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Abstract
Low-cost methods for measuring airborne mi-
croparticles and nanoparticles (aerosols) have
remained elusive despite increasing concern of
health impacts from ambient, urban and indoor
sources. While bipolar ion sources are common
in smoke alarms, this work is the first to exploit
the mean charge on an aerosol resulting from
a bipolar charge equilibrium, and establish ex-
perimentally its correlation to properties of the
aerosol particle size distribution. The net cur-
rent produced from this mean particle charge is
demonstrated to be linearly proportional to the
product of the mean particle diameter and total
number concentration (i ∼ Nd) for two bipolar
ion sources (85Kr and 241Am). This conclusion
is supported by simple equations derived from
well-established bipolar charging theory. The
theory predicts that the mean charge on the
aerosol particles reaches an equilibrium, which,
importantly, is independent of the concentra-
tion of charging ions. Furthermore, in situ mea-
surements of a roadside aerosol demonstrates
the sensing method yields results in good agree-
ment (R2=0.979) with existing portable and
laboratory-grade aerosol instruments. The sim-
plicity, stability, and cost of the bipolar ion
source overcomes challenges of other portable
sensors, increasing the feasibility of widespread
sensor deployment to monitor ultrafine particle
characteristics which are relevant to lung depo-

sition and by extension, human health.

Airborne microparticles and nanoparticles
(aerosols) from indoor and outdoor air pollution
have been strongly linked to a myriad of adverse
effects on human health1. Multiple large-scale
air pollution studies have shown a direct rela-
tionship between sub-2.5 µm fine aerosol par-
ticulate matter (PM2.5) concentrations and all-
cause mortality2–5. Mechanistic studies have
indicated that ultrafine particles, a subset of
PM2.5

6,7 consisting of particles with aerody-
namic diameters smaller than 100 nm, may
have health impacts beyond those attributed
to PM2.5 due to their relatively high number
concentration, specific surface area, and poten-
tial for deeper penetration into human lungs8.
Epidemiological evidence remains limited due
to a lack of sensors appropriate for monitor-
ing local concentrations of fine-to-ultrafine par-
ticles6, particularly those tailored to the con-
cerns caused by the surface area and number
concentrations of particles between 10 nm to 1
µm.

Existing methods for detection of ultrafine
particles require full benchtop systems and/or
are prohibitively expensive for large scale de-
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ployment9. Networks of low-cost, distributable
sensors for monitoring ultrafine particles in ur-
ban areas or transport centres could be used
to carry out source attribution10,11, inform
policy12 and support epidemiological studies6.
Other applications of such sensors include work-
place hazard and exposure identification13, and
engine emissions monitoring14.
In this work, a new method for measuring

aerosols with particle diameters between 44 nm
and 1.05 µm is experimentally demonstrated,
with widely-accepted charging theory15 predict-
ing measurements below 10 nm. This method
has the potential to be implemented at suf-
ficiently low cost for widespread deployment
and leverages a common practice in aerosol sci-
ence of producing gaseous ions of both polar-
ities to charge particles to a stable, equilib-
rium state. The present proof-of-concept de-
vice distinctively uses the mean charge from
bipolar charging for quantitative aerosol mea-
surements, and is described and quantitatively
demonstrated both in a laboratory setting us-
ing a controlled aerosol source and in situ by
sampling a roadside aerosol. These validation
results are also supported by well-established
theory on aerosol charging.

Bipolar charging theory

Bipolar diffusion charging involves ionizing gas
molecules into both positively and negatively
charged ions using alpha or beta radioactive
decay16–18, X-ray ionisation7,19 or other meth-
ods20–23. These ions subsequently transfer
charge via collisions with particles by means of
diffusive and electrostatic forces, resulting in a
particle charge distribution consisting of pos-
itive, negative and neutral particles15,24. As-
suming that sufficient bipolar ion concentra-
tions are available18,25, a stationary charge state
distribution is established, henceforth referred
to as an equilibrium15. At this equilibrium
state, the rate of positive charge transfer to
particles with q charges to reach q + 1 charges
is equal to the reverse rate of negative charge
transfer to particles with q+1 charges to reach q
charges24. Furthermore, existing charging the-
ory shows that under these conditions, the frac-

