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Abstract

Many aerosol instruments utilize bipolar charge conditioners (neutralizers), includ-
ing scanning mobility particle sizers (SMPS). The charge distribution from a bipolar
charge conditioner must be known to calculate size distributions from SMPS scans.
Therefore, a reproducible and known ‘steady-state’ charge distribution is desired to
improve measurement accuracy. In this work, we show that although a steady-state
charge develops within a common Kr-85 bipolar charge conditioner (TSI 3077A),
gaseous ions are readily convected into tubing downstream of the charge conditioner,
causing significant deviation from steady-state in less than a second. The ‘downstream
ions’ are predominantly positive since negative ions are more readily lost to tubing
walls due to their higher diffusivity. Others have previously studied this potential
effect, but there is disagreement among them. This study resolves the disagreements,
and to the authors’ knowledge, we are the first to: quantify the surprising signifi-
cance of this effect (mean charge at 239 nm changes by up to a factor of 4); show it
occurs rapidly (milliseconds); and demonstrate that a true steady-state distribution
is more asymmetric than classical theory (mean charge at 239 nm is >3x higher
in magnitude). Interaction time of the particles with the remaining free ions down-
stream of the charge conditioner is shown to be the main consideration for this effect,
as demonstrated by varying flow rate, tube length and tube diameter and achieving
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similar charging results as a function of this time. We perform advanced numeri-
cal modelling of charging, convection and diffusion of particles and ions, and show
good quantitative agreement with experimental data. These results are further sup-
ported by similar charging results measured from a bipolar charge conditioner that
has a different internal geometry and ion source than the 3077A charger. To increase
consideration of this critical charging effect and enhance understanding of bipolar
charging in general, we thereby quantify three distinct regimes of bipolar charging,
namely: the 1) charging regime (i.e., as charge develops from its initial to steady-
state), 2) steady-state regime, and 3) discharging regime (i.e., effect of ‘downstream
ions’). These three regimes of bipolar charging have wide implications for designing
instrumentation, interpreting measurements and validating charging models with the
aim of improving accuracy in aerosol instruments such as the SMPS.



1 Introduction

Fine particulate matter in polluted air is now the leading environmental risk to health,
greater than unsafe water or sanitation (Murray et al., 2020). Due to their climate-
forcing potential and complex characteristics, aerosols present a significant source of
uncertainty in models of climate change, which are necessary for international climate
policy and regulations (Masson-Delmotte et al., 2021).

Accurate quantification of aerosol particles commonly relies on instruments which
electrically charge particles for analysis, many of which employ a bipolar charge con-
ditioner (or neutralizer). These instruments include those which characterize particle
size distributions with high resolution for regulatory monitoring of ground and air
transport emissions and ISO standard atmospheric measurements (Wang and Fla-
gan, 1990; ISO, 2009), as well as low-cost monitors for averaged particle properties
in industrial workplaces, indoor air quality and outdoor air pollution in networks of
monitors with high spatial and time resolution (Nishida et al., 2020). Furthermore,
bipolar charge conditioners are used to bring highly charged aerosols to a near-neutral
charge distribution for a range of aerosol applications including evaluation of particle
filters (e.g., for masks, respirators, and building filtration systems) and conditioning
of aerosol samples prior to regulatory measurements.

A typical bipolar charge conditioner generates ionized gas molecules which subse-
quently charge or discharge the sampled particles by diffusive and electrostatic forces,
resulting in a distribution of positively charged, negatively charged and uncharged
particles (Fuchs, 1963; Wiedensohler, 1988). The fraction of total particle concen-
tration at each discrete charge level tends to reach a steady-state charge distribution
which is centered near neutral (Hoppel and Frick, 1990).

In the ISO standard method for determining particle size distributions, e.g., using
a Scanning Mobility Particle Sizer (ISO, 2009), the charge distribution as a function
of particle mobility diameter must be known. In practical applications, the charge
distribution is assumed to be known, or estimated in real-time by empirical mea-
surements (Chen and Jiang, 2018; Li et al., 2022), and then applied in the inversion
used to convert measured signals to reported particle size distributions. Discrepancies
between the true charge distribution and the charge distribution used in the inver-
sion therefore bias the reported size distributions (Leppé et al., 2017; Johnson et al.,
2021). For this application, bipolar charging is used in part because the well-defined
steady-state charge distribution is achievable, enabling accurate and stable measure-
ments (Flagan, 1998; Vivas et al., 2008). However, most bipolar charge conditioners
currently in operation do not account for the effect of ions convected downstream of
the charge conditioner and their continued interaction with the particles. Thus, these
charge conditioners do not maintain a steady-state charge distribution at their out-
let or at the inlet of downstream instrumentation, the location where a steady-state
distribution is needed.

This effect was first identified by Hoppel and Frick (1990), who demonstrated nu-
merically and experimentally that ions convected downstream will preferentially lose
negative ions due to their higher diffusivity, resulting in a net concentration of posi-



tive ions and positively charging the particles downstream of the charge conditioner.
The study called this effect “aerosol charging after the ionization is terminated” and
demonstrated experimentally that the negatively to positively charged concentration
ratio of particles shifted by a factor of 1.5 as the charger’s length downstream of its
ionization region was increased by 17.5 c¢m, resulting in a 3 s longer residence time.
However, more recent studies (Alonso et al., 2001; Lee et al., 2005; He and Dhaniyala,
2014; Johnson et al., 2020), including one with the authors of this study, have dis-
agreed on the significance of this effect (see Section 1.3 for detailed discussion). This
disagreement is likely a key reason why most current bipolar charge conditioners do
not account for the effect.

While many charge conditioners have been shown to produce charge distributions
similar to those predicted in the widely applied study of Wiedensohler (1988), which
builds on seminal work from Fuchs (1963) and Hoppel and Frick (1986), these are
at specific operating conditions, such as flow rate, pressure, temperature, gas/aerosol
composition, charger geometry, and geometry downstream of the ionization region
prior to ion removal. The latter is largely not reported, and thus not likely con-
trolled /monitored, in most charging studies. Anecdotally, this may help explain the
disagreement and variation in charging results from seemingly similar bipolar charge
conditioners summarized by the authors when generating a previous review of bipo-
lar charging measurements (Johnson et al., 2020). This aspect is further convoluted
by charging models that do not account for the effect of downstream ions being fit
to experimental results that include this effect (likely unknowingly in some cases).
This results in a model suitable for that particular charger configuration and operat-
ing conditions, but limits applying it to other configurations and conditions without
refitting /validation against corresponding experimental results.

Our study resolves these disagreements and discrepancies by clearly demonstrat-
ing that interaction time between the particles and remaining free ions downstream of
the charge conditioner is the main consideration of this effect. Specifically, the recent
studies of the effect of downstream ions (Alonso et al., 2001; Lee et al., 2005; He and
Dhaniyala, 2014; Johnson et al., 2020) did not measure the effect on a quick enough
timescale (milliseconds) to capture its significance. Therefore, our study agrees with
and builds upon Hoppel and Frick’s 1990 work by focusing on this effect and using
analytical, numerical and experimental methods to fully demonstrate it and provide
critical insights. To improve understanding and clarity, this study also formally de-
fines three distinct regimes of bipolar charging, 1) the charging, 2) steady-state and
3) discharge regimes. The following three subsections provide additional context, in-
cluding previous work completed, for each of these distinct regimes. These regimes
can be used to achieve a desired bipolar charge distribution in new bipolar charge
conditioners and particle monitors, thus providing an opportunity to significantly
improve the reproducibility and accuracy of bipolar charge distributions



1.1 Charging Regime

A bipolar charge conditioner is commonly operated using an alpha or beta radioac-
tive source (ISO, 2009) or X-ray ionization source (Lee et al., 2005), although, various
other ionization sources can be applied (Adachi et al., 1993b; Stommel and Riebel,
2004; Han et al., 2009; Kwon et al., 2006). The charge conditioner first ionizes gas
molecules which subsequently transfer charge to the sampled particles by diffusion
charging, resulting in a distribution of positively charged, negatively charged and
uncharged particles (Fuchs, 1963; Wiedensohler, 1988). To a first approximation, dif-
fusion charging is independent of particle material and does not require an externally
applied electric field (Hinds, 1999).
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Figure 1: Diagram of a typical bipolar charge conditioner depicting the three
charging regimes. Particles (dark grey) are convected through the inlet tubing,
charged /discharged by (red ‘+’) and negative (yellow ‘-") gaseous ions (light grey),
and convected through the outlet tubing. The ionization region represented by blue

shading is the volume in which ions are produced by an ion source.

