 2σ f q f <q> 0.6 f <q> At first approximation, the steady state charge distribution of monodisperse aerosol can be represented by a normal law which can be defined by the mean charge (<q>) and the standard deviation (σ) as defined in Figure 2. From a practical point of view, [START_REF] Gunn | The statistical electrification of aerosols ionic diffusion[END_REF] predicts that mean charge and variance (the square of standard deviation) are proportional to the particle diameter above 50 nm. The mean charge (<q>) and the variance (σ²) of each monodisperse aerosol were evaluated from the aerosol mobility distribution with respective uncertainties of +/-0.1 e and 10% (cf. §S3 of supplementary file). <q> was confirmed by measuring, simultaneously, the net aerosol current with a Faraday cup electrometer and the concentration with a CPC with measurement uncertainties of +/-0.1e. The measured aerosol charge distributions are then compared to the charge distributions predicted by Wiedensohler's and Boltzmann's Law in §3.1 and 3.2.

Results

Post-DBD ion densities and charge distribution versus DBD working conditions

Post-DBD ion currents are measured to identify the critical parameters that control ion production, transport and losses as well as the aerosol charging conditions (cf. § 3.1.1). Previous results prove that post-DBD ion currents increase with increasing frequency (Bourgeois, et. al 2009). Two additional frequencies (60 and 120 kHz) have been tested to confirm this result. Ion currents are higher at 120 kHz as well as the power consumed by the discharge leading to higher gas temperatures downstream the DBD in the charging chamber [START_REF] Jidenko | Temperature profiles in filamentary dielectric barrier discharges at atmospheric pressure[END_REF]. To limit the temperature increase of the aerosol flow and the possible subsequent evolution of the sampled aerosol size distribution, the frequency has been fixed to 60 kHz, with temperature increase below 15°C for the preliminary tests and below 2°C in the selected operating conditions.

Ion densities versus DBD voltage and dry air flowrate

After ion production in the discharge, ion densities decrease downstream the DBD up to and in the post-DBD neutralizer by electro-collection due to Laplace and surface electric fields, recombination and, to a smaller extend, by diffusion and electrical losses to the wall due to space charge. Post-DBD positive and negative ion currents measured at 15 mm after the alumina plates are depicted in Figure 3 versus applied voltage for different gas flow rates.

FIG. 3 : ion current at the entrance of the charging volume versus applied voltage

Positive and negative ions present the same trends versus air flow rate (Q) or versus voltage (U pp ). Whatever the gas flow rate from 0.3 to 4 L.min -1 is, the post-DBD ion currents increase from +/-0.3 to +/-2.3 nA with increasing applied DBD voltage and the related discharge current (higher number of filaments per second) leading to higher ion production rates. This confirms that the transport and the losses of ion from the discharge up to the charging volume chamber are controlled by the competition between electric and hydrodynamic forces. 

U pp (kV) 1 L.min -1 4 L.min -1 0.3 L.min -1
These ion measurements are used to evaluate three main parameters required to describe aerosol charging in homogeneous bipolar ion densities (i.e. the charging conditions). For comparison, the values for 85 Kr neutralizer are calculated for Q = 0.3 L.min -1 and n p = 10 13 m -3 : (i) The n i •τ product defines the dynamic of charge distribution up to the steady state charge distribution for each aerosol size; from [START_REF] Liu | Electrical neuralization of aerosols[END_REF] a value of 6×10 12 m -3 .s is required to reach final aerosol charge distributions independent of aerosol concentration and initial charge. For a 2 mCi (74 MBq) 85 Kr neutralizer of five years old, a mean ion density is estimated of about 5.3×10 12 m -3 from Modesto [START_REF] Modesto-Lopez | Soft X-ray charger (SXC) system for use with electrospray for mobility measurement of bioaerosols[END_REF] leading to a n i •τ product of 10 14 m -3 .s at 0.3 L.min -1 . In the following, both DBD and aerosol sampled flow rates were fixed at 0.3 L.min -1 leading to a transit time of t 4 = 7.9 s up to the DMA (with t 2 = 5.8 s in the charging chamber and 2.1 s in the tube between the charging chamber and the DMA). The DBD voltage is fixed to 16 kV, as justified below from charge distribution measurements in §3.1.2. In this condition, ion currents are I ion_in + = 600 pA (n ion_in + ~ 3.7×10 14 m -3 ) and I ion_in -= 700 pA (n ion_in -~ 4.4×10 14 m -3 ) at the inlet and I ion_out + = 1.9 pA and of I ion_out -= 1.1 pA at the outlet of the post-DBD chamber (measured at t 3 = 6.5 s) . Neglecting diffusion, the n i •τ product can be estimated by n i •τ = ln(1+•n ion °•)/ = 5.3×10 12 m -3 .s with  the ion-ion recombination coefficient of 1.6×10 -12 m 3 .s -1 at 20°C, n ion °= 4×10 14 m -3 and = t 4 = 7.9 s (cf.

supplementary file S2). As explained in supplementary file, the calculated value of n i •τ is underestimated due to the spatial distribution of ions related to diffusion and electrostatic motion.