tion of particles at each charge state is only a
function of particle size, and, importantly, in-
dependent of both the particle and ion concen-
trations18. This is in contrast to unipolar diffu-
sion charging used in portable sensors for par-
ticles26–29, where the charge fractions depend
on the ion concentration (ni) and the diffu-
sion residence time (t)30–32, which are functions
of the efficacy of the ion source and design of
the charger33. Therefore, the bipolar charging
method offers a significant advantage relative
to other charging methods such as unipolar dif-
fusion, because one can unambiguously predict
the charge distribution and mean charge as a
function of particle diameter for a given gas
mixture and its conditions.
At bipolar charge equilibrium, the fraction

of total particles (fq) at each charge state (q)
as a function of particle diameter greater than
50 nm15 is estimated by Gunn and Woess-
ner 34 . Therefore, the sensing method and the-
ory explicitly considers multiply-charged parti-
cles which act to increase the measurement sig-
nal. The mean charge per particle (qd) for a
given particle diameter (d) is given as the sum:

qd =
∑
q

q fq(d). (1)

When the aerosol is carried by a gas flow, the
net flux of charge yields a corresponding elec-
trical current as a function of diameter (id) as:

id = QeNdqd (2)

where Q is the volumetric flow rate of the gas
containing the charged aerosol, e is the elemen-
tary charge (1.6×10−19 C) andNd is the number
concentration of particles with diameter d.
The summation over the discrete charge

states of Eq. 1 requires numerical calculations.
To simplify and elucidate these relations, Eq. 1
may be approximated by an integral and solved
analytically as derived in Section S-1 of the Sup-
porting Information (SI) as follows:

qd =
id

NdQe
=

2πε0kT

e2
ln
(
Z+

Z−

)
d (3)

for a given absolute temperature (T ), positive
to negative ion mobility ratio (Z+/Z−), and the
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Figure 1: (a) The method is described by four key components: (1) ion generation via a bipolar
charge conditioner in which (2) an equilibrium of particle charge states is reached, (3) an ion trap
and (4) a Faraday cup electrometer which measures the net electrical current from the sample flow
of charged aerosol trapped in a filter. (b) Schematic of experimental apparatus for evaluating the
operating method using controlled particle size and concentration.

constants of electron charge (e), vacuum per-
mittivity (ε0) and Boltzmann’s constant (k).
This solution has a form previously derived
in Clement and Harrison 35 for the mean charge
of an aerosol at bipolar equilibrium.
Equation 3 indicates that the mean charge per

particle (qd) and corresponding net current (id)
for a given particle diameter (d) is a simple lin-
ear function of particle diameter, the gas tem-
perature (T ), and the natural log of the ratio of
positive to negative ion mobilities (Z+/Z−). For
a polydisperse distribution, the resulting cur-
rent (i) is proportional to the product of the to-
tal particle number concentration (N) and the
first moment average diameter (d; or arithmetic
mean diameter) of the particle size distribu-
tion, i ∼ Nd =

∫
Ndddd (see SI Equations S-8

to S-10 and Nishida et al. 36 for further details).
Importantly, at equilibrium, this relation is in-
dependent of the ion concentrations and resi-
dence time, effectively removing those design
parameters. Furthermore, the first moment of
a particle size distribution is equivalent to the

lung-deposited surface area (LDSA) of ultrafine
particles or the fraction of airborne particle sur-
face area concentration that likely deposits in a
human lung37. The definition of LDSA is lim-
ited to the range of approximately 20-400 nm
by the lung deposition curve38, therefore, the
‘first moment of a particle size distribution’ is
defined and measured in this work.

Methods
The working principle includes four main com-
ponents as shown in Figure 1a. An aerosol is
sampled continuously and charged in the ion
generation module, which uses a bipolar source
to produce sufficiently high ion concentrations
for the particle charges to reach equilibrium18.
An ion trap then removes the excess gaseous
ions by applying a small electrical potential dif-
ference (< 10 V) between two electrodes to gen-
erate a weak electrostatic field across the sam-
ple flow. The electrical mobility of the ions is
over 100 times greater than that of the charged
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particles in the size range of interest (10 nm
< d < 1 µm)7, so the ions can be trapped
without significant particle loss39. Finally, a
Faraday cup electrometer (FCE) traps all of the
particles (including the neutral fraction) using
a high-efficiency particulate air (HEPA) filter.
The flux of charged particles into the particle
trap induces an image current on the Faraday
cup, which is measured by an ammeter.
Laboratory validation measurements were

