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Abstract We apply to aerosols the optical method of
Single Particle Extinction and Scattering recently pro-
posed for characterizing liquid suspensions and specifi-
cally adapted to the aim. It provides simultaneous mea-
surements of the real and imaginary parts of the field
scattered in the forward direction by single airborne
particles passing through a tightly focused laser beam.
The intensity of transmitted light is collected in the
forward direction, thus realizing a self-reference interfer-
ometric scheme relying on the fundamentals of the opti-
cal theorem. A high frequency (20 MS/s), extended
dynamics (12 bits) sampling is performed by a cheap
segmented photodiode, and a specific pulse shape anal-
ysis is exploited to validate the signals against a precise
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mathematical model. We show that accessing two inde-
pendent physical quantities allows to exploit physical
models to recover the aerosol size distribution from the
measurement of the refractive index, either real or even
complex. Laboratory measurements have been per-
formed with polydisperse aerosols made of water drop-
lets and NaCl in the submicron range, and the system has
been accurately characterized. Examples of measure-
ments of graphite nanoparticles and Pyrethrum smoke
are shown. Limitations are discussed.

Keywords Aecrosol optical properties - Light scattering -
Absorption - Extinction - Refractive index - Nano- and
microparticles

Introduction

The knowledge of the light scattering and absorption
properties of atmospheric aerosol is important for the
assessment of aerosol effects both at local scale (e.g.,
visibility) and at global scale (i.e., the Earth’s radiation
balance). The main physical parameters allowing the
description of light scattering and absorption by a parti-
cle are its complex refractive index, size, and shape
(Bohren and Huffman 1983).

Gaining deeper insight into such parameters is of
particular interest considering that the uncertainty cur-
rently associated to the aerosol-radiation interaction ef-
fect on the radiative forcing still ranges between — 0.77
and + 0.23 W/m? (IPCC 2013). Recently, Zarzana et al.
(2014) have shown that very small variations (e.g.,
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+ 0.05) of the imaginary part of the refractive index for
particles of about 150 nm in diameter leads to 20%
variation in the modeled radiative forcing thus evidenc-
ing that refining input parameters for climate models is
essential to reduce radiative forcing uncertainties.

To this aim, single-particle measurements of particle
size and complex refractive index can be of particular
interest: indeed, performing single-particle measure-
ments allows deriving the physical properties of a par-
ticle ensemble (or to study particle subsets) straightfor-
wardly. On the other hand, retrieving single-particle (or
ensemble subset) properties starting from integrated
measurements is an inversion problem that can be
solved only using other constraints, if at all (e.g.,
Chemyakin et al. 2016).

Different approaches can be found in the literature to
determine single-particle size and/or refractive index
exploiting light-particle interaction. A widely used class
of instruments determining particle size from the inten-
sity of the scattered light at fixed angle is represented by
optical particle counters (OPC; Heim et al. 2008;
Sachweh et al. 1998) which work under the assumption
that the measured particles are spherical and have the
same refractive index of the material used for the cali-
bration. Ongoing works are leading to more refined
single-particle techniques providing both particle size
in submicron range and refractive index: some of these
single-particle techniques are based on particle trapping
and thus they are more suitable to study the effects of
evaporation, hygroscopic growth, or aging on the parti-
cle size and/or refractive index than for online monitor-
ing of ambient aerosol. As examples, ultraviolet broad-
band light scattering (UV-BLS) was developed to deter-
mine the size and refractive index of non-absorbing
particles down to few hundreds nanometer (David
et al. 2016) from the intensity of scattered light at
different wavelengths; Cotterell et al. (2015) developed
and applied single-particle cavity ring-down spectrosco-
py (SP-CRDS) to determine single-particle extinction
efficiency, as well as—thanks to tandem phase function
measurements—particle size and refractive index. Re-
cently, attention was given to the evaluation of the
accuracy of the retrieved complex refractive index
(Cotterell et al. 2016), reaching very high accuracy
(< 0.1%) for particles with diameter in the range
1000-2000 nm and within 10% in the range 400—
600 nm.