(ii) The ratio n ion /n p , which is the number of ion "available" per particle, defines the maximal aerosol concentration that can be neutralized [START_REF] Adachi | Bipolar diffusion charging of aerosol particles under high particle/ion concentration ratios[END_REF]. For a brand new 2 mCi 85 Kr neutralizer and a sampled aerosol concentration of 10 13 m -3 , the value of n ion /n p is higher than 10 whatever the aerosol flowrate up to 5 L.min -1 (the equivalent inlet current of 1.5 nA leads to a ratio from 187.5 at 0.3 L.min -1 and to a ratio of 11.25 at 5 L.min -1 ). Taken into account the age of the 85 Kr source, the equivalent inlet current is reduced to 0.83 nA leading to a ratio of 104 at 0.3 L.min -1 .

For the post-DBD neutralizer, n ion /n p is evaluated at the entrance of the charging volume from ion and aerosol fluxes I ion_in /(e•Q aerosol •n p ). The minimal fluxes ratio is about 75 for a sampled aerosol concentration of 10 13 m -3 with a sampled flow rate of 0.3 L.min -1 (mixed with the 0.3 L.min -1 ion flow rate for a total of 0.6 L.min -1 in charging chamber). Recently, De la Verpilliere et al. ( 2015) proposed a more rigorous approach for these first two parameters with two non-dimensional numbers taking into account particle size, neutralizer geometry and ion-aerosol mixing. Nevertheless, the proper determination of these parameters requires data, such as ion density profiles and aerosol trajectory, which is not the object of this paper.

(iii) The ratio of positive to negative density-mobility products n' i

+ •Z ion + /(n' i -•Z ion -)
determines the mean charge for a given diameter (Gunn 1952). [START_REF] Wiedensohler | An approximation of Bipolar Charge distribution for particles in submicron size range[END_REF] has estimated this ratio to 0.875 from Americium radioactive source in clean, dry air. We define the equivalent n' i •Z ion ratio as the ratio leading to the same mean aerosol charge in constant ion densities. Due to different decreases of positive and negative ion densities along the charging volume, charge distributions evolve with the transit time as described in post-radioactive source [START_REF] Hoppel | Aerosol charge distributions produced by radioactive ionizers[END_REF][START_REF] Alonso | Examination of after-charging effects downstream of an aerosol neutralizer[END_REF][START_REF] Tigges | On the bipolar charge distribution used for mobility particle sizing : Theoretical considerations[END_REF]. However, we will prove that the final charge distributions can be described as steady state charge distributions (see §3.2).

Charge distributions versus DBD Voltage

The aim is here to define the operating conditions of post-DBD neutralizer leading to charge distribution close to the one obtained with 85 Kr and to estimate the post-DBD charging conditions. The DBD voltage is chosen from charge distributions measured for different applied voltages using the method detailed in supplementary file (cf. Figure 4). The mean charge <q>, the variance σ 2 are then compared to the ones calculated from Wiedensohler's law. To avoid modifications of the data inversion software of SMPS based on Wiedensohler's law, the DBD voltage can also be selected to provide an equivalent n' i •Z ion ratio close to the one of 85 Kr neutralizer. For data inversion, the charged fraction for each number elementary charge should be as close as possible to the ones predicted by Wiedensohler's.

FIG. 4 : charge distributions versus DBD voltage compared to Boltzmann's and Wiedensohler's ones calculated at steady states for a ratio n'

i + •Z ion + /(n' i -•Z ion -) of 0.875 on 540 nm particles, n p =10 11 m -3
At given gas flow rates and charging time, the charge distribution of aerosol only depends on DBD voltage. Despite different decrease of negative and positive ion density in the charging volume, the charge distribution can be described as steady state charge distribution. The mean charge increases with the DBD voltage from -0.2 ± 0.1 at 16.1 kV to 0.2 ± 0.1 elementary charges per particle at 17 kV (see Figure 4). The DBD voltage controls the ratio of positive to negative ion post-DBD currents at the entrance of the charging volume and the evolution of the ratio n' i