Figure 1 shows an example bipolar charge conditioner to illustrate the three
regimes of bipolar charging. The first panel shows the charging regime during which
particles are exposed to ionized gas molecules and during which positive and negative
charges are transferred from ions to particles as the charge distribution approaches a
steady-state (Adachi et al., 1980). Though Figure 1 shows initially uncharged par-
ticles convected into the inlet of the bipolar charge conditioner, even particles with
initially high charges will tend towards a steady-state charge distribution in the charg-
ing regime (Cooper and Reist, 1973), and the process can occur rapidly (Adachi et al.,
1980).

In bipolar charging, the particle charge levels approach a charge distribution cen-
tered near neutral (Hoppel and Frick, 1986, 1990; Wiedensohler, 1988). For example,
as shown in the middle panel of Figure 1, a +2 charged particle is more likely to



combine with a -1 ion than a 41 ion of similar diffusivity due to electrostatic attrac-
tion rather than repulsion (Fuchs, 1963). That process is similar for other charge
levels, including at lower and higher charge states (Fuchs, 1963). However, particles
are increasingly less likely to carry charge at levels further from neutral when ions
of both polarities are available for charging (Hoppel and Frick, 1986, 1990; Wieden-
sohler, 1988). The ion-to-particle charge transfer rates balance across all charge levels
as the steady-state charge distribution is established (Fuchs, 1963).

1.2 Steady-state regime

In a bipolar charge conditioner, a steady-state charge distribution is reached after a
sufficient interaction time between ions and particles (Hinds, 1999), determined by
charger geometry and volumetric flow rate, for example. The middle panel of Figure 1
shows the steady-state regime within the charger during which charging rates have
balanced such that the overall charge distribution remains constant. To maintain the
steady-state charge, a sufficient number of ions of both polarities relative to particles
must remain available for charging (de La Verpilliere et al., 2015; Ibarra et al., 2020;
Adachi et al., 1980; Hoppel and Frick, 1990), the ratio of positive-to-negative ion
concentrations must be constant (Hoppel and Frick, 1990), and the ions should have
constant properties (e.g., mass and mobility). If those conditions are satisfied, the
steady-state is then independent of (Hoppel and Frick, 1990; ISO, 2009):

particle concentration;

ion concentration!;

residence time in charging region; and,
initial charge state.

Thus, the resulting steady-state charge distribution is primarily a function of particle
mobility diameter, at least for spherical particles (Johnson et al., 2020, 2021; Adachi
et al., 1980; Kousaka et al., 1983), and insensitive to the parameters listed above.
Since parameters such as ion concentration and residence time may be imprecise
or vary with time, achieving and maintaining a steady-state charge is attractive for
enhancing accuracy and long-term stability in aerosol measurement systems (Vivas
et al., 2008; Knutson and Whitby, 1975; Kousaka et al., 1983; Fissan et al., 1983;
Ten Brink et al., 1983) as opposed to other charging methods such as unipolar charg-
ing, where steady-state is not reached.

In contrast, unipolar charging enables high-intrinsic charge efficiencies relative to
bipolar charging, which benefits some applications, but results in less certain charge
states as there is no steady-state charge distribution equivalent in practical applica-
tions (Intra and Tippayawong, 2011). The net charge transferred to aerosol parti-
cles depends directly on the efficacy of the ion source and charger design, i.e., the
number of ions generated and time available to transfer charge to particles (White,
1951), though the rate of ion production can be controlled (Liu et al., 1974). The

lassuming a constant ratio of positive to negative ions



transfer rate of ions to the particles must be known or calibrated for measurement
inversions (Kaminski et al., 2012; Fierz et al., 2011; Biskos et al., 2005). Therefore,
the accuracy and stability of steady-state bipolar charge distribution are particularly
attractive for charge-based measurements.

1.3 Discharging Regime

Though it is self-evident that aerosol particles are convected downstream of bipolar
charge conditioners, it is less well known that ions are also readily convected down-
stream of the charger’s ionization region (where ions are produced by the ionization
source) (Johnson et al., 2020). In many cases, this convection of both particles and
ions through additional volume (often still referred to as part of a charging region)
is intentional to increase the interaction time between the two and lead to a higher
likelihood of reaching a steady-state charge distribution (Adachi et al., 1993a). How-
ever, this common approach can adversely affect the steady-state charge distribution
of the aerosol particles.

The third panel of Figure 1 shows ions convecting into tubing downstream of the
ionization region, and depositing on tubing walls by diffusion or continuing to charge
particles. Negative ions typically have higher diffusivity than positive ions, and are
more readily lost at the charger and tubing walls (Tigges et al., 2015; Hoppel and
Frick, 1990; Johnson et al., 2020). Then, a net positive concentration of ions remains
in the flow with the particles and shifts the charge distribution more positive relative
to its state at the outlet of the ionization region (Hoppel and Frick, 1990; Lee et al.,
2005), thereby shifting mean charge more positive as well. By varying volumetric flow
rate and downstream tube lengths, the concentrations of positive and negative ions
and particle-ion interaction time downstream of the charger are changed (Johnson
et al., 2020).

While there has been some prior investigation of the effect of downstream ions by
others, there is disagreement between previous studies regarding the effects of these
predominantly positive ions downstream of the bipolar charge conditioner on the
particle charge fractions. Alonso et al. (2001) concluded that these downstream ions
do not affect a charge distribution which has achieved steady-state. He and Dhaniyala
(2014) found no significant flowrate dependence for a Kr (370 MBq), ?'°Po (18.5
MBq) or X-ray bipolar charge conditioner, but did find a significant effect on particle
charging in a 74 MBq **Kr bipolar charge conditioner. Tigges et al. (2015) concluded
that despite finding ‘non-equilibrium’ (unsteady) charging due to downstream ions,
the effect of the free-ions downstream of the charge conditioner is negligible for typical
SMPS measurements (<5% change in singly-charged particles).

In contrast, studies have found that preferential diffusion losses of ions of one po-
larity downstream of the ionization region of the charger will significantly affect the
charge distribution of the particles (Hoppel and Frick, 1990; Lee et al., 2005; Johnson
et al., 2020). Hoppel and Frick (1990) modelled and measured the ion environment
in and downstream of the ionization region, showing an imbalance in positive and
negative ion concentrations downstream of a charge conditioner. This study also



measured the positive-to-negative charge ratios of aerosol particles downstream of
multiple charge conditioners which showed a charging effect due to ions carried ‘down-
stream of an ionized region’. The authors used insights from their modelling and ion
concentration measurements to support these findings. Lee et al. (2005) measured the
concentration and mobility distribution of ions downstream of three charger configu-
rations: a soft X-ray bipolar charger, a charger with one 2! Am source (82 uCi), and
and a charger with two 2! Am sources (164 xCi) . That study also measured the total
charge fraction and positive-to-negative charge ratio of aerosol particles, and deter-
mined the X-ray produced a more ‘symmetric’ bipolar charge distribution than the
241 Am chargers by producing positive and negative ions with closer electrical mobili-
ties. Johnson et al. (2020) measured individual charge fractions of spherical particles
and found good agreement with conventional charging theory (Wiedensohler, 1988)
at low flow (0.6 L min™") through a Kr85 bipolar charge conditioner. In that study,
deviations from conventional steady-state charge fractions were found for different
tubing lengths (8, 33, and 200 ¢cm) and flow rates (1.2 L min~! vs 0.6 L min™!),
further supported by direct measurements of positive net ion concentrations down-
stream of the charge conditioner. However, it was concluded that the deviations were
either because the particles had not reached a steady-state within the bipolar charge
conditioner, as discussed in Alonso et al. (2001), or due to the effect of downstream
ions as discussed in Hoppel and Frick (1990).

Hoppel and Frick (1990) discuss the effect of downstream ions in detail, moti-
vated by confusing results in attempts to experimentally validate the charge state
achieved by bipolar charge conditioners. The authors included numerical studies of
the evolution and attainment of steady-state, with some numerical results for dis-
charging effects. Furthermore, they showed experimental studies of the charge state
within and downwind of a “region of high ionization”. In the region downwind of
the ionization source, where discharging occurs, Hoppel and Frick (1990) note that
“no true equilibrium charge distribution can be maintained”. They demonstrated a
mechanism of unequal wall loss of positive and negative ions both numerically and
experimentally to support this claim. They also varied the distance of insertion of an
outlet tube into a charging region and outlet tube diameter and reported some values
for particle charge ratio. To show the discharging effect experimentally, Hoppel and
Frick (1990) tested a charger with two different downstream lengths (referred to as
“short” and “long NRL ionizer”). From insights gained in the modeling and these
different tests, the authors presented a design of a charge conditioner that attained,
under design conditions, a unity ratio of negative to positive charges on test parti-
cles from 8 nm to 100 nm. Their study focused on achieving this symmetric charge.
However, this charge symmetry may reduce performance in aerosol applications, such
as lowering the single charge fraction for SMPS measurements or the net charge
for low-cost monitoring. Furthermore, it does not represent the significant negative
asymmetry of the resulting particle charge distribution from typical bipolar charge
conditioners under common operating conditions that are currently widely used, as
quantified in this study.

