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ABSTRACT

There is a lack of aerosol measurement technology capable of quantifying, in real time, the
size, concentration, and composition of large inhalable particles — specifically those with
aerodynamic diameter larger than 20 um. Aerosols of this size penetrate into the upper
respiratory system upon inhalation and present surface contamination hazards upon set-
tling. The objective of this work was to validate the performance of a prototype direct-read-
ing particle sizer (DRPS) that counts and sizes particles via time-of-flight light scattering and
determines single-particle elemental composition via laser-induced breakdown spectroscopy
(LIBS). Counting, sizing, and spectral measurement efficiency were evaluated using test aero-
sols of multiple materials in the size range 25-125 um. Particle sizing results showed good
agreement with optical microscopy images, and LIBS measurements allow simultaneous
elemental composition measurements. The relationship between the median aerodynamic
diameters measured by the DRPS time-of-flight and optical microscopy was linear (Deming
regression slope of 0.998) and strongly correlated (* > 0.999). The mean absolute difference
between the median aerodynamic diameters measured by the instrument by time-of-flight
and microscopy over all eight test aerosol types was 0.9 um with a mean difference in inter-
quartile range of 1.9um. LIBS spectra have been collected and analyzed to reveal spectral
features of species from silver-coated glass and titanium samples. The expected system per-
formance for future field use is considered through numeric simulations based on the
instrument parameters and assumed particle size distributions. Finally, potential hardware
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changes to optimize detection efficiency and facilitate field use are discussed.

Introduction

There are many industrial processes where workers are
exposed to large metal aerosols. Inhalation of these
metal particles poses health hazards regardless of their
chemical composition (Linnainmaa et al. 2008).
Exposure to inhalable aerosols is common but challeng-
ing to quantify. The aerodynamic diameter (d,) of the
particle determines where it is most likely to deposit in
the body with toxicity depending on the particle’s
chemical composition. Industrial processes that pro-
duce particles with mass median aerodynamic diameter
(MMAD) greater than 20 pm include grinding (MMAD
59 um) (Lidén, Juringe, and Gudmundsson 2000), laser
machining (mean diameter 50 um) (Voisey et al. 2003),
lead smelting (MMAD 1.6-95pum) and battery

manufacturing (MMAD 4.6-90 pm) (Boyce, Sax, and
Cohen 2017). One of the limiting factors in furthering
our understanding of inhalable aerosol exposure has
been a lack of adequate measurement techniques - spe-
cifically, time-resolved determination of the count, size
and composition of particles. The present work focuses
on the development and laboratory validation of an
instrument to characterize size and composition of the
largest particles of the inhalable range, specifically,
those with an aerodynamic diameter of ~20-100+ pm.

The inhalable fraction is based on the penetration
of particles into the nose and mouth while breathing
and is typically defined by the range d, < 100um
(ISO 1995). However, larger particles than this do
exist in some environments, with a reasonable prob-
ability of inhalation (Volkwein, Maynard, and Harper
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2011). Few particles larger than 20 pm will penetrate
further than the larynx and tend to deposit in the
upper respiratory system due to their high inertia
(Brown et al. 2013; Cheng, Zhou, and Chen 1999).
Potential health hazards associated with particle inhal-
ation and deposition in the upper respiratory system
include irritation and infection in the nasal mucous
membrane, asthmatic responses, and sinonasal cancer
(Salvaggio 1994; Youlden et al. 2013). Many of these
particles are eventually swallowed (via deposition or
mucociliary clearance) and therefore pose potential
hazards to the gastrointestinal tract (de Vocht et al.
2009; Li et al. 2003).

Aerosol exposure limits in the workplace are often
based on mass concentration. Since the mass of a par-
ticle with given density scales with the cube of its diam-
eter, the presence of large particles in a workplace
environment can contribute substantially to the total
aerosol mass concentration. Further, while knowledge
of the overall aerosol mass concentration is useful for
hazard identification, aerosol control technologies are
most effective when matched to a specific size distribu-
tion. Identifying the composition of airborne particles
is also important from the standpoint of hazard identi-
fication and risk assessment. For example, higher levels
of exposure are permitted for aluminum or iron oxide
dust (5mg/m’ in both cases) than for known carcino-
gens like nickel (1mg/m®) or beryllium (5pug/m?)
(OSHA 2005). We know of no current technology that
allows simultaneous time-resolved measurement of
both the size and elemental composition for large
(>20pum) airborne particles. The present work
describes a portable, direct-reading instrument to deter-
mine the size and composition of airborne particles
larger than 20 um in aerodynamic diameter.

