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Aerosols play an important role in global climate change by their
interactions with incoming solar radiation and outgoing longwave
radiation from the planetary surface. The climate effects of aerosols
depend on their scattering and absorption properties. This arti-
cle describes the development of an instrument (ASTER: Aerosol
Scattering To Extinction Ratio) that simultaneously measures the
scattering and extinction of single aerosol particles. ASTER uses a
high-Q cavity to amplify the extinction signal and innovative optics
to collect the scattered light. It can distinguish many partially ab-
sorbing particles from a few black ones even if the bulk absorption
is the same. Optical sizing and single-scattering albedo measure-
ments were made for laboratory-generated particles with diame-
ters from about 300 nanometers to above one micrometer. Using
this prototype instrument, changes in albedo for single particles of
20% or greater were detected by measurement of the scattering
and extinction. Optical sizing of the individual particles to within
~50 nm was accomplished using the ratio of the forward scattered
light to the total scattering. Initial measurements of laboratory air
showed a mode of highly absorbing particles. This article reports
design and early laboratory tests on ASTER.

INTRODUCTION

Aerosol particles in the atmosphere are known to play criti-
cal roles in the global climate system by affecting the radiative
balance of the Earth system (IPCC 2007). Aerosols contribute
to radiative forcing by the absorption and scattering of incoming
solar radiation and outgoing thermal radiation from the Earth’s
surface (Chylek and Coakley 1974). An important quantity in
the description of aerosol absorption and scattering is the single-
scattering albedo (SSA), wy. The extinction coefficient, ocp, is
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the sum of the scattering coefficient, op, and the absorption coef-
ficient, o,p. In terms of these coefficients, wy = oy /0ep and gives
the fraction of extinction that is due to scattering. Aerosols with
wo = 1 are pure scatterers and those with wy < 1 have an absorp-
tion component. Depending on the reflectivity of the underlying
surfaces, it has been suggested that aerosols with wy < 0.85 pro-
duce a net warming effect to the climate system and those with
values greater than this yield a net cooling effect (Penner 2001).

Much of the light absorption in atmospheric aerosols is due
to black carbon (Bond and Bergstrom 2005), minerals such as
hematite (Buseck and Posfai 1999; Lafon et al. 2006) and prob-
ably other absorbing organic material (Andreae and Gelencser
2006). The sources of black carbon are largely incomplete com-
bustion emissions and biomass burning. A key factor in the
absorption coefficient and thus in SSA is the mixing state of
the black carbon in aerosols (Ackerman and Toon 1981; Fuller
et al. 1999; Jacobson 2001). Black carbon in the atmosphere
that is found in a mixture with other chemical species, such as
a black carbon core surrounded with a coating, is termed inter-
nally mixed black carbon. Numerous studies have demonstrated
that elemental carbon is quite prevalent in the atmosphere with
tiny inclusions in as many as 90% of the submicrometer particles
in the polluted North Atlantic (Buseck and Posfai 1999). Even
in cleaner environments in the lower to mid-troposphere per-
centages of elemental carbon containing particles were found
to be in the 10-50% range (Posfai et al. 1999; Buseck and
Posfai 1999). Recent work has also determined that a few percent
of the aerosol particles in the upper troposphere-lower strato-
sphere region contain black carbon with approximately 40% of
all black carbon measured showing evidence of internal mixing
(Schwarz et al. 2006).

Understanding the sources and atmospheric processing of
light-absorbing particles necessitates an in-situ, single-particle
instrument for the measurement of the optical properties of
various classes of absorbing aerosols, including black carbon.
Numerous methods have been employed for the measurement of
scattering and absorption (or extinction) coefficients of aerosols.
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A widely used method for aerosol absorption measurements has
been the collection of particles on a filter and the measurement of
the change in transmittance through the filter to obtain absorption
as is done by the particle soot absorption photometer (PSAP) and
aethalometers (Bond 1999; Weingartner et al. 2003; Sheridan
et al. 2005). However, the chemical composition and morphol-
ogy of the particles can change during deposition onto the filters
leading to measured optical properties that may differ from those
measured in-situ (Subramanian 2007). Also, these bulk filter
methods do not provide single particle measurements. Photoa-
coustic spectroscopy (Arnott et al. 1999; Arnott et al. 2005; Lack
et al. 2006) has demonstrated accurate in-situ absorption mea-
surements. Cavity ringdown spectroscopy (O’Keefe and Deacon
1988) has been employed to provide aerosol extinction measure-
ments with uncertainties of a few percent (Smith and Atkinson
2001; Strawa et al. 2003; Baynard et al. 2007). When combined
with scattering measurements such as those from nephelometers,
these extinction measurements can be used to extract absorption
coefficients as well as provide for the derivation of SSA values.
However, due to the importance of factors such as relative hu-
midity on the aerosol optical properties (Baynard et al. 2007)
combining measurements from instruments operating under po-
tentially different environmental conditions can lead to uncer-
tainties in the derived optical properties of the aerosols. Strawa
and coworkers have developed a bulk measurement instrument
that addresses these issues by performing cavity ringdown mea-
surements to obtain the extinction coefficient as well as mea-
suring the scattered light from the same aerosol sample under
equivalent conditions eliminating some of the errors described
above (Strawa et al. 2003; Strawa et al. 2006).

The Single Particle Soot Photometer (SP2) (Schwarz et al.
2006) instrument performs optical measurements on single
aerosol particles. Specifically, SP2 measures the mass of black
carbon in single aerosol particles by monitoring the incandes-
cence of the particles after absorption of radiation by the black
carbon component. There is a linear relationship between the
intensity of incandescence and mass of the light absorbing mate-
rial. Information about coatings on the particles is also obtained
by measurement of scattered light from the particles. The SP2
instrument measures particles with diameters between approxi-
mately 90 and 800 nm as compared to the instrument described
within this paper that effectively measures particles with diam-
eters in the range of around 300 nm to above a micrometer. The
SP2 instrument measures exclusively aerosols containing black
carbon and excludes other absorbing aerosols such as mineral
dust and those with organic content.

