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Abstract. This paper describes a new instrument for the study of airborne particles. The
instrument performs a rapid analysis of the transient spatial intensity distribution of laser-
light scattered by individual aerosol particles drawn from an ambient environment and
uses this to characterize the particles in terms of both size and shape parameters. Analyses
are carried out at peak particle throughput rates of up to 10,000 particles per second, and
semiquantitative data relating to the size and shape (or more correctly asymmetry) spectra
of the sampled particles are provided to the user via a graphical display which is refreshed
or updated at 5-s intervals. In addition to the real-time display of data, continuous data
recording allows subsequent replay of measurements at either normal or high speed.
Preliminary experimental results are given for aerosols of both spherical and nonspherical
particle types, and these suggest the instrument may find use in environmental monitoring
of aerosols or clouds where some real-time semiquantitative assessment of particulate size

and shape spectra may be desirable as an aid to characterizing the aerosol and its

constituent particulate species.

Introduction

The determination of information relating to the shape of
particles within an aerosol is important in an increasing num-
ber of fields. In many circumstances the shape of particles
(fibrous, flakelike, spherical microdroplet, irregular-cubic) can
give some indication of the source of those particles and hence
facilitate more effective monitoring or contamination control
together with possible measures designed to reduce inadver-
tent aerosol generation. In atmospheric aerosols the differen-
tiation between cloud droplets and interstitial particles or ice
crystals can, for example, provide valuable information relating
to cloud formation dynamics. In environmental monitoring,
potentially hazardous particles may sometimes be identified
against a background of other airborne particulates by virtue of
their shape, respirable fibers being an important example of
this type.

The technique of optical scattering as a means of counting
and sizing individual airborne particles is common and is em-
bodied in a wide variety of commercial instruments. These
instruments are based upon the knowledge that the spatial
intensity distribution of light scattered by a particle is governed
in part by its size relative to the wavelength of the illumination
and that for spherical particles, exact theoretical modeling
using Mie theory [e.g., Bohren and Huffman, 1983] may be used
to produce a size calibration function for the instrument. How-
ever, the spatial distribution of scattered light is also governed
by the particle’s shape and orientation with respect to the
incident illumination, and in general, theoretical modeling for
nonspherical particles does not provide the route to a calibra-
tion function as it does in the case of spheres. Consequently,
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conventional optical counter-sizer instruments do not attempt
to deduce any information about particle shape but rather
assume all particles are spherical, each being attributed a
spherical equivalent size.

An alternative approach, recognizing that the spatial inten-
sity distribution of light scattered by a particle is inter alia a
function of its shape, is to attempt to analyze the distribution
and extract a shape-related index for the particle. This ap-
proach has been investigated by numerous workers, including,
for example, Allen and Husar [1976] who used diametrically
opposed detectors to measured light scattered by airborne
particles and, subsequently, were able to distinguish certain
limited particle shapes by taking the ratio of the sums and
differences of the two detector outputs; Diehl et al. [1979] who
similarly used the ratio of detector outputs at various pairs of
scattering angles to distinguish fibrous from nonfibrous parti-
cles (strictly speaking in an aqueous-borne rather than air-
borne environment); Rochon et al. [1988] and Al-Chalabi et al.
[1990], both of whom employed measurement of the polariza-
tion state of the scattered light at differing scattering angles to
yield shape information, the former to assess the fraction of
spherical particles contained within a particle population and
the latter to discriminate and size airborne fibers. Since none
of these instruments have matured to the point of commercial
exploitation, the determination of particle shape has normally
required the use of optical of electron microscopy techniques
which, while providing a wealth of information, cannot provide
the real-time response desirable in many atmospheric aerosol
monitoring applications.

The authors too have been involved in the assessment of
spatial light-scattering phenomena as a means of classifying
particles on the basis of shape and size. This led to a prototype
instrument [Kaye et al., 1991] in which an arrangement of four
photomultiplier detectors was used to measure light-scattering
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intensities from individual particles, and from these the shape
and size indices were computed. Although the instrument
could record data in real time, the determination of shape
indices required a comparatively lengthy postprocessing oper-
ation. The concept of this instrument has now been taken a
stage further with the development of a system capable of
real-time response: in this context this was specified as a ca-
pability to analyze up to 10,000 particles per second from a
sampled ambient aerosol and to display these data within a
maximum period of 5 s from the time of sampling. The fol-
lowing sections describe the operation of the new instrument
and give example results.