conducted using the setup shown in Figure 1b
to measure the current generated from the flow
of charged particles (id) with a known particle
number concentration (Nd) and monodisperse
diameter (d). Spherical, bis(2-ethylhexyl) se-
bacate (DOS) particles were generated and
diluted to provide a range of particle number
concentrations (dilution ratios between 10 and
150). A custom-built electrostatic precipitator
removed any particles charged during atomiza-
tion or dilution. The diluted, neutral aerosol
sample was then classified by an aerodynamic
aerosol classifier (AAC) to generate an aero-
dynamically monodispersed source40. Due to
the particles being spherical, it was possible
to calculate the equivalent particle geometric
diameter (d) for each AAC setpoint, which was
also equivalent to the particle mobility diame-
ter, a parameter commonly used by others to
validate bipolar and unipolar diffusion charging
theory41,42. The neutrally charged, monodis-
persed particles were sampled by a condensa-
tion particle counter (CPC) to measure the
particle number concentration (N) in parallel
with the proof-of-concept measurement device.
The disk diluter and AAC controlled the par-
ticle number concentration and particle size,
respectively.
The proof-of-concept device consisted of a

bipolar charge conditioner followed by an ion
trap and aerosol electrometer as depicted in
Figure 1b. The ion source for the bipolar charge
conditioner was either 85Kr (beta decay, 10.76
year half life) with 10 mCi/370 MBq activity or
three units of 241Am (alpha decay, 432.2 years
half-life) with a combined activity of less than
3.0 µCi/111 kBq. These 241Am units, each
with less than 1 µCi activity, are commonly
found in ionisation-type smoke alarms (which

are the most common smoke alarm type in U.S.
homes43), and conform to national regulatory
requirements for radioactive materials which do
not require special handling procedures for con-
sumers44. That quantity of 241Am typically
costs less than $0.01 per device at $1.50/mg45,
orders of magnitude less expensive than the
components required for a corona discharge ion
source, commonly used for unipolar charging.
After charging the particles, an electrostatic
precipitator with a low voltage (0.07 V) was
used as an ion trap. Finally, the aerosol elec-
trometer, which includes a Faraday Cup Elec-
trometer (FCE), measured the net current (i)
from the charged particles while controlling the
flow rate (Q). The specifications for the elec-
trometry (< 1 fA RMS noise, 1 s averaging
time) are commonly achieved in aerosol mea-
surements46,47 including in portable, unipolar
charging-based sensors for particles26–29.
The mean charge per particle at a given par-

ticle diameter (qd) is determined based on the
electrical current (id) measured by the aerosol
electrometer operating with a set flow rate (Q =
0.3 std L min−1), and is compared against the
one predicted by theory using Eq. 3 based on
the total particle number concentration (N)
measured by the CPC and the particle diam-
eter (d) selected by the AAC.
In a separate experiment, in situ measure-

ments were conducted using the proof-of-
concept device to measure ambient aerosols
on a roadside located adjacent to the south
side of the Department of Engineering in Cam-
bridge, UK. In parallel to the proof-of-concept
device, a CPC measured the total number con-
centration, a Naneos Partector measured Lung
Deposited Surface Area (LDSA)28,48, and a
Scanning Mobility Particle Sizer measured the
particle mobility size distribution. The 1 Hz
signal from each device was averaged over 1
minute except for the SMPS which had a sam-
pling period of 2 minutes. Further details of
the methods utilized in the laboratory vali-
dation experiments using a controlled aerosol
source and in situ demonstration by sampling a
roadside aerosol are outlined in Sections S-2.1
and S-2.2 of the SI, respectively.
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Figure 2: (a) Mean charge per particle (qd) as a function of particle diameter (d) for experimental
results and theory (Eq. 3 or Eq. 1 for ISO Standard conditions18). (b) Roadside aerosol mea-
surements comparing currents measured with the proof-of-concept device (equivalent to the first
moment of a particle size distribution) against LDSA (also equivalent to the first moment of a
particle size distribution) measured with a Naneos Partector, and particle number concentration
(N , or equivalent to the zeroth moment of a particle size distribution) measured with a CPC. (c)
Correlation between current measured with the proof-of-concept device and the LDSA measured
with a Naneos Partector (linear regression fit, R2 = 0.979).