At the best of our knowledge, the only instrument
developed with the aim of determining the complex
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refractive index of non-trapped single particles in air—
thus specifically designed for online measurements—is
a single-particle polar nephelometer (Nakagawa et al.
2016). In the current form, the instrument measures the
scattering angular distributions in planes parallel and
perpendicular to the polarization of the incident laser
beam. The results were compared to simulations carried
out by a priori assumptions on particles refractive index.
Only in the case of nigrosine, an attempt to determine
the complex refractive index of the material is per-
formed by a minimization of squared residuals between
measurements and predictions obtained at different re-
fractive indices.

Here we describe a novel approach for the measure-
ment of size and refractive index of aerosol in air based
upon an optical layout which has been recently intro-
duced and validated for liquid suspensions. It relies on
the Single Particle Extinction and Scattering (SPES)
method (Potenza et al. 2015a), allowing for the simul-
taneous measurement of the real and imaginary parts of
the forward scattered field. The SPES method relies on a
self-reference interferometric scheme in which particles
are driven through the focal region of a light beam, and
the transmitted light is collected onto a sensor placed in
the far field; signal analysis further refines the instru-
ment outputs, rejecting spurious signals. As well known
(Bohren and Huffman 1983; Van de Hulst 1981), the
field amplitude in the forward direction provides lot of
information on the particle characteristics (optical theo-
rem). Stemming from these concepts, SPES provides
information of utmost interest—i.c., particle size and
refractive index—under few or no assumptions (see
“Single Particle Extinction and Scattering” section)
(Potenza et al. 2015b; Villa et al. 2016), despite the
extremely limited parameters measured (the real and
imaginary parts of the adimensional scattering ampli-
tude) (Potenza and Milani 2014).

Applying the SPES concept to measurements of
aerosol in air as proposed in this work allows to do the
following:

—  Perform single-particle measurements of untreated
samples. In this way, detailed statistics on the prop-
erties of the analyzed population can be obtained
instead of the average properties obtained by inte-
grated measurements; moreover, possible subsets of
peculiar interest can be studied;

— Avoid any calibration: measurements of the scatter-
ing field are directly related to aerosol physical
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parameters by the Mie theory in the spherical parti-
cle approximation;

— Reject spurious signals (e.g., due to the passage of
more than a particle through the beam, or passages
of particles out of the focal plane) through the
analysis of signal characteristics;

— Determine both the particle size and the refractive
index in the case of non-absorbing particles (in case
of aerosol of homogeneous composition, size poly-
dispersity allows to reach very high precision in the
refractive index determination) (Potenza et al.
2015b);

—  Determine, in case of absorbing particles:

(a) The particle size and the imaginary part of the
refractive index under assumptions on the real
part of the refractive index

or

(b) The real and imaginary part of the refractive
index if size segregation is performed up-
stream the SPES measurement cell (this ap-
proach has not been implemented yet);

—  QGain information on non-spherical shape in case of
aerosol of homogeneous composition: indeed,
thanks to single particle detection, disagreement
with results expected for spherical particles popula-
tion can be identified (Potenza et al. 2016; Villa
et al. 2016).

In this paper, we show the successful application of
SPES to airborne particles in laboratory tests. Neverthe-
less, its characteristics can be exploited in the future by
coupling with other instrumentation (e.g., a differential
mobility particle sizer for size segregation) to complete
the characterization of ambient aerosol.

In the following, we recall the fundamentals of the
method, describe the experimental apparatus specifical-
ly designed to perform measurements in air, and discuss
data analysis (“Single Particle Extinction and
Scattering” section). In “Results” section, we report
experimental results, including accurate measurements
of submicron water droplets and NaCl particles, both
produced by an atomizer (Topas aerosol generator ATM
220) and examples of SPES results obtained with graph-
ite nanoparticles and pyrethrum smoke aerosols. Exper-
imental results are the basis to discuss the advantages
and limitations of the SPES method on the basis of
experimental results. Finally, we discuss our

conclusions and perspectives in “Discussion and
conclusions” section.

Single Particle Extinction and Scattering

SPES method has been developed in the last years to
operate with liquid suspensions of nano- and micron-
sized particles. The fundamentals of the method, as well
as a detailed, fully analytical description of the instru-
ment response have been extensively given in Potenza
et al. (2015a). A complete validation has been per-
formed with very well-known particles of different ma-
terials suspended in water: spherical (Potenza et al.
2015b), non-spherical isometric (Potenza et al. 2015c¢),
oblate and prolate (Villa et al. 2016), as well as dielectric
and absorbing particles (Potenza et al. 2015a).