The motivation for the ASTER instrument development de-
scribed herein is to provide in-situ, single particle measurements
simultaneously of extinction and scattering coefficients, provid-
ing SSA values for atmospheric aerosols of varying composition.
Making both measurements in a single instrument eliminates
numerous error sources (i.e., relative humidity differences be-
tween instruments). Since it operates in a single particle mode,
this instrument is able to determine, for example, if a bulk SSA

measurement of 0.9 is due to every particle in the sample having
an SSA value of 0.9, 90% particles being pure scatterers and 10%
being pure absorbers, or some intermediate mixture. This type
of information is lost in bulk measurements that provide single,
averaged SSA values. Single particle information will also help
track the changes in absorption that occur as light-absorbing
particles acquire coatings or are otherwise processed in the at-
mosphere. The experimental results presented here are prelimi-
nary and reflect the intermediate state of development ASTER
currently resides in. The errors and uncertainties in these results
will be used to make further improvements to the instrument.

INSTRUMENT DESCRIPTION AND PERFORMANCE

Instrument Design

The optical layout of ASTER is shown in Figure la. The
particle-laser interaction cavity consists of three high reflectiv-
ity mirrors (99.99%) in an equilateral triangle configuration. The
ring configuration is employed as it produces a traveling cavity
wave with three advantages over a standing cavity wave. First,
forward and backward scattered light is separable in a traveling
wave cavity. The separation of the forward scattered light com-
ponent is necessary for the optical sizing measurements. Second,
light scattering in a standing wave cavity might be inconsistent
due to particles encountering nodes or antinodes. Finally, optical
feedback into the diode laser is reduced by non-normal incidence
on the input cavity mirror surface in a ring cavity. Each leg of
the cavity triangle is 22.5 cm, corresponding to a free spectral
range (FSR) of 444 MHz. The finesse of the cavity is ~21000
calculated from the expression 7R%?/(1-R) where R is the mirror
reflectivity. From the value of the finesse and the FSR, the cavity
linewidth is calculated to be 21 kHz. The ringdown time for the
empty cavity is 7.5 us and is measured periodically to determine
mirror reflectivity. The Gaussian beam waist at the midpoint of
each leg of the triangle is calculated to be 340 um x 380 um.

An external-cavity diode laser (New Focus 6000 Vortex se-
ries) generates 672 nm light with an output power of 10 mW
that is incident on the three-mirror interaction cavity. This laser
source was chosen for several reasons. The diode laser provides
a compact, rugged laser source that is ideal for eventual field
deployment. Also, operation at 672 nm avoids water absorption
lines that could affect the extinction measurements. Multiple-
wavelength measurements would provide additional, valuable
information. In principle, ASTER could be operated at other
wavelengths by simply modifying the optics in the measurement
cavity. However, due to the nature of the frequency stabilization
employed, 672 nm is convenient. There are other potentially
usable wavelengths, especially in the infrared (IR). The diode
output beam passes through a Faraday isolator for optical feed-
back suppression, then an anamorphic prism pair to correct the
elliptical profile of the diode laser beam. The electro-optical
modulator (EOM) frequency modulates the beam at 30 MHz
for frequency locking of the diode laser to the interaction cavity
as discussed below. The beam then encounters an acousto-optic
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FIG. 1. (a)Instrument optical and locking layout. Optical components are mounted to an optical table that itself is located on a larger optical table with vibrational
damping mounts. The entire system can be enclosed to suppress air currents and stray ambient light if desired. (b) Diagram of the scattering cell and mirror enclosures
showing a top view of the three-mirror cavity. The scattering cell is rotated 45° out of the plane of the paper in the instrument. The forward and backward scattering
ports each contain seven fiber optic cables in a circular pattern about the beam axis. Only one of each is shown. Also, not shown is the aerosol outlet that is out of

the plane of the figure on the other side of the aerosol inlet.
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modulator (AOM) that diffracts the input beam when a voltage is
applied to the modulator crystal. The first-order diffraction is in-
cident on the interaction cavity. The AOM provides a method to
extinguish the cavity pump beam and initiate a cavity ringdown
event when desired. A A/2-plate is used to rotate the linearly
polarized light 90° to obtain an s-polarized beam as the cavity
mirrors have a higher reflectivity and thus a higher finesse with
s-polarized light. The final pre-cavity optical component is a lens
to provide for spatial mode matching between the input beam
and the cavity modes.

To achieve a consistent beam shape in the laser-particle in-
teraction region, we align to the nearly circularly symmetric
transverse electro-magnetic (TEMy o) cavity mode. The cavity
mode structure is evaluated by monitoring the cavity transmis-
sion as the frequency of the diode laser is swept across more
than one free spectral range of the cavity. When aligned prop-
erly the TEMj  mode is at least an order of magnitude more
intense than the other cavity modes. This allows for single-mode
TEM) ¢ operation and minimizes locking to a higher order mode
during data collection.

Frequency Stabilized Laser Locking

The diode laser used as a source is inherently noisy with
frequency fluctuations around the central lasing frequency on
different timescales. The frequency noise is dominated by jit-
ter on slower timescales due to thermal or mechanical effects.
Suppression of these frequency fluctuations relative to the cav-
ity narrows the laser linewidth and leads to a very large power
buildup in the cavity scaling as the inverse of the cavity mirror
transmission (1/T). Laser sources of modest output power can
then be used to achieve high circulating powers in the interac-
tion cavity. To achieve this locking one needs to measure the
frequency fluctuations of the diode laser against the cavity and
provide feedback to the laser to correct these fluctuations over a
bandwidth on the order of 1 MHz.