Results and Discussion
Laboratory measurements of mean charge per
particle (qd) as a function of particle diam-

eter using either the 85Kr or 241Am bipolar
ion source are shown in comparison to the-
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ory in Figure 2a. The total particle number
concentrations tested ranged from 3.3×103 to
1.3×105 cm−3 and 6.3×103 to 7.2×104 cm−3 for
85Kr and 241Am, respectively, and the monodis-
persed particle diameter was varied from 44 nm
to 1.05 µm. The horizontal and vertical errors
bars depicted in Figure 2a illustrate the 4.7%
and 10% accuracy of the AAC49 and CPC50,
respectively. Within the particle size range con-
sidered, the experimental data demonstrates
that the measured aerosol current (id) is lin-
ear with respect to particle diameter (id ∼ d)
within the experimental uncertainty, and that
the mean charge per particle (qd) is indepen-
dent of the particle number concentration (Nd)
for diameter d as expected by theory. The con-
sistency of mean charge per particle with vary-
ing concentrations for a given particle diame-
ter indicates that charge equilibrium was effec-
tively reached for those data points. However,
in other cases, charge equilibrium may not be
reached due to flow effects, limited particle res-
idence time and/or insufficient ion concentra-
tions18,25,51.
The dashed and solid red lines were calculated

using the integral approximation (valid for par-
ticles larger than approximately 50 nm15) to
analytically estimate the mean charge per par-
ticle (see Eq. 3 and the bottom right corner
of Figure 2a). Since the analytical equation
for the lines contains only absolute temperature
(T ), four constants and the ratio of ion mobil-
ities (Z+/Z−), the latter was used as a fitting
parameter for the two different charge condi-
tioners used. The ion mobility ratios (Z+/Z−)
were 0.795 and 0.889 for the 85Kr and 241Am
sources, respectively, determined from regres-
sion fits (R2 values of 0.998 and 0.984, respec-
tively) of Eq. 3 to the experimental data. The
ion mobility ratios obtained are near the aver-
age ratio of 0.8 determined by Tigges et al. 51 for
a range of bipolar charge conditioners studied
over the past 50 years by others.
The difference between the ratios of ion mo-

bilities is likely from the two different ion
sources51, 85Kr (beta decay) and 241Am (alpha-
decay). This inference is supported by Fig-
ure S1 of Leppä et al. 52 which shows signifi-
cant differences in ion mobilities between 85Kr

and 241Am ion sources. Bipolar charge distri-
butions and therefore measurements of this de-
vice may be affected by variability in ion mobil-
ities. However, these effects are also present in
other electrostatic aerosol instruments, such as
the SMPS which is used as a particle measure-
ment standard (ISO 15900)18,52–54 and other
charging-based aerosol instruments55,56.
The solid black line in Figure 2a was calcu-

lated using Eq. 1 for the equilibrium charge
distribution predicted by Wiedensohler 15
and Gunn and Woessner 34 as outlined in ISO
Standard 15900 which explicitly uses the ion
mobility ratio (Z+/Z−) of 0.87518. The va-
lidity of this method has been confirmed by
more recent studies42,57 using the ion mobil-
ity ratio (Z+/Z− = 0.875) originally measured
from a 210Po alpha emitter58. This line is ap-
proximately linear down to 10 nm supporting
the applicability of this method to characterize
sub-50 nm particles; however, theory and ex-
perimental validation for linearity in this size
range requires further investigation.
In situ, roadside aerosols may in general con-

tain heterogeneous mixtures of different sizes,
shapes, and chemical constituents of particles.
The mobility diameter (dm) is often used to ap-
proximate the particle diameter (d) for diffusion
charging of arbitrary shaped particles41,42 such
as those expected in the roadside aerosol and is
done so in the following analysis.
Figure 2b compares ambient aerosol mea-