The method takes advantage from being absolutely
calibration free. As mentioned above, thanks to the
single particle detection, polydispersity is not an issue
here. By contrast, relying on polydispersity, it is possible
to assess with a high level of precision particle proper-
ties like refractive index (Potenza et al. 2015b) and
shape (Villa et al. 2016).

The fundamentals of the method

We first define the dimensionless scattered amplitude
S(0) for a particle in a light beam of wave number
k= 2m/\ (where A is the light wavelength). If Ag is the
complex amplitude of the illuminating field, the
scattered amplitude A(r,0) at distance r = o + y2 +
7%)""? and scattering angle # (we assume azimuthal sym-
metry) is:

exp| l.kT + ikz] A

A(r,0) = S(0) o 0 (1)

Thanks to the extinction or optical theorem (OT)
(Bohren and Huffman 1983; Mishchenko et al. 1999;
Newton 1976; Van de Hulst 1981; Potenza et al. 2010),
the extinction cross section Cey (i.€., scattering (Cye,) +
absorption (Cyy,) cross sections) is simply related to the
forward scattered amplitude S(0):

Cext = Cyea + Caps = _Re[S(O)] (2)

Several methods have been conceived to measure S(0):
Michelson, Mach-Zender, and Smartt interferometers were
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used to get rid of the intense transmitted beam, as accu-
rately described in literature (Bassini et al. 1997;
Batchelder and Taubenblatt 1989; Taubenblatt and
Batchelder 1991). SPES method is much simpler. A single
particle is sent along x-axis through the focal region of a
light beam and both the transmitted (i.e., reference) and
scattered waves are superimposed onto a sensor in the far
field. When the particle is exactly on the optical axis (z-axis
in Fig. 1), the two waves are perfectly concentric and
interference is perfectly uniform. Accordingly to the OT,
this is responsible for a depression of the reference beam
intensity accounting for both the scattered and absorbed
power, giving a rigorous measure of the extinction cross
section Coy. By contrast, when the particle is displaced
along x-direction, waves are slightly skewed (see Fig. 1),
skewness being imposed by the position of the particle.
The intensity modulation imposed by interference is relat-
ed to the modulus of the forward scattered field amplitude.
Hence, the name of Single Particle Extinction and
Scattering.

Interference between the (faint) scattered and the
intense reference waves generates a small, time varying
intensity modulation onto the sensor, a segmented quad-
rant photodiode (QPD) coupled with a custom front end
electronics followed by an anti-aliasing, four poles
Butterworth filter. Signals are then sent into synchro-
nous analog to digital converters (ADC) and digitized
data stored into a PC. Light intensity is sampled at a
frequency much higher than the inverse transit time (see
below), thus allowing a precise characterization of the
intensity changes with time for each segment. A

Fig. 1 Schematic of the SPES apparatus (a). A collimated laser
beam is tightly focused by lens L with focal length f'into the flow
cell where particles are driven downward at constant speed. The
emerging light is collected in the far field at a distance z by a
quadrant photodiode (QPD). In b, we show the transmitted (thick
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dedicated pulse shape analysis has been introduced in
order to discard the events generated by particles out of
the focal region, thanks to a rigorous validation method
(Potenza et al. 2015a). Therefore, SPES results are
intrinsically of high quality, with the drawback of a
strong reduction in the overall number of selected par-
ticles which makes the measurement time increasing
with respect to traditional OPCs.

Instrumental

Particles are sent at a speed of several meters per second
through a Gaussian focal spot having a waist w, of some
microns. Ideally speaking, the beam waist wy defines the
sensitivity of the method, as it ultimately gives the section
of the beam with respect to the cross section of the particle
(see Potenza et al. 2015a). In this work, we report results
obtained with wy = 5.5 um. Care was posed to avoid any
aberration, in any case limited to the spherical one thanks
to the axial symmetry of the optical system. Therefore,
signal durations of the order of approximately 5 us are
generated, sampled at a frequency of 20 MS/s, allowing to
detect approximately 100 points for each photodiode quad-
rant for each event. An ultra-low noise laser (Coherent
Ltd.; 5 mW power, 640 nm wavelength) has been adopted
in order to limit the intrinsic, high frequency fluctuations.
In fact, from a practical point of view, the laser fluctuations
(about 10~ for typical laboratory red lasers: see Sanvito
et al. 2013) actually impose the main limitation to the
sensitivity of the method; generally, they originate by

line) and scattered (thin line) waves generated by a particle repre-
sented by the black dot. The interference of the transmitted and
scattered spherical waves generates intensity fluctuations over the
sensor
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mode hopping into the crystal and therefore are very
difficult to be avoided.