The diode laser is locked to the particle-laser interaction cav-
ity by the Pound-Drever-Hall (PDH) technique (Drever et al.
1983). The technique is described here in limited detail with
more thorough discussions found elsewhere (Fox et al. 2002;
Black 2001). The particle-laser interaction cavity is used as the
stable frequency reference. Reflected intensity from the input
cavity mirror interferes with the transmitted fraction of the cav-
ity wave to provide a measure of the frequency match between
the laser and the cavity. When the diode laser is on resonance
with a cavity mode the reflected intensity goes to a minimum.
Frequency modulation of the input beam followed by phase-
sensitive detection of the reflected intensity yields an error signal
to correct the laser’s fluctuations.

The diode laser output is frequency modulated at 30 MHz by
the electro-optical modulator shown in Figure 1a. After modula-
tion by the EOM the laser electric field incident on the cavity can
be written as having a component at the central diode laser fre-
quency ( fo) and two sideband components. When f; is roughly

aligned with a cavity mode the sideband components are outside
the resonance and predominately reflected. In addition the field
at fp reflected from the cavity is attenuated and phase shifted
relative to the input beam. When detected by a photodetector, the
photocurrent modulation at 30 MHz exhibits a maximum when
the laser is tuned to either side of the cavity resonance. The sig-
nal is bandpass filtered and combined in a balanced mixer with
the local RF oscillator used to drive the modulation in the EOM
to produce an error signal, the magnitude and polarity of which
depends on the frequency mismatch between the diode laser and
the reference cavity. This error signal is then sent to the diode
laser via a feedback loop amplifier to suppress the frequency
fluctuations and to provide locking to the interaction cavity.

The feedback loop amplifier electronics design is based on
that described by Fox and coworkers (Fox et al. 2002). The first
stage filters and amplifies the error signal from the mixer. The
second op-amp stage provides gain to the high frequency correc-
tions and is connected directly to the laser diode current through
aresistor. The second stage output is integrated to provide a sig-
nal to the piezoelectric transducer thus varying the output laser
frequency over slower timescales. The lock performance was
initially optimized by modeling the loop behavior as a function
of varying the components in the op-amp stages. The lock has
proved to be quite robust in the laboratory setting with contin-
uous single-mode locking on the TEMj ¢ cavity mode over the
course of many hours with no loss of locking or mode hops to
other cavity modes. The locking can be monitored by either vi-
sual observation of the spatial pattern of the mode on a white card
placed just after a cavity mirror or by changes in the DC level
of the photodiode signal that measures the light leakage through
one of the cavity mirrors. The TEMj o mode corresponds to the
maximum photodiode DC level and any sudden decreases in
this level are most likely the result of locking to another cavity
mode or the loss of locking altogether. Reacquisition of locking
is carried out by manually adjusting the injection current on the
diode laser power supply, although occasionally spontaneous
relocking does occur soon after laser lock is lost.

Particle Measurements

The scattering cell consists of a spherical/ellipsoidal mirror
pair (Figure 1b). The ellipsoidal mirror focuses scattered light
from one hemisphere onto the total scattering photomultiplier
tube (PMT) located orthogonal to both the beam axis and the
particle flow path. Light scattered into the other hemisphere
is sent back through the origin by the spherical mirror to the
ellipsoid and then to the PMT providing light collection over
a nearly 47 solid angle. The spherical/ellipsoidal pair collects
light more efficiently if scattered from the center of the region
than from areas outside of the center. This property provides a
way to discriminate against particles that have either escaped
the sheath flow or reside in other areas of the beam path.

Light scattered by the particles in the forward and backward
directions with respect to the beam axis are also collected in
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independent measurements. In both cases a series of seven 4-mm
diameter lenses are arranged in a circular pattern around the
center of the beam. These lenses are coupled to fiber optic cables
that are bundled and fed to two separate PMTs. Light scattered
in these directions is collected at angles between 4.6° and 8.5°
from the beam axis on each of the seven lenses. The angle of
maximum collection is 6.4° due to the use of circular lenses.
The different signal levels in the three scattering channels each
require different gains. These gains are provided by separate
power supplies for each PMT.

A photodiode resides outside of the interaction cavity behind
one of the cavity mirrors (Figure 1a,b). The photodiode mea-
sures the small fraction of light in the cavity that is transmitted
through one of the cavity mirrors. This photodiode signal is used
in aligning and optimizing the frequency-swept cavity modes. It
also measures the depletion of the cavity light as single particles
traverse the beam in the scattering cell. The measured deple-
tion is the sum of scattering and absorption (extinction) of the
cavity light by each particle. The cavity depletions appear as
Gaussian-shaped peaks on the dc extinction photodiode signal
that are absent with no particles present. A red filter reduces
stray ambient light on the detector and the path from the back of
the cavity mirror to the photodiode is partially enclosed to min-
imize interference on the extinction signal from particles found
outside of the cavity that randomly cross the beam.

The entire cavity beam path including the cavity mirrors is
enclosed. A diaphragm pump pulls the particles through the
beam, and keeps the cavity relatively free of particles in other
areas outside of the scattering cell that may potentially lead
to stray signals on the detectors. Each mirror has a small purge
flow of N to avoid the deposition of particles on the mirrors. The
purge flow is typically less than 10% of the combined sheath and
particle flow and is introduced roughly 5 cm from the entrance
to the scattering cell. Also, the distance between the tip of the
particle nozzle and the laser beam is only 2 cm. The purge flow
should have a negligible effect on the sheath flow. This will be
investigated in future flow modeling of the system. Along the
beam path is a circular aperture that suppresses modes other than
TEMy,0.