This work builds upon the portable inhalable particle
separator (Anderson et al. 2015) to perform particle siz-
ing based on a particle’s terminal settling velocity (Vrs),
the constant velocity achieved when drag and gravita-
tional forces are in equilibrium (Hinds 1999). The
determination of terminal settling velocity allows for
the calculation of aerodynamic diameter (d,):
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where p, is the standard particle density (1000 kg/m3),
g is the acceleration due to gravity, C. is the slip cor-
rection factor (C. = 1 for particles >20 um), 7 and p,

are the dynamic viscosity and density of the surround-
ing gas, respectively. The aerodynamic diameter is the
diameter of a spherical particle of standard density
with equal settling velocity as the particle in question;
and defines the aerodynamic properties of the particle
necessary for characterizing filtration and respiratory
deposition. The relationship between settling velocity
and aerodynamic diameter (Equation (1); Hinds 1999)
takes on a different functional form depending on the
particle Reynolds number (Re). In the Stokes regime
(Re< 1), there is a theoretical basis for the relation-
ship between particle velocity and particle size based
on the Navier-Stokes equation. However, at Reynolds
numbers greater than 1, the assumptions made in the
Stokes regime are no longer valid, and an empirical
solution based on experimentation is used in the tran-
sition region (1 <Re<1000). The transition from
Stokes to transition flow typically occurs for particle
settling at aerodynamic diameters of ~80pum
and larger.

The aerodynamic diameter can be related to the
spherical equivalent diameter (deq), which is defined
as the diameter of a sphere having equal volume as a
particular particle:

dy = deg) | 22, )
Pox

where y is the dimensionless dynamic shape factor
(the ratio of actual air resistance force on a nonspheri-
cal particle to the resistance force on a spherical par-
ticle with the same volume and velocity), p, is the
bulk density of the particle and po is the standard
density. Note that Equation (2) only applies in the
continuum regime (Knudsen number <0.01 or par-
ticles larger than 13.2pum at standard environmental
conditions) (DeCarlo et al. 2004; Hinds 1999).

To obtain direct, time-resolved elemental compos-
ition data, we build upon past work employing laser-
induced breakdown spectroscopy (LIBS) to analyze
particles (Carranza et al. 2001; Kim et al. 2019; Xiong
et al. 2016). The LIBS technique involves focusing a
high-power laser beam onto a sample to ablate mater-
ial and then analyze the spectral content of light emit-
ted from the resulting laser-induced microplasma
(Cremers and Radziemski 2013). The collected spectra
provide a way to determine the elemental composition
of a sample because each constituent element emits
light at different characteristic wavelengths depending
on its energy level structure. Extensive past research
has examined how the mass of ablated material, its
composition, and the position of the sample relative
to the center of the plasma affect the quality of the
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Figure 1. Schematic of the DRPS prototype. (Left) A side view of the two vertically stacked particle counting stages. (Right) A top-
down view of the lower detection stage highlighting components of the LIBS system.

collected spectra (Fortes, Fernandez-Bravo, and
Laserna 2014; Kumar et al. 2021). Aerosol focused
elemental analysis with LIBS is typically performed on
stationary samples, e.g., with filter media loaded with
sample aerosols (Panne et al. 2001), particles depos-
ited on the tip of a charged needle (Diwakar,
Kulkarni, and Birch 2012), or single particles and
droplets trapped with an electrodynamic balance
(Heikkila et al. 2020; Jarvinen and Toivonen 2016). In
the present work, LIBS is used to analyze airborne
particles as they settle in situ. Such an approach is
challenging due to the need to achieve spatial and
temporal overlap of the transient laser plasmas with
the small moving targets. Related approaches to char-
acterize moving airborne particles with LIBS have also
included use of focusing nozzles and sheath flows to
improve the probability of plasma formation coinci-
dent with a sample particle (Manninen et al. 2008;
Tjarnhage et al. 2013).