Hoppel and Frick (1990) uses a sufficiently complex numerical model on which



the present work’s model is based, yet, did not quantitatively show the full effects of
ion imbalance on discharging particles using the model. Additionally, the authors did
not directly compare results of the particle charging model with their experimental
data and instead used the model to provide insights into the experimental findings.
Despite Hoppel and Frick (1990)’s seminal work on these topics, their findings have
largely been overlooked in the design and application of bipolar charge conditioners
to date.

In this work, the effect of the discharging regime is quantified and characterized,
along with the charging and steady-state regimes, by deriving analytical equations,
applying numerical models and performing experimental validation using particle
mean charge. We also identify that time in each regime is a main consideration for
the bipolar charging process, and experimentally and numerically vary the times in
each regime (i.e., by varying volumetric flow rate, tube diameters and tube lengths)
to explore the charging regime and discharging regime. Furthermore, our study also
varies particle concentration at the same operating conditions to demonstrate in-
dependence from particle concentration as assumed in traditional bipolar charging
theory.

These results provide a quantitative framework of analytical, numerical and ex-
perimental methods and define terminology for viewing bipolar charging, interpreting
new experimental results, designing new charge conditioners and validating new mod-
els. Further, this work describes approaches to preserve the significant asymmetry in
the charge distribution to improve the designs of bipolar charge conditioners for both
low-cost monitors and high-resolution instrumentation for particle measurements.

2 Model

2.1 Analytical
2.1.1 Mean charge of a bipolar charge distribution at steady-state

A steady-state bipolar charge distribution is typically centered near neutral. How-
ever, it is well known that negative charge fractions are typically higher than positive
charge fractions for each integer charge level (e.g., N_3 > N.3) at steady-state. In
air, the mobility of negative ions is typically higher in magnitude than that of positive
ions (Leppé et al., 2017). Thus, even if positive and negative gaseous ions are present
in equal concentrations, negative ions are more likely to transfer charge to particles
by diffusion than positive ions, making the overall distribution of charges asymmet-
ric towards negatively charged particles (Hoppel and Frick, 1990). This imbalance
towards negative polarity is quantified by the mean charge, calculated as the first
moment of the charge distribution, i.e., § = (> ¢/N,)/Niot- In this way, mean charge
represents the asymmetry of the particle charge distribution over time. Since mean
charge is an average over each individual charge state, a steady-state value of mean
charge indicates it is comprised of a steady-state charge distribution (Adachi et al.,
1983). Thus, the mean charge is useful and simple for indicating if steady-state is



maintained when the system is subject to varying ion pair concentrations or the time
for ion-particle interactions.

A flow of aerosol particles carrying a net electrical charge may be measured as an
electrical current. The electrical current (i; [A]) is equal to the mean charge per parti-
cle (g) multiplied by the number concentration of particles (N; [m~3]), the volumetric
flow rate (Q; [m® s7!]) and the constant elementary charge (e; 1.602176634x 10 [C]),

1 =qgNQe. (1)

Mean charge, g, can be determined, for example, by measuring N (e.g., using a
Condensation Particle Counter) and ¢ (e.g., by using a Faraday Cup Electrometer)
at a known flow rate, Q.

The mean charge per particle carried by aerosol particles at a steady-state, bipolar
charge distribution is given by the following equation (Nishida et al., 2020; Gunn,
1954), valid for particle diameters 250 nm (Wiedensohler, 1988):

_ 27T€(]kT TL+Z+ -
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Assuming an equal concentration of ions (n, = n_), the mean charge per particle at
steady state, g, is a function of mean particle diameter for spherical particles (E),
temperature (T'; [K]) and ratio of electrical mobilities (Z; [m? V~! s71]) of positive (+)
to negative (-) ions along with the permittivity of free space (go; 8.854187817x10'2
[F/m]) and Boltzmann constant (k; 1.380658x10~2* [m? kg s=2 K™1]).

Thus, measuring mean charge, ¢, indicates the asymmetry of the bipolar charge
distribution caused by a ratio of ion mobilities and ion concentrations, i.e., ;“:?:,
assuming that a steady-state charge distribution has been reached and applying Eq 2.
By controlling particle diameter, Eq. 2 was validated experimentally by Nishida et al.
(2020), i.e., mean charge was demonstrated to be linear with particle diameter and
the slope of mean charge as a function of particle diameter was used to determine
the ratio of ion mobilities, g—f, assuming ions are present in approximately equal
concentrations. In that work, the ratio of ion mobilities was applied as a calibration
factor to determine lung-deposited surface area (LDSA) from measured current, i.
However, for any bipolar charge conditioner, the ion mobility ratio can be used to
determine the particle charge distribution as a function of particle diameter (Chen
and Jiang, 2018). For example, Wiedensohler (1988) applies an ion mobility ratio
of %:0.875 and uses Fuchs’ charging theory to determine charge fractions used
in SMPS inversions. Therefore, a system which measures mean charge for a given

particle diameter can be used to estimate the charge distribution at steady-state.

2.1.2 Mean charge in the charging regime

With knowledge of mean charge at steady-state, measurements of mean charge in the
charging regime can be used to indicate progress towards reaching steady-state (Adachi
et al., 1983).
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An aerosol with an initial mean charge (g;,) develops to a steady-state mean charge
(Gs) as a function of the nti,, product, which is the product of the concentration of
ions (n; [m™3]) and interaction time between ions and particles (tion; [s]). While nt
product is a common term, this study carefully specifies that this is the time in the
ionization region of the bipolar charge conditioner (ti,,) and not the overall time (t)
that the particles and ions interaction, including time downstream of the ionization
region (tq). The following equation for mean charge in the charging regime was
derived for this work from equations shown in Gunn (1954),

q—q e
% = exp (__Zntion> (3)
Gin — dss €o

where it is assumed that during charging the ion electrical mobilities for each polarity
are not significantly different (i.e., Z, ~ Z_ &~ Z) and ion concentrations are equal
(i.e,, ny = n_ ~ n) as assumed in Gunn (1954) to simplify the charging equation.
Positive and negative ions are generated at equal rates from alpha or beta ion sources
used in common bipolar charge conditioners. Ion-ion recombination also removes
positive and negative ions at equal rates, leaving a constant concentration of free ions
of both polarities if ion generation and recombination are dominant, e.g., compared to
ion wall losses (Ibarra et al., 2020) or losses by charge transfer to particles (Cooper and
Reist, 1973). Therefore, constant ion concentrations of both polarities are commonly
assumed for regions of ion production within bipolar charge conditioners (Liu and
Pui, 1974; Adachi et al., 1985). Mean charge at steady-state, g, may be determined
using Eq. 2, assuming equal ion concentrations (i.e., ny = n_ = n) and unequal
electrical mobilities (i.e., Zy/Z_ # 1) as done in Section 2.1.1. Ton pair production
can occur within the charging region, e.g., via a radioactive source, or ions can be
transported into a charging region by other means, resulting in the same assumption
of equal ion concentrations (Adachi et al., 1980).

It is noted that the effective charging time, 7, to reach steady-state is (Gunn,

1954)
€0
-0 4
eZn (4)
and, importantly, it does not depend on the particle size or the initial charge (Hinds,
1999, Section 15.7). Therefore, Eq. 3 can be expressed as,

q—q. tion
=T _ o (_ ) _ (5)

Qin — g Tch
Equation 5 has been applied in other forms in classical diffusion theory when field
charging may be neglected as done in the present work (Fjeld et al., 1990). Assuming
a symmetric charge distribution at steady-state (i.e., g, = 0), Eq. 5 is used as an
indicator of whether a steady-state is reached in Hinds (1999, Eq. 15.33) and in Vivas

et al. (2008, Eq. 13),
_ _ tion
q = Gy, €XP (— ) : (6)
Tch

Tch
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Furthermore, assuming q,, = 0, Eq. 5 is used to model charging time from an
initially neutral particle to its steady-state (Gunn, 1954; Liu and Pui, 1974),

7=, |1-ow (2], 7)

Thus, Eq. 5 derived in this work, provides an analytical equation of mean charge
of particles in the charging regime that can be obtained without resorting to solving
a complete set of numerical equations. Using this equation, mean charge for any
asymmetric charge distribution (i.e., gy # 0) can be used to indicate progress towards
reaching a steady-state (e.g., to characterize whether steady-state is reached as a
function of flow rate) which is a common need in characterizing commercial charge
conditioners. Additionally, measurements of mean charge can be applied in Eq. 5 to
solve for nt;,, product of a given charge conditioner and it delineates the charging
regime from the steady-state regime.