Particles enter the scattering cell perpendicular to the laser
beam located in the center of the cell. As the particles inter-
act with the laser, light is scattered out of the beam and di-
rected towards the three PMTs. Simultaneously, the extinction
photodiode measures depletions in the dc voltage signal as parti-
cles traverse the beam. The wide-angle scattering signal triggers
two National Instruments 5122 two-channel digitizers that ac-
quire signals on the three scattering channels and the extinction
channel.

The data acquired for a single, purely scattering polystyrene
latex sphere (PSL) with a diameter of 900 nm are shown in
Figure 2. The amplitude axes vary for the four channels due
to different signal levels and accompanying gain settings for
the PMTs and the photodiode. The axes are not quantitatively
labeled, but typical measured signal levels for a 900 nm diam-
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FIG. 2. Photomultiplier and photodiode traces for the four data channels for
a single 900 nm PSL particle. A) The wide-angle scattering collected by the
spherical/ellipsoidal mirror pair. B) The forward scattering collected by the
lens/fiber optic coupled detector. C) The backward scattering collected by the
lens/fiber optic coupled detector opposite the forward scattering detector. D) The
extinction signal represented by depletion in the cavity light leakage through one
of the mirrors and collected by a photodiode. The relative signal strengths are
seen by the changes in signal to noise from A) to D). The photomultiplier tube
gain voltages and photodiode gain setting are set individually to both maximize
signal-to-noise as well as well as to avoid detector saturation.

eter particle are approximately 5 V with a 20 mV peak-to-peak
baseline noise for the wide-angle scattering, 1 V with 40 mV
peak-to-peak noise for the forward scattering channel, 300 mV
with 40-50 mV peak-to-peak noise for the backward scattering
channel, and 100-200 mV signals with 10 mV noise for the
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photodiode extinction channel. These values are dependent on
the gain settings on the detectors, as well as particle size and
optical properties.

The time axis is the same for all four traces. Time zero repre-
sents the point at which the scattering threshold voltage has been
achieved rather than when the particle reaches the center of the
laser beam. The signals are Gaussian in shape corresponding to
traversing through a Gaussian laser intensity profile. The peak
widths have a full width half maximum of on the order of 1 us
giving an estimate for the transit time of the particle through the
beam. The widths can be adjusted by variation of the particle
flow rate.

The differences in the signal-to-noise (S/N) levels between
the measurement channels are evident from the traces in
Figure 2. The largest signal is the wide-angle scattering (Fig-
ure 2a), which is the case for all of the purely scattering PSL
data. For the relatively large 900 nm spheres, the forward scat-
tering amplitude (b) is also quite large with favorable S/N. The
wide-angle scattering PMT gain voltage is set to avoid detector
saturation that occurs with the larger particles. The signal ampli-
tude diminishes considerably with the backward scattering (c)
illustrated by the decreased S/N. The extinction measurement
(d) also has poorer S/N due in part to measuring a small change
in signal against a bright background. The scattering measure-
ments are made against an essentially zero background.

Data Analysis and Filtering

The measured quantities of interest for ASTER are the single-
scattering albedo (SSA) and a representation of size of each par-
ticle. The SSA is the ratio of scattering to extinction. The scat-
tering for each particle is the sum of the wide-angle scattering,
forward scattering, and backward scattering. For the particles
below about 500 nm in diameter, the backward scattering is not
used due to poor S/N. Backward scattering measurements are
omitted from the data presented here. For the sizing of particles,
the ratio of the forward scattering to the total scattering (wide-
angle + forward) is used as a proxy for particle diameter. Some
instruments, such as optical particle counters, measure particle
diameter by the amount of scattering over large solid angles.
This assumes that all particles travel through the center of the
beam encountering the same laser intensity profile, so there is
no position dependence to the scattering. The forward to total
scattering ratio is more robust in that to a first approximation it
is not dependent on particle position in the laser beam.

Sizing by amount of scattering is also dependent on the in-
dices of refraction of the particles. This can lead to uncertainties
in the sizing for samples that contain particles with multiple
refractive indices. Truncation errors, especially in the forward
scattering lobe, also lead to sizing errors. Mie scattering calcu-
lations using the ASTER scattering geometry were carried out
to study these effects. The calculations were carried out for a
series of indices of refraction including partial absorption for
one value. The calculated scattering cross section is integrated

over the angles 8.5° to 171.5° in each hemisphere represent-
ing the ASTER wide-angle collection geometry. The calculated
forward scattering is integrated between 4.2° and 8.5° and is
weighted to reflect the collection efficiencies of the lenses. The
backward scattering geometry in this calculation is symmetric
with the forward scattering.