The present work details the design and testing of
an instrument for sizing based on settling velocity
with the simultaneous determination of composition
based on LIBS oriented to particles in the 20-100 um
range. Existing instrumentation such as cascade
impactors, condensation particle counters and the
Aerodynamic Particle Sizer (TSI Inc. Shoreview, MN)
are designed for smaller aerosol sizes and are not
appropriate for particles much larger than ~10-20 um
due to aspiration issues and transmission losses
(Volckens and Peters 2005). The aerosol mass spec-
trometer (Jayne et al. 2000) is an advanced direct-
reading instrument capable of measuring both size
and composition of aerosols, but only for particles
<1lum. A common sampling methodology for charac-
terizing large particles in occupational settings
involves active sampling and collection of particles
onto filter media. These samples are typically sent to
an off-site lab for analysis. However, post facto

analysis via inductively coupled plasma mass spectros-
copy, or similar processes, is expensive and may take
weeks to return the results (Su et al. 2014; Wilschefski
and Baxter 2019). The delay in receiving results means
that dangerous levels of contaminants may continue
to be present for weeks or months after exposure
assessment occurs.

There remains, therefore, a need for an instrument
allowing real-time sizing and elemental composition
for particles larger than 20 pm as part of aerosol haz-
ard monitoring in the workplace.

Materials and methods
Device overview

A direct-reading particle sizer (DRPS) to determine
the count, size and elemental composition of large
particles (~20-100 um) was developed and evaluated
in the laboratory. Particles are counted and sized
based on their time-of-flight as they settle through a
pair of vertically aligned laser beams. Particles passing
the second (lower) beam trigger a LIBS laser pulse
used to determine elemental composition. A schematic
of the DRPS is provided in Figure 1.

Aerodynamic diameter measurement

The method used to size and count particles is based
on Mie scattering (Pinnick, Rosen, and Hofmann
1973) of laser light as particles pass through the device
at their terminal settling velocity. The aerodynamic
diameter is determined by measuring the particle
time-of-flight (transit time) between two vertically
separated beams (each projecting light orthogonal to
and intersecting the settling particle pathline) placed
within a cylindrical housing (Figure 1). In the current
prototype, the DRPS hardware is based on two modi-
fied commercial particle counters (9301P-OEM,
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Figure 2. Timing diagram with time-of-flight measurement and trigger timing of LIBS laser source and spectral acquisition for an

illustrative pair of Mie scattering signals.

Particles Plus Inc., Stoughton, MA, USA) connected
in series. The inlet and outlet of the DRPS are open
to ambient air, allowing particles to settle through a
small passive inlet (1.5 mm diameter) under gravity.
Except for the inlet and outlet, the sampler is fully
enclosed to minimize air currents that could poten-
tially change the trajectory of the falling particles.
Each Mie scattering beam is generated using a 785 nm
diode laser collimated and focused into a thin sheet
with thickness ~50 pm in the direction of the aerosol
flow and width ~3mm in the transverse direction.
Light scattered by falling particles in each beam is col-
lected with a photodiode. For the upper beam, the
light collection is at a 90° scattering angle, whereas
the collection is at 135° for the scattering of the lower
beam as not to obstruct the LIBS beam path. An
intermediate 1.5-mm diameter inlet separates the
regions associated with the upper and lower Mie
beams and provides enough optical isolation to pre-
vent cross-talk between the two detector channels. An
optical bandpass filter with a 780nm central wave-
length (FL05780-10, Thorlabs Inc., Newton, NJ, USA)
is placed in front of each detector to minimize the
influence of ambient light. The voltage output from
each photodiode is monitored using a USB voltage
logger (DI-1120, DATAQ Instruments Inc., Akron,
OH, USA) sampling at 80 kHz per channel. The min-
imum detectable particle size can be adjusted by spec-
ifying the input current of each laser diode such that
only particles of sufficient size scatter enough light to
generate a detectable voltage peak. The time-of-flight
for a given particle is found as the elapsed time
between the maxima of the two Mie scattering signals
from the upper and lower beams; an illustrative sche-
matic can be found in Figure 2. The particle settling
velocity is found by dividing the known vertical beam