Instrument Operation

The instrument comprises a laser scattering chamber to-
gether with data capture, processing, and storage electronics
and display, all within a single case. The four-detector laser
scattering chamber is shown in Figure 1.

Light from a randomly polarized HeNe laser (not shown)
operating at 633 nm enters the scattering chamber orthogo-
nally to the plane of the figure and is directed via a 45° mirror
(visible at the center of the scattering chamber) onto the sam-
pled aerosol stream, drawn through the scattering chamber by
a constant volume air pump. The sample delivery nozzle in-
corporates a laminarly focused sheath of clean air surrounding
and constricting the sample airflow. This not only causes the
airborne particles to pass through the laser beam essentially in
single file but also results in a partial alignment of elongated
nonspherical particles with their long axis parallel to the air-
flow direction. A detailed analysis of this phenomenon and its
further application in the study of fibrous particles is given by
Hirst et al. [1995]. The degree of elongated particle alignment
is highly dependent upon particle aspect ratio [Hirst et al.,
1995] but is even detectable for particle aspect ratios as low as
3:1, as illustrated later. Such preferential alignment of elon-
gated particles provides a useful basis for improved particle
shape discrimination since the scattering pattern produced by
the particle is highly dependent on the its orientation with
respect to the axis of illumination.

The airflow velocity through the laser beam is approximately
25 ms™ !, resulting in an illumination period for each particle of
~5 ws. Individual particles passing through the laser beam
scatter light in all directions with an intensity distribution de-
pendent on, among other factors, the particle shape and size.
Forward scattered light at angles between 8° and 27° is focused
via a lens onto a single miniature photomultiplier tube (PMT)
designated as detector channel E4. Light scattered at angles
between 27° and 140° (representing approximately 82% of the
total 47 solid angle about the particle) is incident on an ellip-
soidal mirror which refocuses the light via a spatial filter to a
collimating lens assembly. This light is incident upon three
miniature photomultiplier tubes, designated as asymmetry de-
tector channels E1, E2, and E3, arranged symmetrically about
the chamber axis. Each particle thus generates four simulta-
neous electrical pulses which are fed to the data processing
electronics. Additionally, the time of flight (ToF) of each par-
ticle through the beam is recorded to a resolution of 100 ns by
measurement of the width of the channel E4 pulse. This facil-
itates the detection and subsequent removal of spurious data
events such as multiple-particle illumination within the beam,
which, unless the particles are exactly abreast within the flow,
result in an artificially extended signal pulse durations. (It
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should be noted that the sample airflow conditions are ar-
ranged such that all particles travel at the same velocity, i.e.,
the velocity of the supporting air, regardless of particle size.
This is in contrast to aerodynamic particle sizing instruments
which deliberately induce a size dependent velocity in the
particle trajectory through the laser beam).

Data Analysis

The signal pulses from the four detectors are sent from the
scattering chamber to the Data Acquisition Electronics for
amplification, integration, and conversion to digital format.
For each particle the four digital values (corresponding to the
El, E2, E3, and E4 detector output magnitudes) together with
the particle time of flight value are recorded. The Data Pro-
cessing Electronics evaluate an equivalent sphere size for each
particle and an empirical asymmetry factor, as described be-
low. These processed data are then passed to the display. The
display screen is refreshed (presenting new data only) or up-
dated (accumulating new with existing displayed data) once
every 5 s with information on all particles measured within the
preceding 5-s interval. The electronic data processing require-
ments limit the maximum number of individual particles which
may be analyzed to 10,000/s. Each screen refresh may there-
fore present new data relating to up to a maximum of 50,000
particles.

Particle Shape Assessment

A spherical particle passing through the measuring volume
will scatter light with radial symmetry about the beam axis,
resulting in signals of equal magnitude at the three asymmetry
detector channels. A nonspherical particle will produce a de-
gree of asymmetry in the radially scattered radiation profile
and this will be principally a function of the particle’s shape
and orientation [Hirst and Kaye, this issue]. The sample airflow
delivery system aids alignment of elongated or fibrous particles
parallel to the flow direction (i.e., vertical) and these particles
will therefore scatter more light to detector E2 lying in the
horizontal plane. To quantify the degree of asymmetry in the
scattering produced by each particle, an asymmetry factor, Af,
based upon the relative magnitudes of the three asymmetry
detector signals is evaluated using (1) given below

E —E1)>+ (E — E2)*+ (E — E3)?
4p - SEZED E_EEEY

X 40.81 (1)
where El, E2, and E3 and the magnitudes of the outputs of
detector channels 1, 2, and, 3, respectively, and E(bar) = (E1
+ E2 + E3)/3. The factor 40.81 is a scaling multiplier such that
the absolute range of Af is 100. Hence for a spherical particle
where E1 = E2 = E3, then Af = 0; and for a long fiber aligned
axially with the airflow giving E1 = E3 = 0 and E2 = some size
dependent positive value, then Af = 100.