+ •Z ion + /(n' i -•Z ion -)
along the charging volume. The equivalent ratio of positive to negative density-mobility products extrapolated from these mean charge lies between 0.95 and 1.05 (against 0.875 for 85 Kr). The evolution of n' i •Z ion ratio is due to both ions ageing that affects ion mobility ratio and to differential losses by electrostatic precipitation and diffusion between positive and negative ions. To reach the targeted mean aerosol charge between Boltzmann's and Wiedensohler's ones in the post-DBD charger, the DBD has to be polarized below 16.5 kV, (cf. table in Figure 4). Actually, the variance is higher with DBD than with both Boltzmann's and Wiedensohler's distributions laws above 16.1 kV. Hence, all the charge distributions depicted below have been measured for U pp = 16 kV (3 W). Moreover, in this condition, the standard deviation is the one predicted by Gunn's law within 10 %. -5 -4 -3 -2 -1 0 1 2 3 4 5

f q q U pp = 17 kV
As a consequence, this value is chosen to test the post-DBD aerosol neutralizer for size distribution measurements by DMA. It has to be underlined that any modification of gas flow rate or transit time requires on adaptation of the applied voltage to obtain the same charge distribution.

Charge distribution versus aerosol properties

Aerosol diameter

Gunn's law (1955) predicts that the mean charge (<q>) and the variance (σ 2 ) of the charge distribution are proportional to the aerosol diameter for particle larger than 50 nm (Wiedensohler 1998). For all diameters higher than 100 nm, variances of the charge distributions are the same than those predicted by Gunn within 10 %. The mean charge is proportional to the aerosol diameter with values in between those predicted by Boltzmann's and Wiedensohler's laws. These laws are defined assuming that the aerosol charge distributions reach a steady state equilibrium. In theory, for constant ion densities, there is a critical time beyond which the charge distribution does not evolve (hereafter referred as steady state charge distribution). This critical time depends on the size of the particle, on ion densities and initial charge level on the particle. Ion densities decrease downstream the DBD ion source along the charging volume up to the DMA. Post-DBD ion density profiles are affected by aerosol and depend on particle diameter and concentration. Nevertheless, the mean aerosol charge measured and evaluated from the measured mobility distribution with SMPS downstream the post-DBD neutralizer is proportional to the aerosol diameter for a constant aerosol concentration of 10 11 m -3 , as predicted in homogeneous ion cloud generally assumed for theoretical calculations of the charge distribution. Hence, in post-DBD, the charging conditions are independent of the aerosol diameter. Actually, as shown below (see § 3.3), one can neglect the effect of the ion depletion on the ion fluxes to the particle surface. As a result, post-DBD aerosol charger is expected to neutralize polydisperse aerosol (as confirmed in section 3.3), reaching a final charge distribution that can be described as steady-state charge equilibrium and related size distribution, as with a reference 85 Kr source usually used for SMPS measurements.

The positive and negative singly-, doubly-and triply-charged fractions are plotted in Figure 6 and compared to Wiedensohler's (full lines). The dashed lines correspond to the charged fractions calculated with the empirical law defined in supplementary files based on Gunn's law adapted to our conditions (with an n' i •Z ion ratio of 0.95). This law is only valid for particle larger than 50 nm (cf.

§2.2). The measurement uncertainties of charged fractions are depicted by vertical error bars; calculations are detailed in supplementary files. All the data have been obtained with the method described in the experimental setup (and detailed in supplementary file S3), except for the 34 nm aerosol for which an alternative method has been used ( §alternative method of S3).

FIG. 5 : (a) positive and (b) negative singly, doubly and triply charged fractions versus diameter

The mean charge is less negative than the mean charge predicted by Wiedensohler's law. Positive and negative charge fractions (cf. Figure 5) downstream the post-DBD neutralizer are respectively higher and lower than Wiedensohler's law with a maximal discrepancy below 40 %. Even if ion density decreases along the charging volume, the measured charged fractions are in good agreement with Gunn's theory, for particle larger than 50 nm. The variance differs less than 10 % from Gunn's theory.

As the charged fractions are close to the ones predicted by Wiedensohler, size distribution measurements can be performed using data inversion based on Wiedensohler's law, without modifying the data inversion software from commercially available SMPS instruments as presented in section 3.3.

Aerosol concentration

For SMPS measurements, the charging law must be independent of aerosol concentration. The measured mean charge and variance of the charge distribution are depicted in Figure 6 versus the concentration of monodisperse DEHS droplets injected in the post-DBD neutralizer. Above 10 12 m -3 aerosol concentration, the ESP is turned off and the aerosol is thus initially charged (<q> =-0.09 and σ 2 = 4.3).