separation (3.9cm) by the time-of-flight. The lower
photodiode does detect the LIBS plasma; however,
this interference is timed to occur after a suitable
time-of-flight ~ determination has been made.
Additional information about the influence of the
LIBS plasma on the second scattering signal is pre-
sented in the SI. The time-of-flight approach requires
that the Mie signals from the two beams be attributed
appropriately to the falling particles. For each voltage
peak in the record of the lower photodiode, a script
(MATLAB, version R2109b) is used to find a corre-
sponding peak in the upper photodiode record.
Details of this process and coincidence error consider-
ations are examined further in the “Detection effi-
ciency and optimization” section.

Test aerosol selection and dispersion

Four test aerosols (Cospheric LLC, Santa Barbara, CA,
USA) were examined in this work with aerodynamic
diameters ranging from 24 to 125pm and bulk den-
sities from 1025 (polyethylene) to 7800 (stainless steel)
kg/m’. Details of the size and density of the test par-
ticles are presented in Table 1. All eight particle sizes
and types were used for validation of the time-of-
flight sizing methodology. Three sizes of silver-coated
glass microspheres and the titanium microspheres
were used to test the LIBS system. An initial study of
particle counting and LIBS detection efficiencies was
performed using silver-coated glass spheres only.

Due to the large size of the test aerosols and the
need for low particle concentration, common disper-
sion methods such as a nebulizer or fluidized bed gen-
erator were not appropriate. Instead, a blast of
compressed air was used to propel a small quantity
(<10mg) of aerosol through a copper pipe into the
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Table 1. Particle size and composition data provided by the manufacturer and measured size characteristics from the time-of-

flight and microscope image analysis methods.

25th, 75th

d, (um)? Sizing Total Median percentile Two-sample KS test

Material (density [kg/m3]) Trials method counts (n)° (ptm) (IQR) (m) p value

33-44 um 4 Microscope 85 39 36, 42 (6) 0.27
Ag-glass (2710 kg/m®) Time-of-flight 83 40 36, 46 (10)

66-80 pum 2 Microscope 89 71 68, 73 (5) 0.85
Ag-glass (2750 kg/m®) Time-of-flight 90 71 67, 73 (6)

100-120 pm 4 Microscope 90 114 110, 118 (8) 0.55
Ag-glass (2560 kg/m®) Time-of-flight 94 115 110, 119 (9)

27-34 um 5 Microscope 48 35 32,37 (5) 0.8
Polyethylene (1025 kg/m®) Time-of-flight 52 34 32,36 (4)

54-64 um 8 Microscope 88 60 55, 63 (8) 0.98
Polyethylene Time-of-flight 88 60 56, 63 (7)
(1025 kg/m?)

107-127 pum 5 Microscope 52 126 122,128 (6) 0.065
Polyethylene (1025 kg/m3) Time-of-flight 52 124 122, 127 (5)

78-100 um 6 Microscope 95 103 101, 106 (5) 0.19
Titanium (4540 kg/m3) Time-of-flight 94 104 101, 107 (6)

81-103 pum 5 Microscope 119 92 88, 96 (8) 0.23
Stainless steel (7800 kg/m3) Time-of-flight 120 92 84, 97 (13)

2Size, composition, and density data provided by the manufacturer.
PTotal counts represent a summation across all trials.

air above the DRPS. The outlet of the copper pipe is
oriented vertically and positioned ~70cm above the
sampler inlet to allow even the largest aerosols suffi-
cient vertical distance to reach their terminal settling
velocity. The air volume in which the aerosols are dis-
persed is constrained by a 20 cm diameter 120 cm tall
open-ended tube, which contains the particle cloud
and reduces the influence of room air currents.
Particles used in this work are nominally spherical
(x=1), as is further discussed below.