2.1.3 Mean charge in the discharging regime

Equation 5 assumes a constant ratio of %, or more practically speaking, ** of
Eq. 2. While the ion concentration ratio n,/n_ is constant in the ion generation
region of most charge conditioners (as explained in Section 2.1.2), ny/n_ changes
rapidly downstream of the charging region. This shift in ion concentration ratio
depends on the rate of ion-ion recombination, diffusional ion loss to walls, and losses
due to electrostatic repulsion. Therefore, if ions are not rapidly removed, n, /n_ is
no longer constant, thereby changing g, and discharging occurs. This assumption
violation of Eq. 5 is reflected by it becoming a singularity in the limit case of unipolar
charging. Furthermore, the concentration of particles (which act as an ion sink)
becomes significant, whereas it can often be safely neglected in the charging region. To
capture all these interrelated effects of the discharging regime, an analytical model is

no longer sufficient (e.g., Eq. 5 is no longer valid), and a numerical model is necessary.

2.2 Numerical

A numerical model is introduced which considers the electrical charging and transport
phenomena relevant to bipolar charge conditioners. This model is applied to verify
the analytical models and aid in interpreting experimental results.

2.2.1 Governing Equations

A numerical model is applied to estimate the concentrations of particles and ions
within and downstream of a bipolar charge conditioner. The steady-state conservation
equations for the number of monodisperse particles of a given charge level, ¢, and
gaseous ions of a single positive or negative charge in a differential control volume are
given as:
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V- (@N,) = V- (DVN,) =V - (Z,EN,) + Sy (8a)
V- (ing) = V- (DVng) = V- (ZeFn) + Sip + S+ Sige (8b)

where NV, is the concentration of particles of a given size and material at ¢ charge
level, n; is the concentration of ions with ¢ charge level, « is the bulk velocity of
the carrier gas (assumed to be the same for both the carrier gas and particles), D is
the particle or ion diffusivity. The contribution to the transport of particles or ions
resulting from an electric field is represented by the particle or ion electric mobility, Z,
subject to the electric field, E. The terms denoted as S are the source /sink terms for
ion-particle charge transfer, where the subscript 8 involves charge transfer between
particles and ions, and « involves collisions between ions. The final term §; ;- accounts
for ion generated within the system from the ion source. For example, ions may be
created by collisions of alpha- or beta-radioactive particles with gas molecules and
subsequently transfer charge to a sample of particles.

The source/sink terms, S, represent the rate of increase or decrease in the number
concentration of ions and particles at each charge level during bipolar diffusion charg-
ing in a method referred to as a birth-and-death model (Boisdron and Brock, 1970).
For example, if a negative ion, n_1, attaches to a particle with a single positive charge,
N1, the particle reduces to a neutral charge level, Ny, and the gaseous molecule which
comprised the ion is torn off (Fuchs, 1963). Here, we assume that the concentrations
of neutral gas molecules greatly exceed those of ions or charged particles (ng > n;),
so that the concentrations of neutral gas molecules remain unchanged.

For a monodisperse aerosol of known diameter and particle properties, the source
terms in Eq. 8 are given as follows:

_ +1— —q—1
Sqp = B? INgp1in—1 — 77T " Nyn_y

9
+ qulﬁqufanrl - 6q%q+qun+1 ( a’)
qrnax
Sip=— D BTNy, (9b)
4=Qqmin
Sia = —ON_1N4q (9c¢)
Si,q* = q* (9(1)

where 8979t is the attachment coefficient for the charge transfer from a positive ion
to a particle of charge level, ¢, for example. The attachment coefficient is a function
of particle diffusivity and electrostatic potential, and is calculated using the method
given by Reischl et al. (1996), which builds on Fuchs’ original work (Fuchs, 1963) and
key modifications to the collision probability by Hoppel and Frick (1986), with the
specific implementation described in detail in Woo et al. (2022). It is noted collision
coefficients from more recent Langevin Dynamics models can be applied over a wide
range of conditions (Li and Gopalakrishnan, 2021; Gopalakrishnan et al., 2013). The
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ion-ion attachment coefficient is set as a commonly accepted value of a=1.6x10'2 m?
s7! (Liu and Pui, 1974), though it should be noted more recent experiments and
models show this parameter can vary significantly (Franchin et al., 2015; Tamadate
et al., 2020). In the charging region, ions are created with an ion generation rate, ¢,
which is equal for both polarities. The full, three-dimensional governing equations
may be solved using numerical methods for given boundary conditions as described
in Woo et al. (2022). For the current purposes, a simplified model in one-dimensional
form is considered using a set of explicit assumptions and solved numerically.

2.2.2 Electrophoresis

A net charge carried by particles and/or ions in a given volume is related to the local
electric field through Gauss’s Law. This electric field, in turn, affects the motion
of charged particles and ions in a phenomenon typically referred to as electrostatic
dispersion (Kasper, 1981; Vemury et al., 1997), electrostatic diffusion (Adachi et al.,
1981), or a ‘space charge’ effect (Yu, 1977). For example, an electrostatic force may
repel like-charged particles away from one another and, therefore, increase particle
losses to walls compared to when particles are uncharged, or affect particle trajectories
in instruments such as the DMA (Alonso and Kousaka, 1996) or ELPI (Marjaméki
et al., 2005).

In this work, the effect of space charge in bipolar charge conditioners is high-
lighted. For example, if negative ions are preferentially lost to walls due to their
higher diffusion coefficient, an attractive electrophoretic force may prevent further
loss of negative ions. Additionally, in that case, a repulsive electrophoretic force may
promote loss of positive ions. In this way, space charge will limit the imbalance in
ion concentrations caused by diffusion losses (Hoppel and Frick, 1990).

Gauss’s Law in differential form is

v E=" (10)
€0Er
where p is the space charge density, or the concentration of charges per unit volume,
£o is the permittivity of free space, and ¢, is the relative permittivity, which is 1 for
air. Assuming concentrations of ions are significantly higher than charged particles,
the charged particles may be neglected in calculating p, resulting in (Hoppel and
Frick, 1990),

p=(ns1—n_)e. (11)

This assumption is valid for the relatively low particle concentrations applied in this
work of <5.14x10% particles per cm? relative to steady-state ion concentrations of
>8.6x10° ions per cm?® resulting in a ratio of N, /n < 0.06 over all cases. The
contribution to space charge from charged particles and the resulting electrophoretic
effects on charged particles (rather than ions) is considered in other works (Kasper,
1981; Vemury et al., 1997).
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2.2.3 One-Dimensional Numerical Model

In this work, we model the dynamics of ions and particles and the interactions be-
tween them as the bulk aerosol flow proceeds through and downstream of the charge
conditioner. We consider one-dimensional transport as ions and particles advect in
the axial direction through the charger and tubing and consider diffusion losses of ions
and space charge effects on ions in the radial direction. For this analysis, an externally
applied electric field, e.g., in an ion trap, is not considered. Additionally, we consider
losses of particles due to diffusion and space charge effects to be negligible, which is
valid for the relatively large (i.e., 239 nm particles) in this work. The distance coor-
dinate in the z direction is transformed into a convective time by applying dt = dx /4
for axial velocity @ in plug flow, assuming diffusion and electrophoresis in the axial
direction are negligible relative to advection. Thus, by combining Equations 8-11, the
particle and ion concentration equations reduce to the following balance:

dN,
dtq = BTN, iy — BT Ny 4 B9 N, nyy — B Nyny, (12a)

Qmax
dn 4D YARYS
+1 o« —q+1 +1 +1
=q —an_ng; — E BT Ngny1 — 5 41 — (N41 —n_1) N
dt r €0
d=(qmin
(12b)
qmax
dn_; 4D Z_qe
— * —q—1 -1 -1
=q —an_ng; — E BT Ngn_y — 5 -1 — (N1 —ny1)nog
dt r €o
d=(qmin

(12c¢)

where 7 is the radius of the cylinder through which the aerosol is flowing. The
electrophoresis term of Eqn 8b is converted to one-dimensional form by combining
with Eqns. 10 and 11, assuming plug flow in a cylindrical tube and assuming the
charge concentration is uniform over a given cross-section, i.e., Vp = 0 in the radial
direction (Kasper, 1981; Wilson, 1947; Yu, 1977). The electrophoresis term is applied
in the same form in other works for particles (Adachi et al., 1981; Vemury et al.,
1997) and ions (Hoppel and Frick, 1990). The diffusion term of Eqn. 8b is converted
to one-dimensional form by assuming the ion distribution in a given cylindrical cross-
section has one averaged, bulk value and applying the boundary condition that ion
concentration is zero at the wall. Then, the net diffusional flux of ions from the bulk
volume through a cylindrical surface (i.e., to the cylinder wall) is calculated using
a surface area-to-volume ratio for a finite cylindrical cross-section. The derivation
of the diffusion term is found in Maisels et al. (2003) and applied in Nishida et al.
(2017). Further details of the ion diffusion loss term and its agreement with Gormley
and Kennedy (1948) are described in the Supplementary Information.