FIG. 6 : mean charge (a) and standard deviation (b) versus aerosol concentration for d p =530 nm

As presented above, at 16 kV, the mean aerosol charge lies between the mean charges calculated from Wiedensohler's and Boltzmann's laws. The mean charge is independent of the aerosol concentration, up to at least 2×10 12 m -3 (as shown for d p = 530 nm in Figure 6a). The standard deviation of charge distributions is constant whatever the concentration is and equal to 4.7 ± 10 %, b) a) as expected from Gunn's law. This result confirms that the n ion /n p ratio is sufficient as discussed in §3.1.1. So, for monodisperse aerosol concentration between up to 2×10 12 m -3 , the measured charge distribution can be described as steady state charge distribution using Gaussian function with the same standard deviation than the one obtained with 85 Kr neutralizer and with a mean charge calculated from the measurements on monodisperse aerosol (cf. §2.2). For the chosen operating conditions, empirical expressions of <q> and ² are presented in supplementary file, to estimate charge distribution versus d p .

d p (nm) f -1 f -2 f -3 f -1 f -2 f -3 b) a) -1 -0.

Aerosol size distributions using post-DBD and 85 Kr neutralizers

To validate the post-DBD neutralizer as an alternative to 85 Kr one on size distribution measurement, it has been compared to a radioactive reference neutralizer (Model 3077, TSI inc.). Figure 8 represents the measured size distributions for (a) monodisperse DEHS (d p = 550 nm; n p =2×10 11 m -3 ; σ g =1.14), (b) unimodal NaCl (d p = 45 nm; n p = 6.5×10 12 m -3 ; σ g =1.7) and (c) poly-modal SiO x (n p = 2×10 11 m -3 ). The monodisperse aerosol is initially uncharged. The modal diameter of the size distributions (Figure 7 (a)) is the same for the 85 Kr and post-DBD neutralizer. The maximum concentration obtained with the DBD neutralizer is a few percent higher than with 85 Kr (<5%). This is due to the shift to positive charge observed for post-DBD charger. For the 550 nm monodisperse aerosol, the so measured size distribution with DBD neutralizer presents artefactual shoulders or modes at lower diameters with concentrations lower than 10 % of the modal concentration, also due to the higher values of positive charge fractions than predicted by Wiedensohler's law as presented in § 3.2.1. This phenomenon is amplified by the cut-off diameter of the sizing system at 730 nm. Actually, mutli-charged particles larger than 730 nm are not corrected because the concentrations of singly charged particle are not measured. The consequences of improper data inversion can easily be corrected for aerosol larger than 50 nm, if required, for modal concentration measurement accuracy without artefactual shoulders, by modifying the charging law in data inversion software (cf. § 3.2.3). The size distributions (Figure 7 (b)) present the same modal diameters with 85 Kr and post-DBD neutralizers. As reported above for monodisperse aerosols, the modal concentration is higher up to 10% with the post-DBD neutralizer than with the 85 Kr neutralizer. For poly-modal aerosol at 2×10 11 m -3 , the size distributions (Figure 7 (c)) also present the same modal diameters with 85 Kr and post-DBD neutralizer, as well as very close modal concentrations (with less than 10% difference). The maximum concentration obtained with the post-DBD neutralizer is higher than with 85 Kr for diameter of 70 nm and reversely for the smaller 34 nm mode. This supports that post-DBD neutralizer is less efficient than 85 Kr to charge smaller mode of poly-modal aerosol. This is probably due to a lack of ions for the longer neutralization of the smaller mode resulting from initial ions consumption for faster neutralization of the larger mode. Finally, similar size distributions are measured with post-DBD and 85 Kr neutralizers for aerosol with diameters from 20 to 730 nm and concentration up to 6×10 12 m -3 with a total concentration of the size distribution only affected within less than 10 %.

Ozone free post-DBD neutralizer

Finally, nitrogen injection in the DBD gap is also tested to show that this post-DBD aerosol charger can be used as classical neutralizers for SMPS size distribution measurements with stable operation conditions and without ozone production to prevent from the corrosion of post-discharge DMA and detection tool. Ion currents are first measured downstream the charger with a post-DBD dilution with 0.3 L.min -1 of N 2 as aerosol flow. As in air, positive and negative ion currents increase with the DBD voltage. It has to be underlined that, contrary to air, the ratio of positive and negative ion currents measured downstream the charging chamber evolves from 1.15 to 1.20 on the entire voltage range ([14 -20] kV). This ratio, which controls the mean aerosol charge, evolves much less with nitrogen than with air injection in the DBD. The modification of ion transport and losses in N 2 arises from the fact that the nature and thus the electric mobility and the diffusion coefficient of ions as well as heat transfers are slightly different in N 2 than in air.

The post-DBD neutralizer is then tested in N 2 with 360 nm monodisperse aerosol. In Figure 8 (a), the theoretical Boltzmann's and Wiedensohler's charge distributions expected in air as well as the measured ones with post-DBD neutralizers in N 2 are depicted. Figure 8 (b) represents the related size distributions obtained with 85 Kr and post-DBD neutralizers.