The front end electronics is specifically designed to
provide two different outputs for each sensor:

(a) A fastsignal, which provides a zero average signal
proportional to the fast intensity fluctuations im-
posed by the particle passage through the beam;

(b) A slow signal obtained by applying a low pass
filter with a time constant much longer than the
transit time (7 = 250 ps), for the continuous mon-
itoring of the intensity of the beam onto the sensor.

This allows the continuous calibration of the signals
to the reference beam power.

Furthermore, pulse shape analysis is exploited to
remove spurious signals. A detailed description of the
signal analysis can be found in Potenza et al. (2015a). It
is noteworthy that pulse shape analysis allows to reject
spurious events related to the passage of particles out of
the focal plane as well as the possible passage of two
particles through the beam.

As reported in Potenza et al. (2015a), thanks to the
self-reference interference and the rigorous measure-
ment of the beam power P, the signals can be analyzed
without any adjustable parameter making the system
absolutely calibration free. Notice that no other param-
eters are required, as A and w, are well known for a
given optical setup. This is a huge advantage of SPES
method with respect to other instruments.

Data analysis: recovering the scattering amplitude

The knowledge of the forward scattered amplitude S(0)
carries a noticeable piece of information, although not
enough to give the complete knowledge of the particle.
As extensively discussed in Potenza and Milani (2014) and
Potenza et al. (2015a), analyzing the 2D distribution of the
measured S(0) values from a collection of particles allows
to give an estimate about refractive index (Potenza et al.
2015a). In that, a key role is played by the particle shape
that, although giving a minimum effect thanks to the
forward scattering geometry, still plays a role for aspect
ratios larger than approximately 2-3 (Chylek et al. 1976;
Villa et al. 2016). For almost spherical or even any isomet-
ric geometry, the refractive index can be measured with a
precision better than 10%. If particles can be assumed to be
spherical, much better accuracy is obtained from the

average parameters obtained from a population of particles
(Potenza et al. 2015b).

Under the common assumption of spherical particles,
Mie theory allows building a table of complex values
covering the S(0) complex plane. For particles smaller
than 1 um and the case of pure dielectric, or even a
negligible imaginary refractive index of the material, a
one-to-one relation can be easily found between each
point in the S(0) plane and a given size-refractive index
information. In Fig. 2, the look-up table (LUT) obtained
for spherical, non-absorbing particles is shown in the
complex plane: panel a shows the size in colors plotted
in the complex plane and panel b shows the refractive
index values (same axes). It is evident that if only one
parameter is measured—i.e., information on extinction
only or on scattering only is available as it usually
occurs, €.g., using optical particle counters or extinction
sensors (Ruth 2002; Sachweh et al. 1998)—an assump-
tion on the particle refractive index is necessary for
assessing the correct value for the size. Opposite, the
SPES method performs two-parameter measurements
allowing the contemporary knowledge of Re S(0) (relat-
ed to the extinction cross section) and /m S(0) (related to
the scattered intensity), thus allowing the contemporary
retrieval of particle size and refractive index, overcom-
ing limitations of traditional single particle measuring
systems, which indeed are limited by the unknown
refractive index.

The case of absorbing particles, i.e., non-negligible
imaginary part of the complex refractive index, warrants
a specific discussion. Particles endowed with absorption
are described by at least three independent parameters
(size, real, and imaginary parts of the refractive index),
while with SPES we only access only two. Therefore, a
rigorous inversion of the data is impossible even for
spheres. Nevertheless, we stress that S(0) is affected by
absorption only for appreciable values of the imaginary
part of the refractive index, e.g., higher than 0.1 approx-
imately, as it can be easily derived from Mie calcula-
tions. Smaller values, although of interest for some
applications in climate and radiative transfer problems
(Albani et al. 2014; Bauer and Ganopolski 2014;
Harvey 1988; Lambert et al. 2008), are actually invisible
to SPES. Moreover, when dealing with appreciable
absorption within the limits of the SPES method and
by considering non-pathological values for the real part
of the refractive indices of the materials typically en-
countered in aerosol science, the main role in determin-
ing the complex scattered amplitude is by far played by
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Fig. 2 The LUT obtained for dielectric spherical particles. a Size, b real part of the refractive index