The diffusion loss term is always negative in the ion balance, i.e., there is a net flux
of ions from the bulk aerosol radially to walls. The electrophoresis term is negative
if electrostatic repulsion occurs and positive if electrostatic attraction occurs. Thus,
space charge effects will moderate any imbalance in concentrations of positive ions
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relative to negative ions caused by differences in ion diffusion loss rates (Hoppel and
Frick, 1990). A condition is implemented in the numerical model that the sum of the
diffusion and electrophoresis terms must be equal to or less than zero, i.e., enforcing
a net loss of ions to walls. This condition is a form of boundary condition which is
implemented because there cannot be a net attraction of ions from the tubing walls
since the walls are considered an ideal sink (not a source) for ions, i.e., electrically
conductive and grounded. Therefore, with some exceptions, the present numerical
model is largely the same as the birth-and-death model implementation of Hoppel
and Frick (1990)’s seminal work. This similarity provides an opportunity for code
verification which is discussed further in Sec. 2.3.

2.2.4 Geometry, conditions and solution method

The ordinary differential equations shown in Eqn. 12 are solved simultaneously in Mat-
lab using the ode4) function for integration. Equation 12a is solved simultaneously
for all charge levels from ¢uin=-7 t0 gmax=-7 such that all significant concentrations
for 239 nm particles are considered. The initial conditions are that ion concentra-
tions are zero and all particles are initially neutral at the inlet, i.e., at t =0, ny; = 0,
n_1 = 0 and Ny = N. Once Eqn. 12a is solved, mean charge, ¢, is calculated from
the integral sum of the individual charge fractions, i.e., § = (D ¢N;)/Niot-

The geometry of the TSI 3077A charging region, the TSI 3077A outlet tubing,
and downstream conductive tubing were implemented in the model. Within the TSI
3077A, jetting and recirculation of flows occurs such that the plug flow assumption
is not strictly valid within the charge conditioner (de La Verpilliere et al., 2015),
therefore the TSI 3077A geometry could not be used directly. Recently, computa-
tional fluid dynamics (CFD) methods were applied by the present authors and oth-
ers, and compared with experimental data to quantify residence time distributions
in the TSI 3077A bipolar charge conditioner and its effect on throughput of charged
particles (Nishida et al., 2022). It was demonstrated that significant jetting and recir-
culation occurs due to an adverse pressure gradient created within the geometry. At
1.5 L min~!, a median residence time of ~1-3 seconds was found experimentally and
compared with ~1 second using CFD methods, agreeing with an average residence
time of 1 second found in a previous model (de La Verpilliere et al., 2015). Therefore,
in this work, a 1-second charger residence time is assumed for 1.5 L min~!. The flow
jet within the TSI 3077A is assumed to have a cylindrical volume with length equal
to the internal length of the TSI 3077A, estimated to be 0.15 m (TSI Inc., 2003).
Applying a plug flow assumption for a jet assumed to have cylindrical shape gives an
effective cylinder diameter of 14.57 mm within the TSI 3077A. The inner diameter of
the bipolar charge conditioner (BCC) outlet was 4.6 mm and 50 mm long. A range
of tubing lengths and diameters connected to the BCC outlet were used to vary con-
vective time downstream of the BCC at each flow rate. Further geometry details of
the experiment and model are found in the Supplementary Information, including a
schematic.

For model verification with Wiedensohler (1988), a constant ion concentration
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of ng1 = n_y = 1x10* m~3 is imposed. The ion electrical mobilities are set to

Z,=1.35x10"* m?>V~1s7! Z =1.6x10"* m? V! s7! and the mass of positive and
negative ions are set to 140 and 101 AMU (Atomic Mass Units), respectively (Wieden-
sohler, 1988). The numerical model is compared with individual charge fractions cal-
culated using the classical approximation of Wiedensohler (1988) where %20.875 for
verification.

For comparisons with experimental data, a constant ion generation rate in the
ionization region of ¢*=1.3x10' m™3s~! is used for both polarities as previously
measured for a TSI 3077A charger (de La Verpilliere et al., 2015). A constant ion
mobility is modelled for each ion polarity, though it is known that ions are present in
distributions of ion mobilities. Positive and negative ion mobilities of Z,=0.8x10~*
m?V~!s7!tand Z_=1.5x10"% m? V! s7!, respectively, were selected based on agree-
ment with experimental data, and the Kilpatrick relation was used to calculate ion
masses (Kilpatrick, 1971). These ion mobilities agree well with the peaks of mobility
distributions of ions recently produced by a Kr-85 charger using particle-free labora-
tory air as the sample (Leppé et al., 2017, SI), though a range of ion mobilities have
been recorded in previous literature (Tigges et al., 2015). The results section further
discusses the effect of ion mobilities and compares the results against the classical
approximations (Wiedensohler, 1988).

2.3 Model Verification
2.3.1 Verification with Classical Steady-State Approximation

Figure 2a shows individual charge fractions dynamically changing as a function of
convective time (or residence time) as a steady-state charge distribution develops. Ini-
tially uncharged (¢=0), 200 nm spherical particles acquire charges by ion-to-particle
charge transfer. As expected, the fraction of uncharged particles relative to total
concentration, Ny/Nyo, decreases over time, while the charge fractions of particles
at the other integer charge levels, ¢, increase over time. In this case, steady-state
particle charge levels are reached in the order of one second. Figure 2a also shows
that the mean charge from the numerical model dynamically changes over convec-
tive time in the charging regime, highlighting the negative asymmetry of the overall
charge distribution.

Figure 2a shows convective time from zero to 10 seconds in the ionization region
of the charge conditioner (t;,,). For the numerical model in this instance, a constant
ion concentration of ny; = n_; = 1x10'2 m™3 is imposed, and the diffusion and
electrostatic terms are not used to align with the assumptions of the classical ap-
proximation (Wiedensohler, 1988) used for verification. Therefore, the nt;,, product
ranges from zero to 107 ions cm ™ s. The numerical model shows good agreement
with the classical approximation in the steady-state regime and, therefore, supports
that the complex attachment coefficients and particle conservation equations are im-
plemented correctly. The individual charge fractions of the numerical model are
slightly more negative than the classical approximation resulting in a mean charge of
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Figure 2: (a) Numerical model of a steady-state charge distribution developing over
time for 200 nm particles in comparison with a classical steady-state charge distribu-
tion (Wiedensohler, 1988). Mean charge indicates asymmetry of charge distribution
and regime of bipolar charging. (b) Mean charge per particle as a function of particle-
ion interaction time using analytical Eq. 3 and the numerical model. (¢) Mean charge
per particle as a function of particle diameter using analytical Eq. 3 and the numerical
model.
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g = —0.265 (numerical) compared with § = —0.230 (approximation) at steady-state.
Minor differences are expected since the classical approximation itself was generated
by least-square regression to a numerical model based on Fuchs theory (Wiedensohler,
1988).

2.3.2 Verification of Charging Regime Equations

The same numerical model as Section 2.3.1 was applied for mean charge as a func-
tion of charging time and particle diameter as shown in Figures 2b and 2c, respec-
tively, to verify the analytical equation for the charging regime (Eqn 3). The nu-
merical model applies ion mobilities of Z,=1.35x10"%* m?V~'s~! and Z_=1.6x10"*
m?V~1s~!. Therefore, analytical Eqn 3 is applied using Z = in =1.475x 1074
m?V~1s~! and %:%:0.844.

Agreement between the analytical and numerical models is excellent for a selection
of monodisperse diameters ranging from 50 nm to 1pm as a function of charging
times as shown in Figure 2b. Minor differences in results between the analytical and
numerical models are attributed to the more complex attachment coefficients of the
numerical model, which are not strictly a function of ion mobility, e.g., also depend
on ion mass.