Particle size verification and counting efficiency

Microscopy was used to verify the count and size of
particles passing through the DRPS inlet. The accur-
acy of the aerodynamic diameters determined by
DRPS time-of-flight was evaluated against microscope
images of the same test aerosols, along with know-
ledge of particle density. A glass microscope slide
(Figure 1) was held in a fixture under the sampler
such that the same particles measured by the scatter-
ing beams were deposited onto the slide. Microscope
images were captured at 6.3Xx magnification using a
microscope (Orthoplan, Leitz, Wetzlar, Germany) and
USB camera (GRYPHAX, Jenoptik AG, Germany). At
this magnification value, a single pixel in the captured
images corresponds to a 12x12um square.
Therefore, the aerodynamic diameters reported for
each measurement method are rounded to the nearest
micrometer. The projected area of each particle was
calculated using Image] image analysis software
(Schneider, Rasband, and Eliceiri 2012). Assuming the
particles are spheres, the spherical equivalent diameter
(deq) is computed using Equation (3), where A; is

the projected area of an individual particle in the
microscope images.
A
deq =2 % 3)

The equivalent diameter is then converted to aero-
dynamic diameter using the particle density specified
by the manufacturer and Equation (2) for direct com-
parison with the results obtained by the time-of-flight
method. Plots of the cumulative distribution function
(CDF) were generated to visualize and quantify the
agreement between the number size distributions
found from time-of-flight (d,) and those from micros-
copy (deq) for each test particle material and size. A
two-sample Kolmogorov-Smirnov (KS) test was used
to test for a statistically significant difference between
the empirical CDFs for each sizing method. In add-
ition to the result of the KS test, the total particle
counts obtained by each method, the median, first
and third quartile values were computed
for comparison.

The counting efficiency (#count) represents the frac-
tion of all particles entering the device which are suc-
cessfully counted and sized. The number of entering
particles is found as the number of scattering events
in the top beam while the number of particles
counted and sized is found as the number of particles
yielding a pair of scattering signals that can be paired
to compute a transit time:

# of time — of — flight signal pairs

(4)

Meount = 37 particles entering instrument

Factors that reduce the experimental counting effi-
ciency include transmission losses between the two
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scattering beams and coincidence error. Coincidence
error is defined in the context of this work as cases
where the scattering signal appearance rate in the bot-
tom beam exceeds the inverse of the transit time of
the smallest particles of interest. Particle losses occur
due to the trajectory of falling particles deviating from
the vertical direction, thereby causing them to deposit
on surfaces (e.g., intermediate inlet) between the
upper and lower beams.

LIBS composition measurement

The LIBS analysis system used for composition deter-
mination is shown in Figure 1 and trigger timing with
respect to the Mie scattering signals in Figure 2. The
axis of the LIBS beam horizontally and orthogonal to
the Mie scattering beams. The path of the LIBS beam
is aligned slightly below the centerline of the lower
scattering beam such that the microplasma (~0.5 mm’
in volume) is positioned coincident with the path of
the falling particles in the horizontal plane. A trigger
signal is sent to the laser to initiate the LIBS process
when the lower photodiode detects a light scattering
signal. Specifically, a delay generator (DG535,
Stanford Research Systems, Sunnyvale, CA, USA) is
used to monitor the voltage output of the lower
photodiode and, when a trigger threshold of 0.25V is
reached, a trigger pulse is sent to the Nd:YAG laser
(Q-Smart 100, Quantel Laser, Les Ulis, France). After
an additional fixed delay of 270 us to allow gain
buildup within the laser, the output pulse is produced.
The Nd:YAG laser has pulsed output (8 ns) at a wave-
length of 1064 nm with an energy of ~40 m]J which is
sufficient for reliable plasma breakdown even in rela-
tively clean air (no large particles). The beam has a
diameter of 4.5mm and is focused by a 4cm focal
length lens (LA4130-ML, Thorlabs Inc.) to a waist of
~50 um at the location of the aerosol stream. The
fraction of laser energy not absorbed by the plasma is
transmitted to a beam dump to avoid surface ablation
and heating inside the DRPS detection volume so as
to mitigate residual air currents. The beam enters and
exits the sampler volume through UV-grade fused sil-
ica windows (WG41050-C, Thorlabs Inc.).