the imaginary part. Therefore, from a practical point of
view, the leading parameters characterizing the LUT
will only be the particle size and imaginary part of the
refractive index: the real part of the refractive can then
be assumed to be fixed as a first approximation as it has
only a minor influence on SPES results in this case. We
stress that in many cases absorbing materials are not
well described as homogeneous spheres, and the limita-
tion imposed by fixing a given value for the real part of
the refractive index is therefore negligible compared to
the unconsidered effects of the non-spherical shape and/
or internal structures (Sorensen 2001).

Alternatively, a different possible approach in ana-
lyzing SPES data can be used for a population of uni-
form particles, both for non-absorbing and absorbing
materials. As already proven in the case of liquid-
suspended particles (Potenza et al. 2015b), when a uni-
form composition can be assumed for all the measured
particles, or even for a known subset of them, the
measurement of the refractive index can be better ob-
tained by finding the best value fitting the overall data
set instead of considering the properties of single parti-
cles. In such a way, a much better determination of the
refractive index is possible (both for the real and com-
plex cases). Accuracy of a few percent can be reached.
This means that the same results can then be used to
recover a very precise particle size distribution, whose
reliability certainly overcomes that of a traditional light
scattering instrument, which assumes a priori a given
refractive index (Potenza and Milani 2014). In this
work, we applied this approach for both non-absorbing
and absorbing particles. In the case of absorbing parti-
cles, we compared experimental data to a set of LUTs
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generated at different & values, thus obtaining the best
estimate for the imaginary part of the refractive index of
the entire population. Inversion has then been obtained
by applying the corresponding LUT, thus associating
each measured event to size and refractive index. In Fig.
3, we report the LUT obtained for absorbing spheres
with an imaginary part of the refractive index k= 0.2, as
we will exploit to interpret data below.

In the following section, we report about our exper-
imental results obtained with different samples of parti-
cles with independent knowledge of some of the param-
eters giving rise to the scattered fields.

Results

In this section we report SPES data obtained on labora-
tory aerosols generated through a traditional atomizer
(subsection A), graphite nanoparticles generated by a
spark aerosol (subsection B), and smoke generated by a
slow burning pyrethrum coil (subsection C).

We will show SPES data in two-dimensional (2D)
plots of the complex scattered field. Histograms are
represented, counting the number of measured events
(validated particles) within each 2D bin in the plane.
Numbers are normalized to the maximum value and
represented in color scale: yellow = 0, blue = 1. We
stress that, since the range of measured values is extend-
ed over decades, a log-log scale is mandatory. The only
drawback is to hide the negative imaginary parts, since
they have to be taken as positive and the sign considered
separately, as we will discuss in detail later on.
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refractive index
Aerosol generated by atomization

In order to validate the method with airborne particles,
we performed a number of measurements in controlled
laboratory conditions by means of an aerosol generator
ATM 220 (Topas). It works as a two-substance nozzle
based on the injection principle and is combined with a
baffle placed close to the spray outlet. This integrated
particle impaction section removes coarse spray droplets
and results in a submicron particle size distribution. We
compare results obtained by atomizing pure water and a
saturated solution of NaCl in water. In both cases, we
can easily exploit the Mie theory and the LUT described
above for evaluating the particle size and refractive
index, thanks to the spherical approximation. No ab-
sorption is considered here that can be easily proven to
be negligible in our measurements. Raw data are shown
in the complex plane with log-log axes as two-
dimensional histograms.

Fig. 4 Experimental results
(color histogram) obtained with
pure water droplets, compared to
the expected values from the Mie
theory (red line). Only data with
positive imaginary parts of S(0)
are represented

In Figs. 4 and 5, we report the results obtained
with pure water droplets. Data in Fig. 4 are those
with positive imaginary part of S(0), compared to
the expected complex amplitudes obtained from the
Mie theory (red line). Figure 5 represents the results
exhibiting negative imaginary part of S(0). We stress
that the two populations have been collected simul-
taneously. No other selection has been used except
the sign of the imaginary part.

