
AMTD
3, 2515–2534, 2010

Fast time-resolved
aerosol collector:
proof of concept

X.-Y. Yu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Meas. Tech. Discuss., 3, 2515–2534, 2010
www.atmos-meas-tech-discuss.net/3/2515/2010/
doi:10.5194/amtd-3-2515-2010
© Author(s) 2010. CC Attribution 3.0 License.

Atmospheric
Measurement

Techniques
Discussions

This discussion paper is/has been under review for the journal Atmospheric Measure-
ment Techniques (AMT). Please refer to the corresponding final paper in AMT
if available.

Fast time-resolved aerosol collector:
proof of concept
X.-Y. Yu1, J. P. Cowin1, M. J. Iedema1, and H. Ali1,*

1Pacific Northwest National Laboratory, Richland, WA, USA
*now at: Arkansas State University, Jonesboro, AR, USA

Received: 1 May 2010 – Accepted: 17 May 2010 – Published: 1 June 2010

Correspondence to: X.-Y. Yu (xiaoying.yu@pnl.gov) and James Cowin (jp.cowin@pnl.gov)

Published by Copernicus Publications on behalf of the European Geosciences Union.

2515

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/2515/2010/amtd-3-2515-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/2515/2010/amtd-3-2515-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
3, 2515–2534, 2010

Fast time-resolved
aerosol collector:
proof of concept

X.-Y. Yu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Atmospheric particles can be collected in the field on substrates for subsequent labora-
tory analysis via chemically sensitive single particle methods such as scanning electron
microscopy with energy dispersive x-ray analysis. With moving substrates time resolu-
tion of seconds to minutes can be achieved. In this paper, we demonstrate how to in-5

crease the time resolution when collecting particles on a substrate to a few milliseconds
to provide real-time information. Our fast time-resolved aerosol collector (“Fast-TRAC”)
microscopically observes the particle collection on a substrate and records an on-line
video. Particle arrivals are resolved to within a single frame (4–17 ms in this setup),
and the spatial locations are matched to the subsequent single particle analysis. This10

approach also provides in-situ information on particle size and number concentration.
Applications are expected in airborne studies of cloud microstructure, pollution plumes,
and surface long-term monitoring.

1 Introduction

The development of the Fast Time-Resolved Aerosol Collector (Fast-TRAC) was driven15

by the need to probe dust within microstructures of clouds from a traversing aircraft,
though it has applications to many other areas, which are discussed later. Cloud mi-
crostructure is often on the scale of 1 m or less (Stevens et al., 2003). If traversed by an
aircraft flying at 150 m/s, a time resolution of ∼7 ms covers 1 m of flight. Existing cloud
probes such as the cloud imaging probe or the cloud aerosol precipitation spectrom-20

eter provide information on cloud particle size distribution and cloud droplet images
with fast time resolution (de Reus et al., 2009; Baumgardner et al., 2001). However,
particle morphology and chemical composition measurements are not easily obtained
using existing techniques.
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Particle mass spectrometers have been used for in-situ particle characterization in
recent years (Noble and Prather, 2000; Murphy, 2007, Zelenyuk, 2005). They have fast
time resolution, but they cannot observe more than 100 particles per s, which can limit
their use when particle concentrations are high. For example, the single particle laser
ablation time-of-flight mass spectrometer can detect particles down to 50 nm at the rate5

of 20 particles per s (Zelenyuk, 2005). In addition, these aerosol mass spectrometers
are rather large and costly instrument platforms. We sought a small, relatively inex-
pensive device, comparable to our existing time resolved aerosol collector (TRAC) with
improved fast particle collection abilities.