As in air, the charged particle fractions (f q ) lie between the ones predicted by Wiedensohler's and Boltzmann's laws, which leads to slightly higher modal concentration (cf. Figure 8 a), as described above in air. Moreover, the mean aerosol charge evolves less than 0.05 charges per particles (for 360 nm particle with a mean charge of -0.26) with the DBD voltage due to constant positive to negative ion currents ratio. Hence, aside the suppression of O 3 downstream the charger (< 30 ppb), working at low voltage limits the heating of the aerosol sample to be charged below 2°C. Hence, nitrogen injection in the DBD even suppresses the main drawbacks of plasma ionizers in air, i.e. the production of ozone with post-neutralizer corrosion, without affecting the measured size distributions, despite obvious modifications of post-DBD ion mobilities from air to nitrogen. These results are still under investigation.

FIG. 8 : a) charge distribution and (b) size distribution of monodisperse 360 nm DEHS droplets in N 2

As a conclusion, the post-DBD neutralizer can replace 85 Kr neutralizer in SMPS without O 3 when the DBD is fed with nitrogen rather than with air. It has to be emphasized that this post-DBD neutralizer can be fed with nitrogen at 0.3 L.min -1 , for more than 550 h with a 200 bars container. If this prevents from portable and outdoor measurement without including a nitrogen source, this makes this post-DBD charger suitable for size distribution measurements with yearly functioning costs lower than 100€.

Conclusions

The characterization of an alternative to radioactive and X-ray neutralizers based on post-Dielectric Barrier Discharges bipolar charging of aerosol is presented. Post-DBD ion densities are sufficient to overcome the critical n i •τ of 6×10 12 m -3 .s required to neutralize aerosol. Moreover, the decrease of post-DBD ion densities for each polarity depends on working conditions (geometry, frequency, voltage, flow rates) leading to a tuneable charge of aerosol in post-DBD bipolar charger.

The charging conditions are chosen to reach charge distributions close to those predicted by Wiedensohler's laws. In these conditions, the measured charge distribution can be described as steady state charge distribution using Gaussian function with the same variance than the one obtained with 85 Kr neutralizer, so that commercial software can be used without modification. The mean charge and the variance are proportional to d p above 50 nm and independent of the aerosol concentration.

Comparative tests of aerosol sizing with 85 Kr and post-DBD neutralizers lead to similar size distributions for diameters between 15 to 730 nm and concentrations up to 10 11 m -3 . So post-DBD neutralizer is an alternative to other aerosol neutralizers. It has been proved that nitrogen injection This post-DBD bipolar charger can already be used for submicron-sized aerosol neutralization, as currently available 85 Kr or X-rays neutralizers and can thus be used for SMPS size distribution measurements, with air or nitrogen injection in the DBD to suppress ozone production from air DBD.

S3: Experimental determination of aerosol charge distribution:

This section is devoted to the description of the two methods used to determine the aerosol charge distribution from mobility spectrum. The first method is applied to most of the measurements. For the 34 nm aerosol, for which the conditions required to use this first method are not fulfilled (not enough data to build the charge distribution), an alternative method is described.

Bipolar charging laws

The evolution of the number of elementary charge per particles is due to positive and negative ions collection by diffusion to the surface of the particle. The positive and negative ions flux on the particle are controlled by the ion velocity related to Brownian motion as well as electrostatics forces acting on ions at the vicinity of the particle. The isotropy and distribution of ion velocity lead to particle charge distribution for each particle size. In theory, for defined ion densities assumed to be constant, there is a critical n i •τ value, beyond which the charge distribution does not evolve (hereafter designated as steady state charge distribution).

Different theories were developed to estimate the steady state charge distribution. The ion flux at the surface of a particle is thus assumed to reach a Boltzmann equilibrium described by the ratio of ions kinetic energy (kT) and energy of electrostatic interaction between an ion and the particle at the surface of the particle (i.e. the energy required to bring an ion from infinity to the surface of the particle). Hence, for any given particle diameter and charging conditions (n i •τ product), the probability of ion collection thus leads to charge distribution, following a normal law centred on zero. [START_REF] Gunn | The statistical electrification of aerosols ionic diffusion[END_REF] adapted this approach to take into account the difference between positive and negative ions (density and mobility) leading to normal law of charge distribution with a positive or negative mean charge proportional to d p and ln[(n ion

+ •Z ion + /(n ion -•Z ion -)
] in constant ion densities. In decreasing ion density, we use the notation n' i

+ •Z ion + /(n' i -•Z ion -)
to take into account the different evolutions of positive and negative ions densities along the charging volume. [START_REF] Fuchs | On the stationary charge distribution on aerosol particles in a bipolar ionic atmosphere[END_REF] used the diffusion equation to describe the evolution of charge distribution using the hypothesis of a steady ion flux on the surface of a limiting sphere around the particle including the image force acting on ion. This approach is more accurate than Boltzmann's or Gunn's theories for particles smaller than 50 nm and gives the same distribution than Gunn's theory for higher diameters. [START_REF] Wiedensohler | An approximation of Bipolar Charge distribution for particles in submicron size range[END_REF] determined an analytical function of charge distribution based on an approximation using Fuchs's law for charge fraction from -2 charges to 2 charges per particles (for all diameters) and Gunn's law for |q|>2 (relevant only for diameters higher than 100 nm because for smaller diameter, the triply charged fraction is lower than 1 %).