Thanks to the precise knowledge of the refractive
index of water and the spherical shape that can reason-
ably be assumed for the aerosol considered here, we can
further analyze the data by considering the shape of the
histogram in Fig. 4 at the highest absolute values of /m
S(0). We first notice that the data closely follow the
expected behavior predicted by the Mie theory, charac-
terized by a maximum in the imaginary values followed
by a deep minimum due to the presence of the Mie
oscillations (Van de Hulst 1981). Even more
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Fig. 5 Experimental results 20 Normalized counts
obtained with pure water droplets 15 0
with negative imaginary parts. No * 02
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interestingly, this region of the plot is expected to be this is the first time that this phase inversion has been
characterized by the phase inversion of the scattered clearly measured, thus supporting the reliability of the
wave, namely the negative values of the imaginary parts SPES approach.
of S(0) observed in Fig. 5 where we show the data Moreover, by means of the LUT discussed above, we
showing negative imaginary parts. As expected, the have evaluated the size and refractive index of each
two populations are well separated. To our knowledge, particle. In Fig. 6, we show the results expressed as a
a .
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Fig. 6 a 2D plot of the number distribution of size (abscissas) and refractive index (ordinates) obtained from the data in Figs. 4 and 5 by
means of the LUT represented in Fig. 2. In b and ¢, the size and refractive index distributions are reported
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2D histogram as a function of diameter and refractive
index (a), and the number distributions of diameters (b)
and refractive indices (c). First of all, it is noteworthy
that the particle size distribution has a sudden drop at
about 500 nm radius, which is consistent with the aero-
dynamic size-cut performed by the aerosol generator.
The average refractive index obtained from the histo-
gram in Fig. 6b results n = 1.32 £ 0.1, in agreement with
the expected value for water, n,, = 1.33.

The same approach followed for pure water has
been adopted for NaCl particles. The possibility to
measure such particles is of particular interest be-
cause sea salt is the main natural source of aerosol
on global scale. The corresponding results are plotted
in Fig. 7, compared to the expected complex ampli-
tudes calculated with the Mie theory for refractive
index ng = 1.55. We stress that, here, the assumption
of ideal spherical shape could in principle not be
adequate, even if no appreciable differences are ex-
pected in the complex amplitude until the shape is
approximately isometric (Potenza and Milani 2014).
This could be at the origin of the larger spread in the
data, as well as of the (slight) disagreement with the
expected behavior in the region of the Mie maximum.
Moreover, we notice that in this case almost no
events are found belonging to the phase inverted
region of the plot, thus preventing the analysis pre-
viously performed for water droplets about the sign
of the swing.

In Fig. 8, we show the results obtained by apply-
ing the LUT reported in Fig. 2 to the dataset in Fig. 7.
As above, panel a gives diameter-refractive index 2D
histogram, panel b the size distribution, and panel c
the index distribution. First of all, we notice that
particle size distribution has a sudden drop at a radius

Fig. 7 Experimental results
(color histogram) obtained with
NaCl particles, compared to the
expected values for spheres
obtained from the Mie theory (red
line)

Log Im [S(0)]

of about 300 nm, which is in agreement with the
expected size-cut (340 nm) of the aerosol generator
(I wm aerodynamic diameter) for NaCl particles
(density = 2.16 g/em®). It is noteworthy that the
refractive index size distribution is broader than in
the case of water, probably due to non-spherical
shape of salt particles. Statistical analysis of the his-
togram leads to a refractive index m = 1.55 + 0.2
which is in agreement with the expected value.

Graphite nanoparticles

We report the results obtained with a sample of graphite
nanoparticles produced by a graphite spark aerosol gen-
erator by Palas GmbH (Mod. DNP digital 3000), which
can be considered a proxy for black carbon (BC). BC is
as carbonaceous material with a deep black appearance,
which is caused by a significant, non-zero imaginary
part of the refractive index that is wavelength indepen-
dent over the visible and near-visible spectral regions
(Moosmiiller et al. 2009). The aerosol generator uses a
jump spark between two graphite electrodes under high
voltage to produce small particles of graphite. Due to the
high number concentration of primary graphite parti-
cles, they coagulate into agglomerates of larger size,
resulting in a polydisperse aerosol population.