Time resolved aerosol collectors have been around for many years. For example,10

multi-drum sequential impactors (Lundgren, 1967; Raabe et al., 1988) deposit parti-
cles via slit nozzles onto rotating drums for post-field laboratory analysis via (usually)
PIXE (particle induced x-ray emission) or XRF (x-ray fluorescence). These low-power
compact samplers usually are operated with several minutes of time resolution. We
developed our own time resolved aerosol collector (TRAC) shown in Fig. 1, optimized15

for single particle analysis several years ago (Laskin and Cowin, 2001; Laskin et al.,
2003; Hand et al., 2005). The TRAC has been used widely in various field and labo-
ratory studies. This cube-shaped (17 cm on a side) device uses a 0.5 mm nozzle that
directs the incoming 0.9 l/min airflow against each of the 560 substrates sequentially in
the rotating platter. It collects all particles larger than 0.4 microns, and a representa-20

tive sampling of those down to about 50 nm. These substrates, usually transmission
electron microscope grids with thin film coatings of 10 to 100 nm thick, allow sensitive
analysis by automated electron microscopy on a single particle basis. This includes
elemental analysis by the energy dispersive x-ray spectrum of the particles. Its useful
time resolution has been about 60 s per substrate in aircraft studies.25

In this work, we demonstrate how to improve the TRAC approach via optical tagging,
providing millisecond time resolution. The configuration used to demonstrate feasibility
of concept is not field-deployable, and therefore this is a proof of principle paper. We
discuss how to make a field-deployable Fast-TRAC in the end.
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2 Methods

The particles are collected and optically observed simultaneously. Particles from 0.1 to
10 microns are targeted, as these are commonly found in the atmosphere. Particles in
this size range are known to be active as cloud seeding nuclei and of concern for their
health effects. Particles smaller than 0.1 micron are also of interest, though detecting5

these optically can be challenging, as discussed below. The wavelength of light used
in this work is larger than many of the particles of interest, and accordingly the internal
structure of the smaller particles cannot be resolved. This is not necessary for on-
line collection. It is only required that that we can detect the particle and know its
position adequately to prevent confusion with any neighboring particles. Assume that10

we have 1-micron resolution, it would suffice to have the density of particles well below
1 particle/1 micron2. For example, if 1/25 of this density is assumed, then particles on
average are separated by about 5 micron. If the field of view is 1 mm diameter, then
at this density 40 000 particles can be detected within the area. This requires at least
1000×1000 pixel resolution, to cover as large as 1 mm at 1-micron resolution.15

As research groups routinely use optical microscopy to probe single molecules on
surfaces (Xie and Trautman, 1998), detection of 100 nm particles ought to be tractable
based on these successes! Automated optical detection of particles as small as 30 nm
on 20 cm diameter semiconductor wafer substrates with sub-micron positional accu-
racy is done routinely (Terrell and Reinhardt, 2008; Li et al. 1991). These applications20

usually use scanning lasers, and the recent switch to UV lasers has made finding even
smaller particles possible. When particles are collected on a nearly featureless sub-
strate, scanning laser methods may be the preferred approach. But when the substrate
has significant patterns and contrast, direct imaging methods may be preferable.

Several groups have used scanning or imaging techniques to observe particles25

while they are being collected. Semleit et al. (1996) experimentally and theoreti-
cally analyzed real-time particle detection while particles were deposited onto a far
side of a glass plate, as a possible way to examine ambient particles in clean rooms.
They concluded that they should be able to detect down to 0.2 micron particles. They
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were limited by what is considered the “random” scattering of the glass surface, which
was at about the 10−5 to 10−6 of the incident light. They also concluded that the best
ratio of particle signal to substrate scattering involved light scattered at large angles.
Mienders et al. (1992) looked at real-time colloid deposition of sub-micron particles
with a long-range optical microscope objective. Li et al. (1998) examined micron-sized5

biological particles sticking to membranes with real-time optical microscopy. Many pa-
pers related to these two studies have evolved over time developing “microsieves” and
“nanosieves”, with goals of using lithography-produced grids for chemical and biologi-
cal separations. Some have involved real-time observation of particle deposition with
automated video analysis (Lin et al., 2009). Another example involves a laser scanner10

examining particles being deposited over 25 cm squares, with a sensitivity down to at
least 0.3 micron particles (Tsuchiya and Takami, 1998).

The detection limit of 0.2 micron particles when adsorbed upon glass (Semleit et al.,
1996) resulted from not knowing what the local light scattering of the glass would be.
This “random” noise is static. So when (as in our case) we compare sequential frames15

observing the same area, this static noise can be subtracted, permitting much smaller
particles to be detected.