Figure 3a shows calculations for the total collected scatter-
ing cross section as a function of particle diameter for various
indices of refraction. For particle diameters less than 1 microm-
eter, the cross sections show a clear dependence on refractive
index ranging over an order of magnitude at a given particle di-
ameter. Particle sizing based on the total collected scattering for
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FIG. 3. Mie scattering calculations for a series of indices of refraction for
varying spherical particle diameter. (a) Calculated total collected scattering cross
section versus particle diameter. Each curve represents calculations carried out
at the color-coded index of refraction. The calculated scattering cross section
is integrated over the angles 8.5° to 171.5° in each hemisphere representing
the ASTER wide-angle collection geometry. (b) Calculated forward to total
scattering ratio as a function of particle diameter. The forward scattering ratio is
the calculated forward scattering divided by the sum of calculated wide-angle,
forward, and backward scattering. Also, shown are mean ASTER measured
values of the forward scattering ratio for nominal PSL diameters of 500, 600, 700,
811, and 900 nm. Points in red represent purely-scattering PSLs with an index
of refraction of 1.59 + 0.00i. The black triangle represents partially-absorbing
spheres with an idex of refraction of 1.775 + 0.04i. The two scattering ratio
axes are different due to one being a calculated quantity and the other being a
measured quantity that can vary with varying detector gains.
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ASTER (and for optical particle counters) is inaccurate for sam-
ples with varying indices of refraction. Figure 3b is similar to
3a, but now the ratio of the calculated forward scattering to total
collected scattering is shown versus particle diameter. There is
very little dependence on index of refraction below diameters
of 1 micrometer when the forward scattering ratio is used for
sizing. Above 1 micrometer the variation ranges over about a
factor of two. Figure 3 clearly depicts the advantage of using the
ratio of forward scattering to total scattering as method of sizing
particles in ASTER by removing most of the dependence on
refractive index for submicron particles. It also largely removes
the spatial dependence of the particle in the beam as well as any
laser intensity fluctuations.

The measured quantities used to calculate the SSA and scat-
tering ratios are obtained by fitting Gaussian lineshapes to the
scattering and extinction signal traces. The LabVIEW-based
analysis program returns the following for each data channel:
peak amplitude, peak width, peak position, chi-squared value,
and area of the Gaussian peak fits. The SSA and scattering ratios
were calculated using both peak amplitude and peak area of the
Gaussian fits for comparison. There were no discernible differ-
ences between the two and all results presented here are based
on the peak heights of the Gaussian fits. Another instrument that
measures particle scattering digitally integrates the scattering
amplitudes to minimize the effects of signal noise (Dick et al.
2007). Directly integrating the peaks without the Gaussian fits
in ASTER will be explored to determine if this improves the
quality of the data. The Gaussian fit parameters would still be
needed for data filtering.

The particle data are filtered based on the Gaussian fit pa-
rameters. Any data files with zero or negative values for peak
amplitudes or peak widths on any of the four channels are fil-
tered out. The fitting program occasionally returns negative or
zero values when it attempts to fit a non-Gaussian-like signal
such as transient, large amplitude noise on the photodiode and
PMT channels. Poor fits are usually due to peaks with very small
S/N, but may also be due to more than one particle in the beam.
Fits with large peak widths are also discarded as these are most
likely caused by particles exiting the sheath and taking a non-
linear path through the beam leading to a longer residence time.
Flow modeling was not carried out for this version of ASTER,
however this will be undertaken in the future for the modified
version of the instrument. Roughly 10-20% of the data were
filtered out for the results presented here.

Laboratory Results and Discussion

The instrument performance in its current state of develop-
ment was assessed by measurements on purely scattering and
partially absorbing polystyrene latex spheres of known diam-
eters. SSA and scattering ratios were obtained for laboratory-
generated particles with diameters that range from 500 to 900
nm corresponding to size parameters of 2.34 to 4.21. The size
parameter is the ratio of the particle diameter to the wavelength

of incident light multiplied by a factor of 7. Particles with these
size parameters undergo scattering that resides in the Mie scat-
tering regime (Van de Hulst 1981).

Polystyrene latex spheres (Duke Scientific) of various diam-
eters were used as pure scatterers (SSA = 1) with no absorption
at 672 nm. A few drops of the polystyrene spheres (PSL) so-
Iution with a chosen mean diameter were diluted in 50 mL of
distilled water and nebulized with a Collison Nebulizer (BGI,
Incorporated). The particles were passed through a drying vol-
ume and enter a Differential Mobility Analyzer (DMA) for size
selection. The flows and column voltages are calibrated with
an Ultra High Sensitivity Aerosol Spectrometer (UHSAS) from
Droplet Measurement Technologies and a TSI Condensation
Particle Counter. These calibrations are carried out for each
sample with a given mean particle diameter to maximize the
transmission of particles with that diameter through the DMA.
The relative humidity of the DMA output was about 20% for the
data presented here.

The DMA-selected particles were introduced into the center
of the scattering cell roughly 2 cm from the laser beam waist us-
ing a customized nozzle (Droplet Measurement Technologies)
that includes a sheath flow of filtered N,. The position of the
combined nozzle-scattering cell assembly may be adjusted in-
dependently of the laser beam position allowing for variation
of the overlap of particles and laser beam. The overlap is op-
timized by monitoring the peak amplitudes of the forward and
wide-angle scattering channels. The largest signals on these two
channels occur when the particles pass through the center of the
laser beam. The small laser interaction volume dictated by the
geometry of the cavity and low ambient particle concentrations
in clean conditions lead to low probability of multiple particles
being in the beam at once. Laboratory particle samples were
diluted to achieve this condition.

The experimentally derived SSA and forward-to-total scatter-
ing ratios are shown in Figure 4. The data are color coded by the
manufacturer-specified mean diameter of the PSL sample used
to prepare each particle mixture. The mixtures were then further
size-selected using the DMA. For these data, the backward scat-
tering quantity is not used in deriving the SSA values and the
scattering ratios. Thus, the total scattering is the sum of forward
and wide-angle scattering. The total scattering is divided by the
extinction amplitude to yield an unscaled value of the SSA. This
experimentally measured ratio must be scaled to account for the
differing gains of the scattering PMTs and extinction photodiode
as well as imperfect collection of the scattered light. These gains
are scaled to set the average SSA obtained from the purely scat-
tering PSL to one. Note that there are two free parameters (the
gains of the wide-angle and forward channels relative to extinc-
tion) for the five particle sizes presented in Figure 4. Performing
measurements on multiple particle sizes yields more than one
independent measurement allowing for the two free parameters
to be determined from only one constraint (SSA).