The asymmetry factor, based simply on three detector out-
puts, is a comparatively crude measure of the degree of asym-
metry in the optical scattering produced by the particle. This
optical scattering is, however, heavily dependent on the parti-
cle’s shape (given some degree of control over particle orien-
tation). In an initial attempt to relate the value of asymmetry
factor to a recognized shape descriptor and to assess the shape
dependent sensitivity of the instrument (i.e., the minimum
particle asymmetry that can be resolved), a preliminary series
of experimental studies was carried out by Eyles [1992] using
silica “spheres” of mean diameter 5 wm. These particles ex-
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Figure 2. Theoretical instrument response for a summation of the detector outputs E1 + E2 + E3 + 0.5E4
against spherical equivalent particle size. The graph shows the envelope between the maximum and the
minimum values of scattered light flux for the range of particle refractive indices from 1.33 to 1.58, each
individual curve for a given refractive index being an oscillatory function between these extremes.

hibited a range of near-spherical morphologies and were ex-
amined using both a triple-detector scattering instrument and
a conventional two-dimensional image analysis of scanning
electron micrographs. The image analysis revealed an approx-
imately lognormal distribution of Feret diameter ratios (maxi-
mum:minimum diameter), with a mean of 1.16:1. The asym-
metry factors exhibited a similar form of distribution but with
amean Af of 9.5. Assuming a linear relationship between Feret
ratio and Af in this near-spherical region, the minimum de-
tectable particle asymmetry (corresponding to Af = 3, the limit
imposed by signal-to-noise considerations) corresponds to a
Feret diameter ratio of approximately 1.05:1. This is, of course,
an indicative result only, and a thorough analysis of the rela-
tionship between Af and particle length/width ratio is shortly to
commence using a range of micromachined silica particle types
(described by Hirst et al. [1995]). Populations of these particles
may be manufactured with extreme uniformity of particle
shape, and particles with aspect ratios from 2:1 to 15:1 will be
used in the study. The results of these investigations will form
part of a future communication.

Particle Size Assessment

Each particle is ascribed a spherical equivalent size. This
value is based on the theoretical modeling of the signal mag-
nitudes which would be received by each of the four detectors
for spheres of different sizes throughout the size range of the
instrument. The modeling was based on Mie scattering by
spheres of known size and refractive index, the values of an-
gular scattering being mapped through the optical system of
the chamber onto the four detectors. The graph in Figure 2
shows this theoretical response for a summation of the detec-
tor outputs E1 + E2 + E3 + 0.5E4, found empirically to yield
the minimum spread for the size and refractive index ranges
shown. The graph shows the envelope between the maximum
and the minimum values of light flux for the range of particle
refractive indices from 1.33 to 1.58, each individual curve for a
given refractive index being an oscillatory function between
these extremes.

The graphical function is stored as a lookup table in com-
puter memory, and each particle, spherical or nonspherical, is
ascribed a spherical equivalent size based on this table. (The

usable size range may be increased to 20 wm maximum by
changes to the instrument software, though with a marginal
loss of sizing resolution).

Data Display

The size and Af values of particles within a sampled aerosol
are displayed together with numerical data on particle count
and concentration, date, time, and sampling duration. The
primary display formats are described below.

Centroid plot. In the centroid plot, shown on the left in
Plates 1 to 3, each particle is represented by a dot whose
position within the triangle denotes the centroid of the three
detector outputs E1, E2, and E3. Thus spherical particles will
result in dots at the center of the triangle. Nonspherical par-
ticles will result in dots away from the center, in the case of
elongated particles toward apex E2. The color of the dot rep-
resents the frequency of particle data at that pixel location
according to the accompanying color scale. The mean of the
distribution and its standard deviation may also be displayed if
desired. In terms of asymmetry factor Af, the center of the
centroid plot corresponds to Af = 0, and each apex Af = 100
(with a linear radially symmetric function between these two
extremes).