Collecting particles onto a “featureless” substrate (polished glass or silicon) might
seem always preferable optically. However, solid substrates are subject to significant
haze, and can have significant bulk scattering intensities, making it difficult to observe20

particles as small as 50 nm optically (Okamoto, 2006).
With these past experiences and the goal to achieve optimal miniaturization and

cost control of an eventual fieldable system, we chose 1) a non-scanning approach
(no moving parts), 2) the use of a commercial compact high definition digital video
camera for imaging (low cost), and 3) a microsieve particle collection approach (low25

flow impedance, excellent for post-collection analysis including single particle chem-
ical analysis). The evolution of increasingly smaller high resolution imaging systems
for consumer products will permit increasingly smaller and cheaper versions of the
Fast-TRAC.
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The substrates normally used in the TRAC sampler are electron microscope grids
that are coated with continuous films tens of nanometers thick. These substrates col-
lect particles by impaction of a jet of air entraining the particles. In this work we use
a microsieve-type substrate, which filters out particles by drawing air through it. A
Quantifoil substrate is shown in Fig. 2. It is a microlithography-produced 20 nm thick5

carbon film, which has orthogonal arrays of 1.2 micron holes with a square 2.5 micron
center-to-center distance, on a 200 lines per inch copper grid (Ted Pella, Inc., 658-200-
CU). The central region of the meshes is very uniform. Being so thin, the substrates
have little optical scattering to interfere with optical measurements. They also have low
background for electron microscope-based single particle analysis (Laskin and Cowin,10

2001). These substrates can be used at a flow of about 3 l/min or less to collect 100%
of particles larger than the opening. Particles smaller than the hole size are still col-
lected because their inertia does not permit them to follow the air as it deflects around
the openings. For example, around 10% of the 0.1 micron particles can be collected at
1 l/min.15

The microsieve approach allows elimination of the nozzle, which improves the optical
design. For this prototype experiment, a simple holder of the 3 mm diameter Quantifoil
grid was placed under a Zeiss Axioplan microscope (Fig. 3). Air was drawn through
the central 2 mm of the microsieve, and particle containing air was simply introduced
by a tube just out of the line of sight, supplying slightly more air than what was drawn20

through the microsieve. Laminar flow of the air stream permitted efficient coupling of
the inlet air to the microsieve. The objective was either a 50X or 20X long working dis-
tance Neofluar infinity objective. The images were recorded by a compact consumer-
oriented Sony HDR-SR7 videocam interfaced to the microscope. The videocam takes
1920×1080 video at 60 Hz (interlaced) and 2 megapixel stills. The videocam has a25

60 GB hard drive. The 20X objective with a 12 mm working distance was sometimes
used in imaging, as it provides a larger field of view, yet still adequate resolution. The
50X objective with a 9 mm working distance was used in illustrating fast framing imag-
ing. The camera also has a 240 Hz framing mode, for a settable duration (default=3 s).
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Particles for the data shown here were polystyrene spherical test particles ranging
from 100 nm to 900 nm in diameter (Duke Scientific Corporation). Pure or mixed size
particles are nebulized from dilute solution into an air stream, dried, and sized with a
mobility analyzer (SMPS, TSI 3936) before being directed to the microsieve.

3 Results and discussion5

3.1 Optical tagging at 60 Hz

Figure 4 shows two sequential frames extracted from several minutes of particle de-
position. The standard 60 Hz (60 frames/s) framing rate was used, giving about 17 ms
between every frame. Several different particles sizes were introduced over this run.
The frames shown are from when 200 nm particles were being deposited. Several sin-10

gle 200 nm particles land in between those two frames highlighted by red arrows. They
are seen in high contrast in the difference image. One near pixel coordinates of 1540
along the x-axis and 510 the y-axis is shown enlarged in the bottom left panel. The
scattered light intensity (as the RGB, red green blue, magnitude) for this particle com-
pared to the background is shown in the bottom right panel of Fig. 4, which is averaged15

over an 8 pixel high (1.2 micron) line scan. The peak height to background noise is
about 80. This is about 50% more if the line width is dropped to 4 pixels. A Gaussian fit
to the particle has led to half width of 0.6 micron, implying the particle image is about
diffraction limited.