Again, in this case the ideal spherical shape cannot be
safely assumed, the main limitation likely being the
assumptions of the spherical and homogeneous internal
structure of the particles. In principle, this would prevent
the use of Mie theory. As a consequence, we analyze
data through the LUT introduced above, thus limiting
our assumptions to isometric-shaped particles with un-
known, effective refractive indexes. In Fig. 9, we report
the SPES data. The red line represents the result of the
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Fig. 8 Sizes and refractive indexes obtained from the data in Fig. 7 (NaCl particles) by means of the LUT represented in Fig. 2. As in Fig. 6,
panel a represents the 2D histogram, panels b and ¢ the size and refractive index distributions, respectively

Mie theory evaluated for the best fitted values for both
the real and imaginary parts of the refractive index, thus
obtaining 7 +1k=1.3 + 0.2 i. The discrepancy visible at
the larger sizes (i.e., larger S(0)) is discussed below.
We exploited the LUT reported in Fig. 3 (k= 0.2, as
from the best fit to data) to recover the size and the real

Fig. 9 Experimental results
(color histogram) obtained with
graphite nanoparticles. The non-
compact structure of the graphite
nanoparticles makes it impossible
to compare to Mie theory. The red
line represents the best fitted
curve obtained from the Mie
theory (see text for discussion)

@ Springer

part of the refractive index for each particle, as described
above. The results are shown in Fig. 10. The size distri-
bution is in accordance with the expectations. The dis-
tribution of the real parts of the refractive indices shows
a rampant skewness. This is probably due to the hetero-
geneous internal structure of particles produced through
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Fig. 10 Sizes and refractive indexes obtained from the data in Fig. 9 (graphite nanoparticles) by means of the LUT represented in Fig. 3.
Panel a represents the 2D histogram, panels b and ¢ the size and refractive index distributions, respectively

coagulation of very small graphite particles formed by
the graphite spark aerosol generator. Aggregates (likely
fractals) have a non-compact internal structure that af-
fects the polarizability of each particle, and therefore the
refractive index estimated through the LUT by
interpreting data in terms of uniform spheres with an
effective refractive index. This can be the reason why
the effective refractive index is lower than the one
expected for single small spheres of BC—e.g.,
n=1.96+0.661at 589 nm (Seinfeld and Pandis 1998).

Here we stress that the complex polarizability of such
particles is actually influenced by the specific internal
structure. Keeping into account these effects is still an
open issue and a very difficult task to be addressed (for
an illuminating review, see Sorensen 2001). Neverthe-
less, data suggest that small and large particles have
different structures, as expected on the basis of simple
models of the aggregates based on the Maxwell-Garnett
approximation for the average polarizability. This shows

that larger particles are expected to be endowed with
lower polarizabilities than smaller ones due to the fractal
nature (Sorensen 2001; Potenza and Milani 2014) as
observed in our data where the average size increases
of about 15% when we consider refractive indexes
1.1 < n < 1.25 with respect to the larger values of n
(see Fig. 10a). This also explains the visible discrepancy
between the red line and the SPES data in Fig. 9.

Pyrethrum smoke

Another test was done measuring smoke particles pro-
duced by the combustion of a pyrethrum coil. This type
of smoke is far from containing pure black carbon
particles, as it was verified by collection of the particles
on a PTFE filter and the analysis of the particle deposit
absorbance by the multi-wavelength polar photometer
PP_UniMI (405, 532, 635, and 780 nm) (Bernardoni
etal. 2017; Vecchi et al. 2014). Wavelength dependence
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of absorption properties of particles is generally expect-
ed to follow a A “ trend (where « is called Angstrém
absorption coefficient). Whether o = 1 is expected for
BC particles in the Rayleigh regime (Moosmiiller et al.
2009), multi-wavelength measurements of pyrethrum
coil smoke showed av = 5.0 +0.4. This indicates possible
emission of light-absorbing organics (e.g., brown car-
bon (BrC), HUmic-Llke Substances (HULIS)) from
pyrethrum coil combustion. The mass absorption effi-
ciency (MAE) of light-absorbing organic species is
much less than the one of BC at longer wavelengths
but increasing sharply towards lower wavelengths
(Andreae and Gelencsér 2006): as examples, Utry
et al. (2013) reported MAE = 0.319 m?*/g and
MAE = 2.97-10 % m*/g for HULIS at 532 and 375 nm,
respectively, with a = 5.87; «(BrC) up to 9.5 have been
reported in the literature (Lack and Langridge 2013).