Figure 2c shows mean charge as a function of particle diameter for the analytical
and numerical models. Mean charge is a linear function of particle diameter at steady-
state as shown in Eqn. 2, which was experimentally validated (Nishida et al., 2020).
These results confirm mean charge is also a linear function of particle diameter in the
charging regime since the effective charging time of Eq. 4 does not depend on particle
size (Hinds, 1999).

The excellent agreement supports the use of Eqn. 3 to represent the charging
regime in simple, analytical form. The verification also supports that the numeri-
cal model is implemented correctly in the charging regime, at least for constant ion
concentrations. Detailed verification of the numerical method, including attachment
coefficients, has been performed previously by the present authors and others (Woo
et al., 2022) for an open-source implementation of this numerical charging model by
comparison with Hoppel and Frick (1990), showing identical agreement. That code
verification used attachment coefficients specified in Hoppel and Frick (1990), which
were calculated using slightly different ion properties than the present implemen-
tation. In this work, Wiedensohler (1988) was chosen for verification to comment
directly on its implementation in SMPS inversions.

These model results confirm that in the charging regime, measurements of mean
charge can be used to indicate progress towards a steady-state charge distribution.
Finally, since the numerical model calculates individual charge fractions and the an-
alytical equation calculates only mean charge, agreement between the two supports
that measurements of the mean charge, g, can represent the entire charge distribu-
tion, i.e., individual charge fractions, if it is clearly interpreted that a given charge
conditioner is operating in the charging, steady-state, or discharging regime, e.g., by
varying flow rate and experimentally measuring g for a known g;,,.
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3 Experiments
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Figure 3: Experimental setup for measuring mean charge per particle from a candidate
charger at a controlled number concentration and particle diameter. The method
enables varying residence time of ions with particles downstream of the candidate
charger by flow varying rate and tubing lengths.

The setup shown in Fig. 3 was used to vary residence time downstream of a
charge conditioner’s ionizing region and measure changes in mean charge per par-
ticle. Spherical, DOS particles (bis(2-ethylhexyl) sebacate; >97.0%, Aldrich Chem-
istry) were generated using an atomizer (Model 3076, TSI Inc., Shoreview, MN, USA)
with HEPA-filtered, compressed air. After atomization, a liquid trap removed excess
liquid and the main aerosol flow from the atomizer was vented. From the main flow,
a sample of DOS was passed through a diluter (eDiluter Pro; Dekati Ltd., Kangasala,
Finland), which added HEPA-filtered compressed air, to vary the number concentra-
tion of measured particles with dilution ratios between 5 and 25. The diluter was
bypassed for a no-dilution setting. Then, the sample passed through an electrostatic
precipitator (ESP) to remove all charged particles, leaving only uncharged particles in
the sample flow. The ESP comprised a long DMA column (3081 DMA; TSI Inc.) op-
erated with zero sheath flow and was set to a voltage sufficient to remove all charged
particles using a voltage controller (3080 Electrostatic Classifier; TSI Inc.). The un-
charged particles were then classified using an Aerodynamic Aerosol Classifier (AAC;
Cambustion Ltd., Cambridge UK), which selects a narrow range of aerodynamic di-
ameters from a polydispersed aerosol (Tavakoli et al., 2014). The AAC enabled control
of particle size without relying on or affecting the particle charge. This avoided pre-
existing charge on the particles affecting the bipolar charging process. Although, this
effect should be negligible on bipolar diffusion charging as previously demonstrated
by Equation 4 and the discussion in Section 2.1.2.

A flow of HEPA-filtered, compressed air (make-up air) was controlled with a mass
flow controller and added downstream of the AAC to vary flow through the can-
didate charger while maintaining a constant flow rate through the AAC. A static
mixer (1/4-40-3-12-2; Koflo Corporation, USA) was included to ensure the aerosol
flow was adequately mixed with the make-up air, to prevent sampling biases down-
stream (Johnson et al., 2018; Walker et al., 2018). Unless otherwise stated, all tubing
used in this experimental setup was 0.25-inch conductive silicone tubing. This tubing
was also used upstream of the bipolar charge conditioner being evaluated (candidate
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charger), which has been shown to change the ions generated with the conditioner (As-
bach et al., 2016). However, this effect was present for both bipolar charge conditioner
tested and both agreed with expected charging results (e.g., Wiedensohler (1988)) at
0.3 L/min and 33 cm tube length, which is typical for SMPS operation.

The flow passed through a candidate bipolar charge conditioner to charge the DOS
particles. The candidate chargers used were the Model 3077A (TSI Inc.) which pro-
duced gaseous ions using a ¥Kr source (3 decay, 10.76 year half-life) with nominal ac-
tivity of 10 mCi/370 MBq and the ACC-EL1 (Atmose Ltd.) which used a %Ni source
(B decay, 101 year half-life) with nominal activity of 2.5 mCi/92.5 MBq. Charged
particles and ions were convected through the outlet of the candidate charger followed
by defined lengths and diameters of conductive silicone (TSI Inc.) or stainless-steel
tubing followed by an ion trap (produced by Atmose Ltd.), as summarized by the
full experimental matrix shown in the Supplementary Information. Ions convected
downstream of the charge conditioner were removed in the ion trap by applying a
controlled potential between two electrodes. One electrode of the ion trap is an outer
metal cylinder and the other electrode is a concentrically located inner rod.

Downstream of the ion trap, another static mixer (1/4-40-2-6-2; Koflo Corpora-
tion, USA) was used to ensure the aerosol was adequately mixed before splitting the
flow between two parallel instruments (Johnson et al., 2020; Walker et al., 2018). The
two parallel instruments were an aerosol electrometer (Model 3068B; TSI Inc.), used
to measure electrical current from a flow of charged particles, 7, and a condensation
particle counter (CPC; Model 3776; TSI Inc.), used to measure number concentration,
N. Flow through the aerosol electrometer was controlled with an external mass flow
controller downstream of the aerosol electrometer to improve accuracy in flow rate,
@) (as recommended by the manufacturer of the aerosol electrometer). A Gilibrator
(Sensidyne, USA) was used to verify the volumetric flow rates in the setup. Thus, the
set-up enabled mean charge per particle to be measured as a function of controlled
particle diameter and number concentration by applying Eq. 1, i.e., ¢ = N"Qe.

The AAC was set to select particles with a monodisperse aerodynamic diameter,
d, = 225 nm, corresponding to particle diameter of d = 239 nm. Since the density
of DOS of 914 kg m™3 is lower than the reference density (1000 kg m~3), particle
diameter is larger than aerodynamic diameter. It should be noted that mobility
diameter and particle diameter were equivalent since the particles were spheres. It is
assumed that any particle losses for these 239 nm particles were equal for all particle
charge levels.

The voltage setpoints used for the ESP and ion trap were determined using an-
alytical equations for limited particle trajectory based on the electric field between
concentric electrodes and the dimensions of each device. During preliminary system
checks, a filter was placed upstream of the charge conditioner and the aerosol elec-
trometer was used to confirm that all gaseous ions were captured by the ion trap at its
voltage setpoint for each sample flowrate. Separately, the CPC was used to confirm
that particles were not significantly captured in the ion trap. Furthermore, it was
confirmed using a CPC and Aerosol Electrometer in parallel that the ESP captured
all charged particles at each of its voltage setpoints.
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Flow rates were varied between 0.6 L min~' and 10.8 L min~!. A tubing length
of 33 cm is standard between the bipolar charge conditioner and DMA column in a
common SMPS system (TSI Inc., 2006b). This tubing length was used in comparison
to a short piece of tubing of 3 cm between the charger and ion trap and longer lengths
of tubing. Varying flow rate changes both the convective time within the charger (o)
and in tubing downstream (tq), whereas varying the tubing length or diameter only
changes the convective time in tubing downstream of the charger(tq). This aspect
is key for characterizing particle charging in the charging and steady-state regimes
relative to the discharge regime. Further details of experimental configurations of
varying flow rates and tubing lengths/diameters are shown in the Supplementary
Information.

4 Results

Figure 4a shows numerical results of mean charge, g, over convective time to delineate
the three regimes of bipolar charging. The figure highlights the change in the asym-
metry of the charge distribution through the charging, steady-state, and discharging
regimes for conditions commonly used in a practical bipolar charge conditioner of 0.3
L min~! flow with a 33 cm length of tubing downstream (TSI Inc., 2006b). For all
numerical results, flow rates and tubing lengths are set to match the experimental
configuration.