The results indicate that we can identify easily the arrival time of an individual particle20

to within the framing rate of the camera, and locate it to better than a micron. This is
true whether a single particle appears between frames, or whether dozens or even
hundreds appear between two frames. If 100 particles appear in 1/60 of a second,
this implies a particle rate 6000 particles/s, much faster than can be accommodated
by a single particle mass spectrometer. This technique provides us an opportunity to25

look into events of high particle loadings, such as in an industrial pollution plume, by
providing enough resolution of particles in a very short time.
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4 Fast framing at 240 Hz

Figure 5 shows the second of two sequential frames taken at 240 frames/s. 100 nm
particles were used in this experiment. The particle that arrived in between the two
frames is highlighted by a red arrow. The difference photo depicts the location and
scattered light intensity of this single particle at approximately 1055 pixel along the x-5

axis and 820 pixel along the y-axis. Similarly to the previous analysis using standard
framing rate, a line scan is generated for an 8-pixel band (0.8 micron) in the bottom
right panel. The ratio of the peak height to baseline noise is about 9. These results
clearly illustrate that we can easily observe and locate collected particles as small as
100 nm, with a spatial resolution of less than a micron, with a time accuracy of 4 ms.10

Similarly, if we assume that 100 particles arrive in 1/240 of a second using fast fram-
ing, this would be 24 000 particles per s, which would be handled without difficulty.
This optical tagging capability can permit our Fast-TRAC to resolve individual airplane
plumes in a single transit from a fast moving airplane.

In the example shown in Fig. 5, the image is not perfectly focused in all locations.15

This is because the air going through the filter has bowed the filter inward several
microns between the copper supports. Even imperfectly focused we achieved excellent
locating ability for 100 nm particles. Increasing the depth of field will certainly improve
the quality of the images and thus the potential field capability of the Fast TRAC. The
easiest way to obtain a greater depth of field is to reduce the aperture of the objective.20

A factor of 3 smaller objective aperture would keep all in focus. However, the reduction
of aperture size this much decreases the light intensity by a factor of nine. With the
standard illuminator for this microscope, this reduction results in insufficient light. For
field deployment, where vibration would also make an increased depth of field valuable,
we would opt to illuminate by a diode laser or light emitting diode. Either approach25

would result in brighter illumination. We could also use blue or near UV diodes, which
should increase the brightness for the smallest particles greatly. This is because for
particles diameter (d ) smaller than the wavelength (λ) of light the scattered intensity is
proportional to πd2/4*(d/λ)4 (Bohren and Huffman, 1983; Lee et al., 1991).
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4.1 Real-time particle sizing

Figure 6 shows a sub-region of one frame, where the contrast is adjusted to allow
the Quantifoil substrate to be seen. There are at that moment only 100 and 500 nm
particles present. As expected the 100 nm particles are all of similar brightness, the
same is true for the 500 nm particles. The brighter 500 nm particles are also discernibly5

larger than the 100 nm particles. This is even more obvious in difference images, where
the substrate image is subtracted away. We will use the observed brightness to turn
the images into particle size distributions. This could be done in real-time.

When two particles are very close to each other, they should alter each other’s bright-
ness. Similarly, the location of the particle relative to the substrate holes should alter10

their brightness somewhat (though this is not a strong effect). Figure 5 shows how the
presence of a new 100 nm particle (bottom left) makes the pre-existing 100 nm parti-
cle brighter. This pre-existing particle is just over a micron below and to the left of it.
In practice we would develop an empirical table to correct for these small brightness
changes. Real-time analysis of the difference images to yield in-situ particle distribu-15

tions seems generally feasible, with a mini-laptop programmed for making corrections
of adjacency effects.

4.2 Comparison with SEM images

Figure 7 shows a region of the grid after exposure to a large number of particles from
100 to 500 nm in diameter. The left shows the real-time optical image. The right shows20

the scanning electron microscope (SEM) (FEI XL30) image using a high angle scat-
tering transmission detector. Clearly the images are of the same group of particles.
The SEM is used for automated single particle analysis of the elemental composition
and particle size distribution. The optical video micrographs permit us to obtain the
location of a particle on the substrate and the arrival time of each particle to within25

1/60 s (17 ms) or even 1/240 s (4 ms) in the field of view. By cross comparison of the
two data sets, we obtain the chemical composition of each collected particle with 4 ms
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collection time accuracy. For a 200 m/s airplane, this corresponds to having a 0.8 m
spatial resolution for obtaining chemical information. This is adequate for exploring
cloud microstructures and plumes from a fast moving airplane.