The light emitted from the LIBS microplasma is
collected by a 4cm focal length lens (LA4306-ML,
Thorlabs Inc.) and imaged with 1:2 magnification
onto the bare end of a 1.5mm core diameter optical
fiber (M93L, Thorlabs Inc.) coupled to a USB spec-
trometer (HR4000, Ocean Insight, Orlando, FL, USA).
The same trigger pulse used for the Nd:YAG also ini-
tiates the 500 us integration period of the fiber-

coupled spectrometer. A single emission spectrum is
collected for each LIBS plasma formation event. The
size of the laser plasma kernel is estimated to be
~2-3mm in the direction of laser propagation and
200-700 um in both orthogonal dimensions (Alberti
et al. 2020; Brieschenk, Kleine, and Obyrne 2013).
Given the relative sizes of the plasma and particle, the
resulting plasma and emitted spectrum contain contri-
butions from both ambient air and a particle when
present. Each collected spectrum is analyzed with a
peak detection script (MATLAB R2109b). The spectral
features that differ from a reference spectrum of clean
air are recorded and composition is determined by
comparing emission line wavelengths against a
National Institute of Standards and Technology
(NIST) spectroscopic database (Harmon et al. 2006;
Kramida, Olsen, and Ralchenko 2019).

The LIBS efficiency (#11ps) is defined as the frac-
tion of counted (and sized) particles that yield LIBS
spectra containing emission lines from the analyte (sil-
ver, in this case). The purpose of the LIBS efficiency
is to quantify the “hit rate” of the LIBS system in
terms of successfully overlapping the transient laser
plasma with the falling particles. The final efficiency
metric of overall efficiency (#overan) is defined as the
fraction of particles entering the device that are suc-
cessfully counted (and sized) and that yield a final
spectrum containing the analyte:

# of spectra with analyte lines

LIBS = %70f time — of — flight signal pairs’

Noverall = Mcount X MLIBS

_ # of spectra with analyte lines ©)

# of particles entering instrument’

The LIBS efficiency is limited by the relatively
small area of the LIBS detection region in the hori-
zontal plane defined by the plasma size when com-
pared with the total area through which particles can
fall. With a 1.5 mm inlet diameter, the plasma covers
~45% of the projected area of the aerosol stream. If
the aerosol flow diverges at all after passing through
the orifice, the fractional area covered by the plasma
further decreases.

Results and discussion
Time-of-flight sizing

Aerodynamic diameter measurements made by the
DRPS and by optical microscopy are presented in
Table 1 for each material type and particle size range
(as specified by the manufacturer). Summary statistics
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Figure 3. Empirical cumulative distribution function (CDF) plots for each test aerosol. Solid lines indicate aerodynamic diameter
distributions measured by the time-of-flight method and dotted lines show the predicted distributions based on microscopy.

appearing in Table 1 for each test aerosol were com-
puted from a combined dataset of multiple experi-
mental trials (3-8 trials depending on size and
material). Cumulative distribution plots are provided
in Figure 3 showing all particle measurements for
each technique and for each material type/size. The
measured aerodynamic diameter distributions inferred
from the DRPS time-of-flight agree closely with those
found by microscope imaging over all particle sizes
and compositions (Figure 3). The greatest deviations
occurred at the upper tail of the “33-44 um” Ag-Glass
spheres and the lower tail of the “81-103 pm” stain-
less steel particles. However, across both of these dis-
tributions the median, 25th and 75th diameter sizes
differed only between 1 and 4um (see Table 1 and
Figure 3). Results from the two-sample KS tests sug-
gest that the DRPS and optical microscopy methods
reported similar underlying size distributions across
all test aerosols (Table 1; no rejection of the null
hypothesis that distributions are similar at the 95%
confidence level for any test aerosol type).

Agreement between median diameters reported by
the two methods was excellent, as shown in Table 1 and
Figure 4, respectively. A Deming regression of median
sizes measured across the full range of tested diameters
gave a slope of 0.988, an intercept of 0.02 um and an r°
value above 0.999. This regression matches the 1:1line
shown in Figure 4 well. The mean absolute difference
between the median aerodynamic diameters measured
by the instrument by time-of-flight and microscopy
over all 8 test aerosol types was 0.9 um with a mean dif-
ference in interquartile range of 1.9 um; these values are
close to the uncertainty limits of the optical microscope
itself, which are on the order of 1 um for the imaging/
magnification system used here.