Figure 4b shows numerical model results of mean charge per particle as a function
of convective time in the charger (ti,,) and downstream of the charger ¢4 for flow
rates of 0.3, 1.5 and 10 L min~! and downstream tubing lengths of 3 cm and 33 cm.
Figure 4b shows a steady-state is reached within the charging region for both 0.3
and 1.5 L min~! cases. However, at 10 L min~!, particles exit the charging region
still in the charging regime due to insufficient ion-to-particle charging time to reach
the steady-state regime (i.e., insufficient nt;,, product). Immediately downstream of
the charging region, the charge distribution changes rapidly from its state at the exit
of the charging region in each case. The final charge state reached depends on the
amount of discharging which depends on the downstream volume (i.e., tube diameter
and length) and flow rate.

Mean charge as a function of time in the tubing downstream of the charger is
shown in Figure 4c. At 0.3 L min~!, the mean charge increases from -1.15 at the
outlet of the charging region to -0.97 after 3 cm of tubing and -0.51 after 33 cm
of tubing. A more modest change in mean charge is found for 1.5 L min~!. In
all cases, ions of both polarities are convected downstream and continue to charge
the particles. At 0.3 L min~!, positive and negative ions have concentrations of
Ny = 9.0 x 105 em™2 and n_; = 8.9 x 10° cm ™3, respectively at the charger exit,
however, after 33 cm of tubing, these concentrations reduce to ny; = 1.4 x 10° cm™3
and n_; = 4.7 x 10* cm™3, respectively, since negative ions are preferentially lost to
tubing walls by diffusion. The higher concentration of positive ions convected with
particles in the tubing charges particles more positively. Notably, at 10 L min~!, the
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Figure 4: Numerical model results showing mean charge per particle as a function

of convective time to (a) highlight three regimes of bipolar charging at 0.3 L min~!
and with 33 cm length of downstream tubing. By varying downstream tube length
(3 cm vs 33 cm) and flow rate (0.3, 1.5 or 10 L min™!), deviations from the steady-
state regime are shown as a function of convective time (b) in charger and tubing

downstream of charger, and (c) in tubing downstream of charger.
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mean charge decreases from -0.97 at the outlet of ionization region to -1.0 after passing
through the bipolar charge conditioner outlet and 33 cm of tubing. At 10 L min—!,
the characteristic time for ion diffusion losses is lower relative to convective time and
both positive and negative ions are carried downstream of the charging region. The
preferential loss of negative ions in the downstream tubing is not sufficient to alter
the charge distribution more positively, and thus, charging continues in a similar
pattern to the charging regime, i.e., charging more negatively. The downstream ions’
significantly change the mean charge in less than one second downstream of the
ionization region when particles are in the charging regime or steady-state regime
upon exiting the charger.
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Figure 5: (a) Experimental and (b) numerical results showing mean charge per par-
ticle as a function of convective time in tubing downstream of the charger (i.e., con-
vective time between charging region and ion trap). Data were gathered for a wide
range of tube lengths and flow rates for the same Kr-85 charger and 239 nm diameter
particles.

Figure 5a and 5b show experimental and numerical data, respectively, for the
mean charge per particle as a function of convective time in downstream tubing (i.e.,
residence time in tubing between the charger and the ion trap, including the outlet
tube of the charger) for particles of 239 nm in diameter using the TSI 3077A charger.
For Figure 5a, a full experimental matrix is shown in the Supplementary Information.

Vertical error bars (estimating the uncertainty, u, with 95% confidence) are shown
for all experimental results (Figures 5a and 7) and reflect propagating two stan-
dard deviations, o;, in the measured current, ¢, and 10% accuracy in concentra-
tion (uy/N = 0.1) measured by the CPC (TSI Inc., 2006a) through Eqn. 1, i.e.,
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uz &~ £q ((202-/2')2 + (uN/N)z)l/Q, for data gathered over 60 seconds of sampling time
or longer. Error bars are not shown for numerical results (Figure 2, 4, 5b, 6) given
the model’s assumptions introduce unknown uncertainties and that repeatability is
not relevant for deterministic models.

For a wide range of convective times, achieved by varying flow rates and down-
stream tubing lengths/diameters, the consistent curve of Figure 5 demonstrates that
convective time downstream of the ionization region of the charge conditioner (¢4) is
a key parameter for determining the resulting charge distribution. An initial increase
in the magnitude of mean charge per particle, |g|, is shown for the highest flow rate
settings, due to operation in the charging regime. The increase in charge asymmetry
as a function of increasing time is characteristic of the charging regime, as described
by Eq. 5 and as shown previously by Adachi et al. (1983). Then, a plateau region
follows where particles are close to their true steady-state at approximately g = —1.
Both the charging and steady-state regimes could not be maintained experimentally
using the TSI 3077A charge conditioner since its design has a short length of stainless
steel tubing at its outlet which is not removable, so some convective time between
the charger and an external ion trap is unavoidable. After the plateau region, |q|
decreases with increasing convective time between the charger and ion trap due to
the more significant effect of ‘downstream ions’. Input particle number concentration
was varied by dilution (from 1.37x10% to 5.14x10° particles per cm?) to produce
the different data points at each convective time. For downstream convective times
longer than ~1 second, the scatter between data points increases due to increased
sensitivity to particle number concentration.

Assuming the mean charge at steady-state, g, is most accurately reflected at the
plateau region of 5a by an average of measurements between 3 and 8 L min~—?, results
in g, =-1.01. For the 10.8 L min~! case, which is clearly in the charging regime,
measurements show § = —0.927. Applying Eq. 5, assuming an average ion mobility
of 1.15x10™* m?V~!s7!, results in an estimated nti,, product of 1.18x10'2 m™3s
for the 10.8 L min~! case. This result is comparable to an integrated nt;,, product
predicted by the numerical model of 1.20x10'2 m~3s for the same conditions. Further,
Eq. 5 estimates that an ntj,, product of 2.2x10'2 m~3s is required to reach 99% of
steady-state for the same ion properties.

Measurement systems such as the SMPS assume the aerosol is at a steady-state
charge distribution with known values (Wiedensohler, 1988). Specifically, the assumed
charge levels used in commonly used SMPS systems correspond to a mean charge of
—0.27 for 239 nm particles (see horizontal line labeled Wiedensohler in Fig. 5a) for
both low (0.3 L min™!) and high (1.5 L min~"') flow rates using a standard 33 cm length
of tubing downstream of the charge conditioner (TSI Inc., 2006b). The mean charge
of the charge distribution assumed in SMPS inversions aligns with measured mean
charge for convective times in tubing near 1.375 s (‘low flow’). However, applying a
linear interpolation between averaged measurements of ¢ at 1 L min~! and 2 L min~*
and 33 cm tubing, yields g=-0.72 for 1.5 L min~!. The g=—0.72 corresponds to a
charge distribution which is significantly more asymmetric than assumed in SMPS
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inversions at ‘high flow’, where g=—0.27. Furthermore, the experimentally measured
steady-state is approximately § = —1, which is nearly a factor of 4 higher in magnitude
than § = —0.27 which is assumed to be at steady-state (Wiedensohler, 1988).

The experimental data of Fig. 5a and numerical model of Fig. 5b show good qual-
itative agreement in delineating the three regimes considering the complexity of the
phenomena involved. Differences between the model and experiment are attributed
to limitations in the model in the critical region downstream of the charger. In reality,
ions have distributions of electrical mobilities and diffusivities. Within the charging
region, ions of higher mobility have the most effect on charging due to the increased
rate of ion-particle charge transfer. In the downstream region, ions of higher mobility
are more readily lost to walls and the remaining ions would shift to lower mobilities
on average. In this work, the differences in quantitative agreement are attributed to
the assumption of one constant ion diffusivity for each polarity in both the charging
region and downstream rather than full distributions of ion properties. Furthermore,
the flow in the tubing was assumed to be plug flow while the actual flow in the tubing
is laminar and parabolic once it is fully developed. Also, undeveloped flow will oc-
cur immediately downstream of the charger and at the connections between different
types of tubing which will result in non-uniform flow profiles. Additionally, the distri-
bution of aerosol residence times within the charge conditioner would cause particles
to be exposed to a distribution of nt;,, products. For that reason, some particles
may have reached steady-state within the charging region whereas others may not
have, potentially affecting both the ordinate and abscissa of Fig. 5. Despite these
potential effects, for the purposes of explaining the experimental data, the agreement
is considered sufficient to provide an initial basis for further study of more complex
models and experiments.