Treatment method of the mobility spectra

The four steps to estimate the charge distribution from positive and negative aerosol mobility spectrum are presented in Figure S5 and detailed below. 3) fit of the parabolic shape of ln(h q ) (4) aerosol charge distribution 1: positive and negative aerosol mobility distributions are measured with a DMA and a CPC, 2: the mode height for each number of charge (h q ) are corrected taking into account the overlapping of adjacent modes of the mobility spectra, 3 : determination of charge distribution assuming a Gaussian shape So With y = a q 2 + b q + c :

By fitting the curve ln(h q ) (for |q| ≤ 2, as error on modes |q|>2 are larger than 30 % due to modes overlapping), we obtained the coefficients of the charge distribution: S4 4 : we use the value of and to define the .

Calculation of uncertainties presented as error bar in the charge distributions:

So the error value is: q f q = n p (q)/n p tot q q q S5 Uncertainties on have been estimated from rough calculations assuming 5% of uncertainties on the height mode h -2 , h +2 (due to overlapping) leading to: ; Note that the accuracy of <q> is given in absolute value due to the near 0 value of this parameter. Two other methods have been compared to this estimate the mean aerosol charge: -assuming that the charge distribution is a Gaussian curve, the mean charge can be calculated by the ratio between positive and negative mono-charged aerosol: 

D M A 1 2 4 3 -3 -2 -1 0 1 2 3 10 Z (m 2 . V -1 .s -1 ) h -1 h -2 h -3 h +1 h +2 h +3 dn p (Z) (cm -3 ) h -4 h +4 0 1 2 3 4 5 6 7 -4 -3 -2 -1 0 1 2 3 4 h q q h +1 h +2 h +3 h -1 h -2 h -3 y = a.q 2 + b.q + c 7.

Limit of the presented method

This method can be applied only when at least 3 modes can be measured with a monodisperse aerosol to limit overlapping of the modes of the mobility distribution. It has been tested on values given by [START_REF] Wiedensohler | An approximation of Bipolar Charge distribution for particles in submicron size range[END_REF] and shown good agreement between Gaussian curve and theoretical charge fraction for diameter higher than 30 nm (error smaller than 1 %). It has to be highlighted that these Gaussian curves differ from the ones predicted by Gunn for diameter below 50 nm. Moreover, for diameters smaller than 100 nm, it is possible to replace by with an error lower than 1 %.

From a practical point of view, the method requires the measurement of positive and negative singly and at least one of the doubly charged modes. In order to respect this condition, there is a minimum concentration of monodisperse modes depending of aerosol diameter and geometric standard deviation of size distribution. For aerosol larger than 200 nm, this minimum concentration is between 5×10 2 to 5×10 3 cm -3 . For aerosol smaller than 100 nm, the minimum concentration is between 5×10 3 to 5×10 4 cm -3 . With a stable aerosol concentration, it is possible to reduce these limits of concentration by increasing the scanning time or by averaging several mobility spectra.

Alternative method

For the presented measurement at 34 nm, the concentration of singly charged monodisperse aerosol was about few 100 cm -3 driving to doubly charge concentration of 1 cm -3 which is too low to be representative. So, we used a method based on the ratio of positive to negative polarities of singly charged particles with the hypothesis that the variance is equal to the one predict by Gunn law. In fact, this measure is presented to show that the neutralizer works for sizing of aerosol with diameter lower than 100 nm and not to define charge law.

Confirmation of the method on 1 diameter with 85 Kr neutralizer

The method has been confirmed with a monodisperse aerosol of DEHS with a diameter of 533 nm in nitrogen downstream the reference neutralizer ( 85 Kr TSI 3077 of 5 years old with an initial activity of 74 MBq). To measure the same aerosol than the one neutralized by the DBD (i.e. with the same dilution factor), the following experimental set-up has been used (cf. Figure S6). The mean charge and the variance obtained by 3 experimental methods are presented in the next table S1. The charge distribution is plotted in Figure S7 for the method 1 used in the paper. 