Measurements were also made on partially-absorbing spheres
to determine if changes in SSA are measurable with ASTER. In
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FIG. 4. Measured single-scattering albedo (SSA) versus forward to total scat-
tering ratio for DMA size-selected polystyrene latex spheres (PSL). The SSA
values are determined from the ratio of measured total scattering amplitude (sum
of wide-angle scattering amplitude and forward scattering amplitude) to the mea-
sured extinction amplitude for each particle. The forward to total scattering ratios
for each particle are used as a proxy measurement for particle diameter. The par-
ticle data points are color coded by the mean diameter of the PSL mixture used
to generate the particles that were then selected by the DMA. Points in purple
represent a nominal particle diameter of 500 nm, green for 600 nm, blue for 700
nm, red for absorbing 811 nm, and black represents 900 nm particle diameters.
The PSL samples that are pure scatterers have albedos scaled to 1. This scaling is
used to determine the SSA values of the partially-absorbing spheres with a mean
diameter of 811 nm. The mean SSA after scaling against the pure scatterers is
0.79, which is in agreement with a photoacoustic measurement of 0.77 made
on the same partially absorbing particles. All data points were acquired on the
same day with only the particle generator sample and DMA voltages changed.
All other conditions are held constant.

this case, dyed PSL with a measured average diameter of 811 nm
(Lack et al. 2006) were generated and DMA size-selected by the
method described for the purely scattering spheres. The data for
the absorbing spheres are shown in Figure 4 depicted by the
red dots. The absorbing spheres have forward scattering ratios
that place it between the ratio values of the 900 nm and 700 nm
spheres. Using the scaling from the purely scattering, calibration
spheres, these dyed spheres have a scaled average SSA of 0.79
indicating partial absorption. This value is in agreement with that
measured in a photoacoustic spectrometer of 0.77 for particles
taken from the same batch (Lack et al. 2006).

Mie scattering calculations are again employed to investigate
the dependence of the ASTER SSA measurements on particle
optical properties and diameters. Figure 5 shows the calculated
SSA as a function of particle diameter. The red trace labeled
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FIG. 5. Calculations of the effect of truncation errors on ASTER. (a) Observed
albedo is the calculated albedo that is measured by ASTER taking into account
the collection geometries with the associated trucation of forward and backward
scattered light. This case is labeled “raw.” The corrected trace has the calculated
forward scattering multiplied by a factor of 2.09 to account for the forward light
truncation. (b) Albedo error as a function of particle diameter where albedo
error is the corrected observed albedo plotted in (a) minus the true albedo. True
albedo is the calculated albedo assuming perfect scattered light collection (i.e.,
no forward or backward truncation). The curves are color-coded by true albedo,
essentially showing the albedo error dependence on index of refraction.

“raw” in Figure 5a represents calculations of the observed SSA
taking into account the truncation in the ASTER collection ge-
ometry. The calculations use an index of refraction of 1.59, that
of PSL spheres, and represent SSA values of 1.0. The deviation
from SSA = 1.01is present for all particle diameters and increases
with increasing diameter. The blue trace labeled “corrected” is
the same calculation, but now contains a factor of 2.09 that the
forward scattering is multiplied by to correct for the truncation
errors in the ASTER geometry. The observed SSA is now very
close to the correct value of 1.0 for particle diameters up to
2.0 pm.

Figure 5b essentially expands Figure 5a now allowing the
SSA to vary for the particles. The albedo error is the difference
of the calculated ASTER-measured SSA with the 2.09 correc-
tion factor from the expected SSA of the particle with a perfect
collection geometry. The difference between the measured and
the true SSA is very small out to diameters of 2.0 um, even for
particles with very low SSA values. These calculations show that
ASTER should be able to produce accurate SSA over a range of
particle scattering and absorption when the forward truncation
is properly accounted for.

Based on Mie calculations, Figure 3 shows that the for-
ward scattering ratio provides a proxy measurement of particle
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diameter that monotonically increases with diameter and is in-
dependent of particle refractive index for particles up to 1.0 um.
The means of the forward scattering ratio for each particle size
group in Figure 4 are shown as individual points in Figure 3b.
The red points are the purely scattering spheres and the black
triangle is the mean for the partially absorbing spheres. The two
y-axes are different, because one is a calculated value and the
other is the instrument-measured value. However, the measured
values are qualitatively consistent with the calculated values and
do not show any dependence on refractive index. This indicates
ASTER provides a consistent measure of particle size in the
submicrometer range after calibration with known particle di-
ameters.

Measurements were also made on ambient, laboratory air to
determine the performance on an unknown sample that would
be encountered in a field setting. The data for these ambient
particles are shown in Figure 6 and are presented as scaled SSA
versus forward scattering ratio as in Figure 4. The SSA values
were scaled using calibration data from purely scattering PSLs
with diameters of 240, 600, and 800 nm. Overlaid in the graph
is the histogram of the scaled SSA values. Inspection of both the
SSA versus forward scattering ratio and the histogram show the
majority of ambient particles with SSA values near 1.0 (purely
scattering) and a small mode of particles centered near an SSA
value of 0.4, indicating appreciable absorption. The calibration
data is also used to determine the relationship between parti-
cle diameter and forward scattering ratio. The size distribution
peaks at forward scattering ratios below 0.1 with the maximum
in the distribution near 0.07. The maximum of the ambient par-
ticle scattering distribution at 0.07 then corresponds to a particle
diameter of around 300 nm with the distribution extending to

diameters just above a micrometer. There is a sharp drop in data
points below the maximum in the size distribution reflecting the
current small size limit of ASTER. Also, there are not many
particles with diameters above a micrometer most likely due to
the PMT saturation issues and subsequent filtering out of very
large particles.