Figure 6 shows numerical results of individual charge fractions achieved at steady-
state within the charging region, immediately downstream of 3 c¢m of tubing, and
downstream of 33 cm of tubing. The shape of the bipolar charge distribution is typical
of a Gaussian distribution where particles are increasingly less likely to carry charge
levels further from neutral. As described in Section 2.1.1, the charge distribution
is asymmetric towards negative charge levels and results show the steady-state is
significantly more negative than assumed in SMPS inversions. Downstream of 3 cm
of tubing, some discharging occurs shifting the particles more positive in each charge
level as well as on average. Discharging becomes significant using the 33 cm tube. The
+1 single charge fraction increases from 0.093 at steady-state to 0.159 (71% increase)
after 33 cm of tubing due to charging from positive ‘downstream ions’. The significant
change in the +1 single-charge fraction has implications for SMPS inversions which
rely most on the 41 single-charge fraction for determining number concentration from
SMPS scans.

Figure 7 shows mean charge per particle as a function of time downstream of the
Atmose ACC-EL1 compared with that of the TSI 3077A. The Atmose ACC-EI1 and
has a different internal geometry and ion source than the TSI 3077A charger, yet still
generates ions of both polarities which are convected downstream of its outlet tube.
While the internal geometry of the ACC-EI1 was not modelled in this work, the same
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Figure 6: Numerical results for changes in charge fractions of 239 nm diameter par-
ticles from steady-state during discharging for different lengths of tubing at a volu-
metric flow rate of 0.3 L min~!. Changes in positive single-charge fraction (+1) are
of particular note because these changes are most significant for resulting SMPS size
distribution.

reduction in magnitude of mean charge is observed and is attributed to the discharging
regime. The similar results for both candidate chargers provides further evidence that
the three bipolar charging regimes are generic to bipolar diffusion charging and not
unique to a specific charger geometry or ion source.

5 Discussion

Characterizing the three charge regimes provides a basis for further study of the most
dominant effects in practical bipolar charge conditioners. This study can be applied
to design improved charge conditioners and interpret aerosol measurements.

The results show the characteristics of the charging regime, as described by Eq. 5,
for an nt;,, product which is insufficient to reach steady-state (tion < 7en). These
findings are made possible by using mean charge as a metric for determining whether a
steady-state is reached, as was done previously by Adachi et al. (1983). The analytical
relationship between mean charge and nt;,, product, derived in this work for an
asymmetric charge distribution, is used to quantitatively predict the nt;,, product
when operated in the charging regime (ntj,, = 1.18x10'? m™3s for 10.8 L min~*
flow) and estimate the nt;,, product required to reach 99% of steady-state (nti,, =
2.2x10' m—3s). Assuming plug flow, these numbers provide an approximate estimate
that >99% of steady-state can be reached with 5.8 L min~! flow or lower for the TSI
3077A charge conditioner. This equation provides confidence that mean charge is a
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Figure 7: Experimental results showing mean charge per particle from two differ-
ent bipolar charge conditioners (TSI 3077A and Atmose ACC-EL1) as a function of
convective time in tubing downstream of the charger (i.e., convective time between
charging region and ion trap). Data were gathered for a wide range of tube lengths
and flow rates for 239 nm diameter particles.

clear indicator of whether steady-state is reached and can be applied to quantitatively
characterize the operating limits of a given bipolar charge conditioner.

If significant discharging occurs, the final charge levels as a function of particle
size are not at a bipolar, steady-state or near steady-state. The discharging regime
behaves as a combination of bipolar and unipolar charging causing the final charge
fractions to become a distinct function of:

e particle size and concentration (e.g., particles take up ions, making them un-
available for further charging);

e ion concentrations (e.g., ion generation rates);

e volume downstream of the ionization/charging region (e.g., downstream tube
volumes);

e tube diameters (due to interaction with electrical space charge and diffusion
losses); and

e volumetric flow rate.

Since these parameters cannot all be well-controlled, they introduce uncertainty in
the charge fractions and the instruments which rely on the charge fractions. Of par-
ticular concern are deviations from an assumed charge distribution due to particle
properties, i.e., particle size and number concentration. The experimental results of
the present work show that the mean charge per particle varies with number con-
centration at convective times in downstream tubing longer than ~1 s (e.g., vertical
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scatter in datapoints at each convective time in Fig. 5a). This sensitivity is attributed
to particles taking up ions making them unavailable for further charging, a process
which depends on ion concentrations and particle concentration.

Deviations from the assumed steady-state charge fractions are often attributed to
a saturation of the ion source most commonly observed with high particle number
concentrations (de La Verpilliere et al., 2015; Ibarra et al., 2020). Parameters such
as the ion-to-particle number concentration ratio are used to determine when this
effect is significant. By quantifying effects of the discharging regime, the present
work demonstrates that clear interpretation of the three regimes of common bipolar
charge conditioners must be considered if attempting to quantify deviations from
steady-state, e.g., using high particle concentrations or low nt;,, charge conditioners.

The discharging methods considered in this work have parallels in spatial after-
glows in plasma systems. After exiting a plasma, particle charge rapidly changes
in the afterglow because high mobility electrons, which control charge within the
plasma, are depleted much faster than ions (Vidwans et al., 2023; Suresh et al.,
2021). In photoelectric charge conditioners, negative ions produced from photoion-
ization recombine with the resulting positively charged particles downstream of a
photoionizing region (Maisels et al., 2002, 2003). In both distinct cases, electric fields
can be applied to control the eventual charge state (Vidwans et al., 2023; Nishida
et al., 2017). Due to the importance of the discharging region and similarity in other
fields, further analysis of the dynamics of that process is warranted.

Models of ion-to-particle charging in bipolar charge conditioners should be vali-
dated using experimental data which is carefully controlled and interpreted consider-
ing the three regimes of bipolar charging. Data from the TSI 3077A charger aligns
with the widely-used charge distributions from Wiedensohler (1988) when the convec-
tive time in downstream tubing is approximately 1 second or longer. It is noted that
particles pass through a relatively large volume at the inlet of a DMA column prior
to reaching the electrodes, resulting in significant time for discharging to occur at
both low and high flow rates. As such, though the Wiedensohler approximation may
be appropriate in many cases (Wiedensohler, 1988), care must be taken in applying
it for measurement inversions if the charge conditioner is subject to the sensitivities
of the discharging regime listed above.

Furthermore, if discharging is present in experimental data but not accounted for
in models (e.g., by incorrectly assuming steady-state), the models may be incorrectly
validated. The present work clearly shows that steady-state is not the effective mode
of operation of a common bipolar charge conditioner. The framework of the three
regimes provides a basis for correct validation of more detailed models of ion-particle
interactions as well as 3-dimensional charging and transport models.

Finally, the three regimes should be considered in the design of new charge condi-
tioners for a range of applications. The sensitivities of the discharging regime may be
completely avoided by quickly removing ions downstream of the ionization/charging
region. Then, operating with a more asymmetric steady-state than traditionally ex-
pected could provide advantages. For example, SMPS systems could be run with
negative polarity, thereby increasing absolute signals (since the negative charge frac-
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tions are significantly higher in magnitude than than the positive charge fractions).
In the design of a low-cost electrometer-based monitor, the asymmetry in charge can
be harnessed, in this case increasing signal strength by nearly a factor of nearly four
from that previously assumed (Nishida et al., 2020).

6 Conclusion

Charge distributions must be known as a function of particle size for widely used
aerosol measurement systems. In this work, we quantify a significant phenomenon
that affects bipolar charge distributions and characterize three regimes of bipolar
charging for a common Kr-85 bipolar charge conditioner (TSI 3077A). We show that
although a ‘steady-state regime’ is reached within the charge conditioner, the charge
distribution is significantly more negative than expected: mean charge carried by
239 nm particles was approximately § = —1 compared to § = —0.27 expected by
conventional theory. Using analytical, numerical and experimental techniques, we
demonstrate that gaseous ions are readily convected into tubing downstream of the
charge conditioner, causing significant deviation from steady-state in a ‘discharging’
regime. We quantify this surprisingly significant effect and show mean charge changes
by nearly a factor of four within one second. We demonstrate that the discharging
effect is primarily a function of the time the particles and remaining free ions interact
downstream of the charger’s ionization region by varying the length/diameter of the
downstream tubing and sample flow rate. This effect is also demonstrated by a
different bipolar charge conditioner with a different internal geometry and ion source
than the 3077A charger. We discuss how all three regimes of charging, steady-state
and discharging should be considered in the design and operation of bipolar charge
conditioners with the aim of improving accuracy in aerosol systems such as differential
mobility analyzing systems and low-cost aerosol monitors.
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