surements from the roadside using the proof-
of-concept device (electrical current, i), CPC
(particle number concentration, N) and Na-
neos Partector (LDSA) from rush hour to mid-
night on a Friday. Over this time range, Fig-
ure 2b shows the agreement between the proof-
of-concept device and Naneos Partector is ex-
cellent (R2=0.979 as shown in Figure 2c) as the
former measures the first moment of the ambi-
ent, polydispersed particle size distribution (i.e.
i ∼ Ndx where x = 1) and the latter measures a
close approximation to that measurement (i.e.
i ∼ Ndx where x ≈ 1.1), presented as LDSA37.
Both the proof-of-concept device and Naneos
Partector are compared with the CPC since it
is a widely used reference instrument. How-
ever, the CPC measures the zeroth moment of
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the ambient, polydispersed particle size distri-
bution (i.e. Ndx where x = 0). Therefore a di-
rect correlation between the CPC and proof-of-
concept device provides limited value and was
not completed. Over the time range shown, the
mean charge per particle∗ was q=0.11, which,
based on Eq. S-10 applied for a polydisperse dis-
tribution (see SI Equations S-8 to S-10 for fur-
ther details) corresponds to an arithmetic mean
particle diameter (d) of 64 nm†. This agrees
well (8.8% difference) with the arithmetic mean
of the mobility diameter distribution (dm) of
70.2 nm measured by the SMPS over the same
time range. These signal and size agreements
demonstrate that the ion mobility ratio found
from in-lab experiments (Figure 2a) can be used
as a one-parameter calibration to yield quanti-
tative accuracy in comparison with widely ac-
cepted reference instruments.
The signal and size agreements with the refer-

ence instruments (CPC, Naneos Partector and
SMPS) demonstrate that the proof-of-concept
device has quantitative accuracy when used in
situ in a real-world setting for a heterogeneous
aerosol mixture. Roadside aerosols generally
have a range of chemical compositions and mor-
phologies of particles; however, both bipolar
and unipolar diffusion charging methods are rel-
atively insensitive to these properties compared
to other low-cost methods59–61, thereby improv-
ing measurements.

Conclusions
Bipolar charging was used to bring an aerosol
stream to an equilibrium charge state. For a
given flow rate (Q), the net aerosol current pro-
duced by this charge state was shown to be lin-
early proportional to the product of the particle
number concentration and mean particle diam-
eter (i ∼ Nd). This conclusion is supported by
a simple analytical model derived using well-

∗Determined using Eq. S-10 with the current and
number concentration measured by the proof-of-concept
device and CPC, respectively, and then averaging the
mean charge over the time range considered.

†Determined using an ion mobility ratio of
Z+/Z−=0.795 as determined from the laboratory mea-
surements of the 85Kr charge conditioner.

established theory on bipolar charging. The an-
alytical equation further predicts that the net
charge per particle is linearly proportional to
the natural log of the positive to negative ion
mobility ratio produced by the bipolar charge
conditioner, as well as the gas temperature and
four constants. Importantly, the net charge
is independent of charging time and the ion
concentrations, providing more reliable charg-
ing than typical implementations of unipolar
charging. A proof-of-concept device experi-
mentally confirmed theoretical predictions for a
wide range of particle mobility diameters (44 to
1.05 µm) and number concentrations (3.3×103
to 1.3×105 cm−3) of spherical particles, with
theory predicting a continued linear correlation
down to 10 nm particles. The principle was
also demonstrated using an 241Am ion source,
which is widely used in ionization-type smoke
alarms. This provides opportunities for opti-
mization of a low-cost, quantitative sensor for
fine-to-ultrafine particles, since the ion source
is orders of magnitude cheaper and and more
compact than a corona discharge ion source. In
situ, roadside measurements confirmed quan-
titative accuracy of the proposed method by
comparison against reference, commercial in-
struments. Quantitative agreement with a Na-
neos Partector was R2=0.979 over eight hours
during and after rush hour traffic. The pro-
posed device measures the first-moment of a
particle mobility size distribution which may
be expressed as a lung-deposited surface area
(LDSA) of ultrafine particles. The simplicity,
stability, and cost advantages of this method
could overcome the challenges of existing de-
vices, enabling widespread deployment to di-
rectly measure particle concentration averages
for aerosols which are relevant to lung deposi-
tion and by extension, human health.
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