Contour plot. For the aerosol under examination, the con-
tour plot, shown on the right in Plates 1 to 3, represents on a
20 X 20 element matrix the spherical equivalent particle size
versus asymmetry factor Af. The color of each element indi-
cates the frequency of particle data with those specific size and
Af values.

Preliminary Results

The following preliminary results, obtained with a variety of
aerosol types, illustrate the form of data which the instrument
produces.

Water Droplets

Plate 1 shows part of the instrument display screen following
a 5-s sampling period of an aerosol of water droplets. The
droplet mist was produced in a 300-L ballast chamber using a
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ulizer into a ballast chamber of controlled relative humidity.
Plate 2a was recorded with an ambient RH in the chamber of
10% and temperature 23°C. Under these dry conditions the
droplets rapidly evaporated to leave micron-sized cubic or
complex-cuboidal crystals. These crystals result in a character-
istic “tricorn” distribution in the centroid plot and exhibit a
mean Af of approximately 30. This distribution is indicative of
cuboidal crystals which tend to scatter preferentially to any of
the three asymmetry detectors, depending on the orientation
of each crystal on its transit through the laser beam. Plate 2b
was recorded in a similar fashion but with a chamber RH of
70%. Under these conditions, droplet crystallization would be
expected to occur more slowly if at all, and indeed the centroid
plot exhibits a narrow peak close to the center, suggesting the
presence of residual liquid droplets in the aerosol. The contour
plot, indicating increasing particle Af with decreasing particle
size, suggests the presence of smaller crystallized particles also.
More thorough studies of this type are under way, including
observing temporal changes of acrosol composition, and these
too will be included in a future communication.

Multiple Species Aerosol

Plate 3 illustrates the entire display screen resulting from a
prolonged sampling period of an aerosol containing three dif-
ferent particle species, as shown in the scanning electron mi-
crographs (SEMs) below the display. The aerosol was again
generated within the ballast chamber and comprised three
distinct particle species: 1-um polystyrene latex spheres; ellip-
soidal haematite particles of approximately 3:1 aspect ratio and
2- to 4-um length; and milled corn flour of mean particle
diameter 6 wm. The latex sphere aerosol was generated using
a nebulizer, while the other two particle types were aerosolized
from dry powder form using a compressed air jet. The centroid
plot in Plate 3 reveals the bulk of the sampled particles being
of near-spherical form, though little further information can be
gleaned from this display. The contour plot, in contrast, is able
to clearly distinguish the three particle species by displaying
both size and asymmetry factor data. The overlaid lines from
the contour plot to the SEMs indicate the respective particle
distributions. The 1-um spheres appear as a peak at the spher-
ical end of the asymmetry axis; the corn flour results in a broad
size and asymmetry spread in accordance with the material’s
disperse particle size and shape character, as illustrated in the
SEM; and the ellipsoids produce a separate peak with a mean
asymmetry factor value of 40 and a spherical equivalent size of
1.5 um. The higher asymmetry factor values produced by the
haematite ellipsoids is a result of the particles’ tendency to
align with their major axis parallel to the axis of the sample
delivery airflow, as referred to earlier, with the consequence
that they tend to scatter more light in the horizontal plane to
detector E2 than to either of detectors E1 or E3.

Discussion

The preliminary results given in this paper illustrate the
performance of a new instrument intended for the real-time
analysis of airborne particles in terms of size and shape pa-

19,221

rameters. The instrument is capable of analyzing data from up
to 10,000 particles per second in the size range of 1-10 um and
displaying these data within 5 s of aerosol sampling on a re-
peating 5-s cycle. Data may also be stored to an integral digital
tape drive to allow later replay or further temporal analysis.
The instrument may find application in atmospheric aerosol
monitoring or fundamental aerosol research where an appre-
ciation of particle shape is important or where particle shape
may be used to distinguish between different components of
the aerosol. The authors’ specific interests include differenti-
ating between droplets and other interstitial particles within a
cloud aerosol, distinguishing between supercooled droplets
and ice crystals in cirrus clouds, and monitoring the transition
of droplet aerosols to dried residual particles. The instrument
may also find application in situations where rapid or transient
fluctuations in aerosol composition must be monitored.

The results presented are illustrative only, and the authors
are currently engaged in a detailed assessment of the instru-
ment’s performance under challenges from specific aerosols,
including standard nonspherical particle types and complex
random particles such as combustion agglomerates. It is in-
tended that this work will form the basis of a further commu-
nication.
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