The analysis of data collected by SPES immediately
shows the presence of absorption by comparison with
the data from water and salt. In this case, a value of
k = 0.12 has been found to be adequate to describe the
overall dataset, although differences are evident be-
tween the smaller and the larger particles. In particular,
smaller particles are characterized by a slightly smaller
value of k£ of the order of 0.10, larger particles by
k=0.15. These differences can be neglected at this stage
of approximation in the data interpretation, the changes
being of the order of less than 20% in the average size.
Moreover, Fig. 11 shows that the particles are well
described by spherical shapes, as indicated by both the
limited extension of the population and the presence of
an evident maximum in the values of S(0). The distri-
butions of the size and the real part of the refractive
index are shown in Fig. 12.

Fig. 11 Experimental results

(color histogram) obtained with

pyrethrum smoke particles
S
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E
o3
o
-
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Discussion and conclusions

We have shown that the novel SPES method operated in
air may represent an important advance among the
methods for aerosol characterization. Without
pretending of being a substitute of existing devices and
methods, we are convinced that SPES can represent a
novel, precise source of information complementary to
that from other instruments.

As we have preliminarily shown with our data,
SPES allows to give insight into details of single
particles almost inaccessible before, at least with
online instrumentation capable of monitoring in con-
tinuous large volumes of air and accumulating huge
statistics (e.g., OPC). SPES opens the possibility to
determine both the particle size and the refractive
index in the case of non-absorbing particles. In
addition, aerosol populations with size polydispersi-
ty and homogeneous composition allow to reach
very high precision in the refractive index determi-
nation, as we carefully verified with water and salt.
For absorbing particles, the imaginary part of the
refractive index can be measured once the real part
is roughly known.

This is possible thanks to single-particle measure-
ments of untreated samples, allowing to either recover
detailed statistical properties of the analyzed population
or average properties obtained by integrated measure-
ments. From the experimental point of view, SPES is
immune from almost any calibration and the rejection of
spurious signals is rigorously implemented through ac-
curate signal analysis

In perspective, operating SPES in cascading with a
device for particle size segregation will allow to reduce
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Fig. 12 Sizes and refractive indexes obtained from the data in Fig. 11 (pyrethrum smoke) by means of the LUT obtained for = 0.12. Panel
a represents the 2D histogram, panels b and ¢ the size and refractive index distributions, respectively

the number of free parameters to be fitted to data,
opening new possibilities for aerosol characterization.
As an example, in such a way it could be possible to
gain information about non-spherical shape in case of
aerosol of homogeneous composition: indeed, thanks to
single particle detection, SPES data can be easily com-
pared to results expected for spherical particles
population.

Despite these advantages, SPES currently suffers of
some drawbacks. First of all, the frequency of the re-
corded events is limited, thus preventing from very fast
and time resolved measurements. This is due to three
main issues: (1) the tight focusing rampantly reduces the
scattering volume, so that the cross section encountered
by the flowing dust particles which generate signals is
limited; (2) the signal shape analysis guarantees the
superior quality of the data but reduces the number of
the validated particles; (3) distributing the events in the
2D complex plane requires a very large number of
events to be accumulated in order to really take advan-
tage from the refined analytical approaches described

above. Quantitatively speaking (1) in our apparatus we
maintained a rate of acquisition of approximately 500
particles/s; (2) among these, about 20% were validated;
(3) results are typically spread over several 100 bins.
Roughly, 2 min measurement will give about 10*
events, providing a Poisson statistical error of approxi-
mately 10% overall the 2D histogram. The capability of
generating a larger amount of information automatically
requires to drastically improve the number of recorded
events, thus demanding for longer measurement times.
Limitations are also imposed by the laser instabilities
that limit the SPES sensitivity and resolution. In our
device, a typical peak-to-peak noise of approximately
2:10"* was present, as mentioned above. By adopting
the signal shape analysis, we obtain a corresponding
sensibility of approximately 10> and 3-10 2 for Re
S(0) and Im S(0), respectively. Accurate characterization
of the source and a careful choice of the bandwidth have
been performed, thus bringing the current device close
to an optimum. Therefore, this is not an issue that can be
easily circumvented, at least without making huge

@ Springer



291 Page 14 of 15

J Nanopart Res (2017) 19: 291

efforts in compensating the instabilities. As a result, in
order to gauge the sensibility, a change of the focal spot
size is the easiest solution that nevertheless implies to
modify the instrumentation. In the case of tighter focus-
ing, it also reduces the counting rate as discussed above.
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