S4: Effect of discrepancies between real and theoretical charge distributions on aerosol sizing

For size measurement using data inversion, from a practical point of view, positive particles are selected by the DMA. Below 50 nm, the singly charged fraction represents more than 99 % of the charged particle analysed but less than 22% of the sampled aerosol. Thus, in this size range, the calculated aerosol concentrations of the size distribution for a given particle size is the measured concentration for the equivalent mobility divided by the singly charged fraction for this size. Considering the discrepancy between the real charged fractions and the ones used for data inversion as the only uncertainty, the relative error on the measured concentrations is proportional to the relative error on the charged fraction between. [START_REF] Coquelin | Aerosol size distribution estimation and associated uncertainty for measurement with a Scanning Mobility Particle Sizer (SMPS)[END_REF] show that the 95 % confidence interval due to all uncertainties increases with decreasing aerosol size. For larger particles, multiply-charged particle has to be corrected. If the positive charged fractions used in the data inversion are smaller than real ones used for the size distribution measurement, artefactual shoulders or modes appears in the size distribution, as in your case (cf. Figure 7). For modal concentration measurement accuracy without artefactual shoulders, ones should modify the charged fraction included in the data inversion software from commercially available SMPS instruments using the charging law defined above. However, the size distribution from 15 to 730 nm measured with post-DBD and 85 Kr neutralizers using the same data inversion based on Wiedensolher's law are in good agreement (cf. §3.3). So this post-DBD neutralizer can be used without software modification. To illustrate the effect of discrepancies between the real charge distribution compared to the Wiedensolher charge distribution used for data inversion, we used a virtual log-normal size distribution and calculate the mobility spectra and data inversion:

1) A log-normal size distribution is defined as inlet aerosol.

2) Calculation of aerosol mobilities distribution using a charge law (Boltzmann or Wiedensolher). 3) Calculation of size distribution with Wiedensohler's law as used is aerosol sizer. The calculated size distributions are the same with less than 20% difference on mode values despite the different charge distributions. The same kind of shoulder on size distribution are measured using post-DBD neutralizer proving that these shoulders arise from the improper charging laws used for data inversion (Wiedensohler) compared to the real one.

S5: Empirical mean charge and standard deviation versus diameter

The SMPS requires a defined charge distribution validated for any aerosol. In the selected working conditions (U pp = 16 kV; Q aerosol = Q ion = O.3 L.min -1 ; t = 7.9 s), the charge distribution can be approximated by Gaussian function as discussed in §2.2. The charge distribution particles obtained in the post-DBD charger presents the same standard deviation than the one predicted by Gunn's law (cf. § 3.2.1). The mean charge of aerosol is proportional to the diameter and does not vary with aerosol concentration (cf. §3.2.2). Thus, a charging law can be defined based on Gunn's law, only valid for particle larger than 50 nm. Gunn's law is adapted to our conditions using a mean chargediameter relation fitted from the data of § 3.2.1: <q> = -4.7 × 10 5 d p within +/-10 % as expected from [START_REF] Gunn | The statistical electrification of aerosols ionic diffusion[END_REF] with d p the aerosol diameter (m), T gas temperature (K), k B the Boltzmann constant (k B = 1.38×10 -23 J.K -1 ), e the elementary charge (e = 1.6×10 -19 C) and ε 0 the permittivity of free space (ε 0 = 8.85×10 -12 F.m -1 ). For particles smaller than 50 nm, at first approximation, Wiedensohler's law can be used, as proven by similar size distributions calculated with the same data inversion based on Wiedensolher's law for aerosols charged from 85 Kr or post-DBD neutralizers (cf. §3.3).

FIG. 7 :

 7 FIG. 7 : size distribution of neutral (a) monodisperse aerosol of DEHS d p =500 nm & n p =2× 10 11 m -3 ;(b) unimodal NaCl aerosol d p = 50 nm & n p =6 ×10 12 m -3 ;(c)poly-modal aerosol with atomization of SiO x particle suspension d p =34 nm & n p = 2× 10 11 m -3

  even suppresses the main drawbacks of plasma ionizers, i.e. the production of ozone with post neutralizer corrosion, without affecting the measured size distributions.

Figure

  FigureS5:(1) measured aerosol mobility spectrum (2) height of the modes corrected taking into account the shoulder of adjacent modes (3) fit of the parabolic shape of ln(h q ) (4) aerosol charge distribution

  aerosol current (I net ) measured by aerosol electrometer and aerosol concentration (n p ) measured with a CPC give the mean charge: <q> = Uncertainties on <q> by electrometer: Electrometer accuracy : 1 fA ; flow meter accuracy ; CPC accuracy Flow rates : Q = 0.3 L.min -1 ; n p = 10 11 m -3 ; <q> ≤ 0.5 e

Figure

  Figure S6 : set-up of method validation

Figure

  Figure S7: comparison between measured charge distribution and Wiedensohler law

Figure

  Figure S8 : effect of charge distribution on calculated size distribution

  

  