4.3 Future directions

To make a field portable Fast-TRAC, there are a number of challenging technical is-5

sues. One of them is making an optical setup that stays in sharp focus despite jarring
vibrations by the mobile platform. This can be achieved by making the unit very stiff
and small, and likely using automated refocusing. The auto focusing built into the
videocam may be adequate. Another issue is optimizing the illumination source of the
microscope and increasing the depth of field several fold, for better detection of smaller10

particles (<100 nm).
A different approach to improving the limited depth of focus is to operate the micro-

scope as a digital holographic microscope (Antkowiak et al., 2008; Sheng et al., 2006).
This involves using a coherent laser diode as the illumination source, and assuring that
the image plane has both scattered and unscattered light impinging upon it. This can15

be done in an imaging mode, where the sample is imaged upon the camera image
plane, or slightly out of focus, or even in far field (such as with no lens at all). It will be
necessary to compare the two approaches, to see if holography offers advantages.

The microscope optics can be reduced to just containing the objective with standard
piezo-drive focusing, a piezo-x-y adjustment, and a single focusing lens to transfer the20

image to the camera. This can be set into the TRAC configuration shown in Fig. 1,
without increasing the overall size (especially since the TRAC unit itself is overdue for
re-design, which should shrink the size to about 50% top to bottom, i.e., ∼9 cm). In
some applications, the total number of particles can fit on a single microsieve grid. In
this case, the sample carousel can be eliminated, reducing the size of the sampler25

even more. In other cases, the carousel version will be used.
Image analysis for particles is well-developed (Ruan, 1992). Classification of parti-

cles by size and shape is a classic application of image analysis. Conducting image
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analysis to follow 1/60 s frame rates is possible, or one can look at every n-th frame.
This would allow us to display and provide real-time data on the particle count and size,
from about 50 nm to 10 micron. This type of on-line information will allow the sampling
microprocessor to change sampling conditions to match the ambient particle loadings,
and advance to new substrates automatically, to prevent overloading, during intense5

particle episodes.

5 Conclusions

We demonstrated the feasibility of a fast time-resolved aerosol collector (Fast TRAC).
The particle is time-stamped as it arrives at the collection substrate. Its scattered light
intensity can be used to determine the size of the particle, with a 4 to 17 ms time10

resolution. Post-field microanalysis (e.g. SEM) can be conducted to determine the
chemical composition, morphology, and internal structure of each time-tagged particle.
This new technique can potentially provide us with fast real-time particle detections
under various conditions.
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Fig. 1. The existing Time-Resolved Aerosol Collector (TRAC). A 12 inch long ruler is set in front
for comparison of size in one dimension.
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Fig. 2. A Quantifoil substrate imaged with the optical microscope. The legend covers 10 holes
or 25 µm. The fine mesh pitch is 2.5 microns.
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Fig. 3. A schematic showing the proof-of-concept setup of the Fast-TRAC.
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Fig. 4. Two sequential frames obtained at 60 frames/s: the first frame (top left) and the con-
secutive frame (top right). 200 nm particles were used. New particles arrived between the two
frames are identified with a red arrow in the consecutive frame. Bottom left panel depicts a
portion of the difference photo showing a single particle. The profile of this particle is defined
by two blue lines. Its scattered light intensity is depicted in the bottom right panel. A Gaussian
fit (shown in the dashed line) is used to determine the peak height, width, center, and baseline.
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Fig. 5. Illustration of fast framing at 240 frames/s. Only the consecutive frame is shown (top).
A single 100 nm particle arrived between the two frames indicated by a red arrow. The bottom
left panel depicts the difference photo of this particle. The profile of this particle is defined by
two blue lines. Its scattered light intensity is depicted in the bottom right panel. A Gaussian fit
(shown in the dashed line) is used to determine the peak height, width, center, and baseline.
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Fig. 6. A still image taken during particle collection showing collected particles of 100 nm and
500 nm.
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Fig. 7. Comparison of particle identification between the Fast TRAC and the scanning electron
microscope. Left is an optical micro-videograph of the substrate with many particles of various
sizes taken using the Fast TRAC setup. Right is the same region imaged in a scanning electron
microscope.
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