It is likely that the ambient data no longer contain particles
that are only spherical in shape. For non-spherical particles, the
use of the forward to total scattering ratio as an indicator of size
may no longer be valid. To investigate this effect, the peak shapes
for the ambient particles were visually inspected for deviations
from a Gaussian lineshape and for poor fits. A large majority of
the ambient particles retain the Gaussian shape that is observed
for the laboratory-generated spherical PSL particles. A small
fraction of the particles that are retained after data filtering pos-
sess scattering and extinction peaks that show slight deviations
from the Gaussian of the spherical particles. These deviations
are generally in the form of slightly asymmetric peaks or mod-
ulations on the otherwise Gaussian lineshapes. The observed
deviations from Gaussian shapes in this data set occur for larger
particles. However, it is difficult to observe deviations for the
smaller particles with lower S/N. Small diameter, non-spherical
particles may be present, but currently are not discernible.

The ambient data was also color-coded by chi-squared values
for each of the three data channels, though not shown here.
The outlying chi-squared values were almost exclusively for
particles with the smallest forward-to-total scattering ratios near
or at the measurement cutoff. Those particles though to be non-
spherical did not have chi-squared values dissimilar from those
with Gaussian lineshapes. Poor fits appear to be predominately a
function of low S/N for the smallest particle diameters measured.
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FIG. 6. Single-scattering albedo (SSA) and scattering ratio measurements for ambient particles in the laboratory. The ambient SSA values are scaled using
laboratory-generated particles with SSA = 1. Three different PSL diameters are used to determine the size scaling for the forward to total scattering ratios for these
ambient particles. The top axis shows the nominal PSL diameters used to calibrate particle diameter to scattering ratio. Inlaid on the plot is a histogram of the SSA
data. The dominant peak is at SSA = 1 with a smaller mode below 0.5. Based on the calibration data of particles with known diameters, the large concentration of
particles just below a scattering ratio of 0.1 have diameters of approximately 300 nm.
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A future study will involve measuring particles known to be non-
spherical to determine the shapes of the signal traces and quality
of Gaussian fits in a more controlled experiment.

Measurement Uncertainties

Figure 4 provides information on the magnitude of uncer-
tainties associated with the SSA and forward scattering ratio
measurements for ASTER in its current development state. In
Figure 4, four groups of particles are chosen with SSA = 1: they
scatter all of the radiation impinging on them with no absorption.
The spread in the scaled SSA values increases with decreasing
forward scattering ratio, with roughly half of the values for a
given particle diameter greater than 1. The standard deviations
from the scaled mean SSA values of 1 for each group of parti-
cles are 0.105, 0.090, 0.116, 0.174, and 0.216 for 900 nm, 811
nm, 700 nm, 600 nm, and 500 nm, respectively. This indicates
the increasing uncertainty with decreasing particle diameter for
the SSA measurements. The mean scattering ratios and stan-
dard deviations for decreasing nominal particle diameter are
0.0423 £ 0.0013, 0.0358 £ 0.0023, 0.0284 + 0.0012, 0.0191
£ 0.0008, and 0.0142 £ 0.0007. The spread in the scattering
ratios follows roughly the opposite trend of the SSA with gen-
erally decreasing spread in the values with decreasing particle
diameter.

The sheath-to-particle flow ratios were varied from just above
10:1 down to about 1:1 with no drastic changes in the mean val-
ues of the forward scattering ratios and the SSA values. There
were slight differences in the shapes and widths of the histograms
with the various flow ratios. Likewise, changing the overall flows
in the instrument over roughly a factor of two at the same sheath
to particle flow ratios yielded no major changes in the scatter-
ing ratios and SSA values, but there were some changes in the
standard deviations of these values with the changing flows.

During measurements, the intensity of the cavity laser beam
drifts while remaining locked to the TEM, ¢ mode. This drift is
observable on either the dc level of the extinction photodiode or
by measuring the laser power transmitted through one of the cav-
ity mirrors. The drift is corrected for by adjustment of the cavity
mirrors or the injection current into the diode laser. The laser in-
tensity in the cavity was systematically varied to determine the
effect of changing intensity on the SSA and particle size mea-
surements. The SSA and scattering ratios for size-selected 600
nm particles were acquired at four different TEMj o intensity
levels spanning about a factor of two in intensity. Histograms
of the data show a drift of 5% in the mean SSA values between
the high and low intensity levels with a narrowing of the dis-
tribution for the lower intensities. The scattering ratios show an
8% change between the two intensity extremes with a somewhat
smaller change in distribution width. These drifts reflect chang-
ing alignment of the system with time and are not sufficiently
corrected for by the Pound-Drever-Hall locking scheme. These
drifts add a few percent of uncertainty in the measurements if
not monitored and corrected for.

The quality of the Gaussian fits to the measured scattering
and extinction peaks are an indicator of sources of measurement
uncertainty. The data processing program returns a chi-squared
value of the Gaussian fit that is used as a measure of the fit
quality. A lower chi-squared value represents a better fit to the
measured scattering and extinction peaks. For the 900 nm parti-
cles in Figure 3, the mean chi-squared values for the wide-angle
scattering, forward scattering, and extinction fits are 2.5 x 1073,
4.6 x 107*, and 3.2 x 1073, respectively. This implies that as
the S/N decreases the Gaussian fits to the data become poorer.
Also, comparing the mean chi-squared values of the extinction
fits for each particle size group yields 3.2 x 1073 for 900 nm,
3.5 x 1073 for 811 nm, 1.3 x 1072 for 700 nm, 3.3 x 1072 for
600 nm, and 5 x 10~2 for 500 nm. An error propagation calcu-
lation is not performed here, but the primary source of error in
the SSA values most likely resides in the extinction amplitude
channel as eluded to by the chi-squared values. It has the poor-
est S/N of the other channels used here and in turn the poorest
Gaussian fits. With the laser locked to the TEMy o and instru-
ment flows present, the noise on the extinction photodiode is
at least an order of magnitude greater than the shot-noise limit
of the photodiode detector. Suppression of this additional noise
should improve the S/N on the extinction signals and thus the
Gaussian fit leading to better quality SSA data.