Table -

 - Q tot N2+air = 0.6 L.min -1

	Method	<q>	σ²
	Wiedensohler / Gunn (in air)	-0.76	4.68
	Boltzmann	0	4.68
	1) Gaussian obtain by fitting a parabola 2) n +1 /n -1	-0.35 -0.3	4.7 Hyp : 4.68
	3) I net	-0.25	Hyp : 4.68
	The three experimental methods in N 2 give the same mean charge of -0.3 +/-0.1 e. This mean
	charge is different than the one predicted by Wiedensolher for air due to the modification of ions
	properties in nitrogen driving to a different ratio (n' i + .Z ion + /(n' i -.Z ion -) than in air. The estimated
	variance is the same than the one predicted by Wiedensolher's law within measurement
	uncertainties.		

S1: <q> and σ 2 for theoretical laws and for 3 data treatments d p = 533 nm, n p Kr = 2.8 10 5 cm -3 ,

Gensdarmes, F., 

Phd thesis : "Les processus de charge électrique : des aérosols non radioactifs en milieu fortement ionisé ; des aérosols radioactifs artificiels émetteurs BETA. Saclay: Institut de Protection et de Sûreté Nucléaire, CEA / Saclay.
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Supplemental Information

Ozone-free post-DBD aerosol bipolar diffusion charger: evaluation as neutralizer for SMPS size distribution measurements 

S2 : ion measurements and calculations

The current-voltage characteristic i ion (V ESP ) of the ESP (cf. Figure S1) downstream (a) a 85 Kr neutralizer at 4 L.min -1 and (b) the DBD at 0.5 L.min -1 is presented in Figure S3. At V ESP =0, the positive ion current arises from the diffusion of ions on the electrodes and to a lesser extent from space charge repulsion. At larger voltage, when all ions are collected, the ions current is independent of V ESP . The saturations of post-85 Kr and post-DBD ion currents prove that the ESP operates without artefact. The saturation currents give the number of charge injected on the inlet section of ESP with the equation:

with e, the elementary charge; n ion the ion density; , the mean ion velocity and S, the inlet section of ESP. Assuming that ion velocity is equal to gas velocity ( , as the electric field at the entrance of the charging volume can be neglected it follows that:

S1

Evaluation of n i • τ in the charging volume

To evaluate the n i •τ, we must know the ion profiles in which aerosol transit. At first approximation, we assumed that ion densities are constant on each section of the charging volume. With the a) b)

hypothesis that only ion-ion recombination controls ion density decrease (i.e. neglecting diffusion and electrostatics drift) and that positive and negative ion densities are equal, the ion profile can be estimated by the equation S2, with  the recombination coefficient of 1.6×10 -12 m 3 .s -1 at 20°C, with n ion ° ≈ 4 10 14 m -3 (n ion_in + ~ 3.7×10 14 m -3 and n ion_i ~ 4.4×10 14 m -3 ):

S2

The n i •τ is thus estimated from time-integration of equation S2 using the measured value of at the entrance of the charging volume:

S3

Before n i •τ product calculation from equation S3, the validity of this equation is investigated from ion current measurements at t 3 = 6.5 s. The ratio between ion densities measured downstream the charging chamber (n ion_out -= 6.9 10 11 m -3 for a negative ion current of 1.1 pA and n ion_out + =1.2 10 12 m -3 for a positive ion current of 1.9 pA with Q = 0.6 L.min -1 and a transit time of 6.5 s) and calculated with the equation S2 (10 11 m -3 for both polarities) is about 7 to 12 for a decrease of about 3 orders of magnitude of the ion densities. That proves that recombination is the dominant mechanism which controls the ion density decrease in the charging chamber. The differences are mainly due to the spatial repartition of ions on each section of the charging chamber controlled by diffusion and electrostatic drift which depends on ion properties (cf. Figure S4). The decrease of the highest ion densities along the charging chamber can be approximated by a recombination-like equation with an adapted recombination coefficient (Gensdarmes, 2000) 1 . Nevertheless, diffusion and electrostatics drift affect the ion-ion recombination and the equivalent recombination coefficient evolves during transport. The use of a constant equivalent recombination coefficient leads to an overestimation of the value of n i •τ. Thus, the n i •τ products are evaluated using the real ion-ion recombination coefficient of 1.6×10 -12 m 3 .s -1 , assuming a constant gas temperature of 20°C,. which underestimates the value of n i •τ. Based on inlet negative and positive ion densities calculations ( of 3.7×10 14 m -3 and 4.4×10 14 m -3 , see above), n i •τ varies from 5.29×10 12 m -3 .s to 5.39×10 12 m -3 .s (for negative and positive ion densities respectively). In this article, we use an underestimated n i •τ product of 5.3×10 12 m -3 .s in section 3.1.1.