The number of usable scattering signal pairs for
time-of-flight measurements and the number of

' ' ! ' ' ! ' ' ! ' "o
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Figure 4. Linear regression of median aerodynamic diameter
measurements obtained by time-of-flight and microscopy.
Vertical and horizontal bars indicate the interquartile range of
aerodynamic diameter measurements for each method (time-
of-flight and microscopy, respectively).

particles captured in the microscope images were also
similar. The particle count on the microscope slide
and the number of particles detected by the instru-
ment were approximately equal in 21 of 38 trials. For
the 17 trails where the total counts differed, the dis-
crepancy in microscope slide versus time-of-flight par-
ticle counts was <10% in all but 2 trials (and never
greater than 3 counts). Low slide counts can be attrib-
uted to losses as particles may deposit inside the sam-
pler or otherwise fail to reach the microscope slide
and/or unusable Mie scattering signals (below the
voltage threshold or rejected due to coincidence
error). Particles may also be miscounted if they settle
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Figure 5. Example LIBS spectra obtained from silver-coated glass (top) and titanium (bottom) test aerosols. Shaded regions indi-
cate spectral features associated with breakdown of ambient air and peaks resulting from ablation of the analyte species are called

out with arrows.

on top of each other and agglomerate (though this
artifact appears infrequent based on collected micro-
scope images). When non-spherical particles are
encountered in the images, the equivalent spherical
diameter skews larger than the true aerodynamic
diameter. The majority of the particles examined in
the microscope image size verification procedure were
nominally round, however, some non-spherical par-
ticles were present. Based on microscope image ana-
lysis, non-spherical particles are attributed to either
manufacturing anomalies or doublets/agglomerates of
spherical particles. The frequency of non-spherical
particles varies slightly with material and particle size.
The circularity of a representative sample of 432 test
aerosols was computed and the majority (>75%) of
particles could be considered to be spherical for every
test aerosol size and material. Details of the circularity
analysis are provided in the SI. For initial device val-
idation, work has focused on spherical particles over
relatively narrow size ranges. Opportunities for hard-
ware optimization to facilitate operation with polydis-
perse samples are discussed in the “Detection
efficiency and optimization” section.

LIBS composition

LIBS emission spectra have been obtained using the
prototype device to identify both solid Titanium
microspheres and the ~75-225nm thick silver coating
of the Ag-glass microspheres. Example spectra for
these materials are provided in Figure 5. Examples for
both the silver-glass (d, ~ 66-80um) and titanium
(d, ~ 78-100 um) microspheres are shown when
compared with the background air spectra. The spe-
cific neutral silver (Ag I) lines from the NIST emis-
sion database are labeled (328.1, 338.3, 520.9 and

546.6 nm). Peaks associated with the soda lime glass
core of the particle are typically not detectable in the
experimental spectra due to partial ablation of the
particle, though Na I (589.1 nm), Ca I (422.7 nm) and
Ca II (393.4nm) emission can be seen in the example
plot (Figure 5). Titanium emits at a larger number of
wavelengths and only the most prominent Ti II peaks
are labeled in the figure. The ability to detect these
spectral features unique to silver and titanium sup-
ports the capability of the DRPS to determine single-
particle composition with LIBS. Future work will
examine the ability to use the magnitudes of spectral
lines to determine mass fraction of multi-component
materials. A potential challenge in estimating mass is
the possibility of slightly different positions of falling
particles relative to the LIBS beam resulting in varying
overlap between the particle and the microplasma.
The temperature and density of the plasma and
ablated mass can reasonably be expected to have some
variation which will influence the spectral line inten-
sities (Kumar et al. 2021). Additionally, the particles
are not completely ablated by the plasma and the ana-
lyte measured in the collected spectrum may not be
representative of the entire particle for a non-homo-
genous sample. Nonetheless, the proof of concept
spectra presented here clearly support the ability to
identify ~ species and  perform  composition
measurements.