The effective diameter range over which reliable measure-
ments can be made is determined by the S/N on the small diam-
eter end and by saturation of the detectors on the large diameter
range. The Mie calculations displayed in Figures 3 and 5 also
show a breakdown in SSA and forward ratio measurements for
particles with diameters above about 2 um. This also caps the
diameter range if one wishes to perform measurements on par-
ticles with varying index of refraction. The arguments above
on the increasing uncertainty in SSA measurements put a lower
limit on the particle diameter. For the data depicted in Figure
4, changes in SSA less than 50% are probably not detectable
below 500 nm due to increasing uncertainty in the extinction
measurements. However, for the ambient particles in Figure 6
the spread in SSA values is smaller down to around 300 nm
than previously measured in Figure 4. These two sets of data
were taken a few months apart with the ambient data taken just
after an optics cleaning. This cleaning leads to increased mirror
reflectivity and thus a higher cavity finesse. This higher finesse
in turn increases the extinction.

In this study, data for particles above 900 nm were not re-
ported for two reasons. The first is that particles much larger
than this produce saturation on the wide-angle and forward
scattering detectors. A solution yet to be implemented in this
instrument builds on the work of Gao and coworkers where
Gaussian fits are only carried out on the leading edge of a
peak to provide a fit for the entire peak (Gao et al. 2007).
This would allow for data from saturated peaks associated with
large particles to be retained. The second reason for the avoid-
ance of particles above 900 nm is due to limitations in the
DMA.
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SUMMARY AND FUTURE WORK

The ASTER instrument is being developed to simultaneously
measure scattering and extinction by single aerosol particles
from which single-scattering albedo (SSA) and a measure of
particle size are obtained. Performing the scattering and extinc-
tion measurements in one instrument may reduce uncertainties
in SSA values over those arrived at by combining measurements
from multiple instruments. Also, single particle data provide ad-
ditional insights and information to augment bulk SSA measure-
ments. Mie scattering calculations on the ASTER system indi-
cate that particle sizing using forward to total scattering ratios
is largely independent of particle index of refraction; a problem
that arises in particle sizing instruments, such as optical particle
counters. The preliminary results presented here will be used to
improve the future performance of the instrument.

A series of size-selected polystyrene latex spheres (PSL)
with SSA = 1 were used to calibrate the instrument and as-
sess its performance and limitations. Individual particle size
distributions with mean particle diameters roughly 100 nm in
separation were clearly resolvable using the forward scattering
ratio measurement. The measured SSA values, which should be
single-valued, showed a rather large spread in values that in-
creases with decreasing particle diameter. A sample of absorb-
ing, dyed PSL with SSA less than 1 was measured and compared
to the calibration particles. Previous measurements on these ab-
sorbing particles with other instruments yielded a mean parti-
cle diameter of 811 nm and a mean SSA of 0.77. Despite the
current resolution of the measured SSA values, the measured
ASTER mean value of 0.79 is consistent with that measured by
a photoacoustic spectrometer. ASTER was also able to identify
a small mode of highly absorbing particles in an ambient air
sample.

The data presented here were used to investigate the sources
of uncertainty in measurements and limits in the particle sizes
over which measurements can be made. These uncertainty and
error sources will be addressed in the redesign of the instrument
for field deployment. The data show that the spread, and hence
uncertainty, in the SSA measurements increases with decreasing
particle size due to decreasing S/N in the measured scattering
and extinction signals. The low S/N makes reliable SSA and
scattering ratio measurements for particles with diameters below
300 nm unlikely for the instrument in its current configuration.
It appears that the initial uncertainty sources to be addressed
are the low S/N on the extinction channel and also errors in the
Gaussian fits to the data.

The first instrument modification to address these issues is
to increase the reflectivity of the cavity mirrors. The scattering
signals would be larger because of increased circulating laser
power inside the cavity. More importantly, the increased mir-
ror reflectivity increases the finesse of the cavity, which would
increase the depletion signals leading to improved S/N on the
extinction measurements. The noise on the extinction photodi-
ode also increases with flow-induced turbulence that will have to
minimized. The interaction cavity in the field instrument will be

hermetically sealed to minimize light pollution and keep stray
particles out of the laser beam. The enclosure will also reduce
stray flows in the system that likely increase noise on the ex-
tinction channel. Finally, variations in settings of the frequency
locking electronics lead to variations in the amount of noise on
the extinction signal. A re-optimization of the locking system
must to be carried out to ensure the intensity and frequency
fluctuations in the cavity laser beam are minimized.

The collection of the forward and backward scattered light is
being modified to decrease the amount of light that is truncated
leading to increased signals. This will especially be important
for the backward scattered light that currently suffers from very
poor S/N due to the small amount of backward scattered light
available for measurement. The manner in which the Gaussian
fits are performed and signal amplitudes extracted will also be
studied in further detail as variation in the fit quality between
similar particles undoubtedly leads to spread in the data. Finally,
instrument environmental data, such as temperature, pressure,
and relative humidity will be recorded as an additional monitor
of various effects on the data quality.
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