Detection efficiency and device optimization

Counting, LIBS, and overall efficiency results for the
three tested size ranges of silver-coated glass micro-
spheres are presented in Table 2. In some cases (4 of
15 trials), the signal counts in the lower beam are
greater than the count in the upper beam. This is
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and detection efficiency values calculated from five trials with each silver-

Aerodynamic

diameter Upper beam Lower beam Spectra containing  Counting efficiency LIBS efficiency Overall efficiency
range (um) signal count signal count analyte lines (170) (%) () (%) (170) (%)
33-44 90 66 43 64 74 48

66-80 73 64 47 79 81 64
100-120 32 34 16 100 50 50

hypothesized to be a result of particle resuspension
following the shockwave produced by the formation
of the LIBS plasma. The device achieved overall effi-
ciencies in the range ~48%-64% which is considered
reasonable for the non-optimized prototype.

To investigate potential instrument performance
limitations in the field (and to motivate possible
future modifications), the expected instrument particle
counts were modeled under several assumed particle
size distributions and mass concentrations. We
assume the instrument is configured to detect all par-
ticles larger than some minimum particle diameter D,
(set by the detector voltage threshold) which we take
here as 20 pm. The instrument count rate ¢ (number
of counts per unit time) is then found as the flux of
particles through the inlet integrated over a specified
size distribution:

D,

-]

Dy

dN
—A;V1s(D)dD,
o AVrs(D)

(6)
where A; is the area of the inlet, dN/dD is the speci-
fied particle number distribution function, and D, is
the largest particle to be detected. (The D, limit can
be set as infinity given that even the largest particles
of interest readily fall through the inlet in practical
designs.) A practical consideration is that, to avoid
coincidence error (i.e., the presence of multiple par-
ticles between the Mie beams at a given instant which
may confound the pairing algorithm), one should set
an upper limit on the final count rate ¢. Specifically,
the smallest particles of interest, with d, = 20 pum,
require 3.3s to settle through the two beams (for cur-
rent separation of 39 mm) meaning that the instru-
ment count rate should be limited to a maximum of
0.3 particles/s. For illustrative exposition of instrument
performance, a lognormal particle size distribution
with geometric mean diameter 30 um and geometric
standard deviation of 1.5 is assumed in the following
calculations. With the current design, the DRPS could
operate reliably at ambient aerosol mass concentra-
tions up to 144 pug/m’ before the coincidence error
limit. The maximum mass concentration (before the
coincidence error limit) is inversely proportional to
the beam separation, e.g., if the beam separation were

reduced by a factor of 3 (to 1.3cm) then the max-
imum allowable mass concentration increases to
~430 ug/m’. Furthermore, reduced inlet diameter
reduces the particle flux in proportion to its area
(diameter squared). Increasing the inlet area admits
more particles to the device but increasing beyond the
dimension of the Mie beam or LIBS plasma will not
generally be useful. These parameters can be opti-
mized to yield needed instrument performance in dif-
ferent (ie., for different particle
distributions). A practical consideration is that reduc-
ing inlet orifice sizes will also tend to increase the
probability of particles depositing within the
inlet tube.

Studies of occupational exposure to inhalable aero-
sols of welders have measured mass concentrations in
the range 0.53 — 11.6 mg/m”> depending on the type of
welding with a median concentration of 2.48 mg/m’
(Lehnert et al. 2012; Lin et al. 2015). The particle dis-
tribution produced by automatic welding was found
to be bimodal with an approximately lognormal distri-
bution in the coarse mode (d, > 3.5um) containing
47.9% of the total mass. The coarse mode distribution
had a mass mean aerodynamic diameter (MMAD) of
9.93 um and GSD of 1.73 (Lin et al. 2015). Assuming
the current configuration of the DRPS (1.5mm inlet
and 20 pm minimum detectable particle size) and the
mean mass concentration for automatic welding
(0.66 mg/m3), the flux of particles into the device is
estimated to be 0.131 particles/s, or a particle every
7.6s which is reasonable for practical field use. The
maximum mass concentration (11.6 mg/m3) was
measured for flux-cored arc welding (Lehnert et al
2012). Using the same lognormal distribution parame-
ters as the previous case with this mass concentration,
the particle flux increases to 2.3 particles/s. This count
rate would exceed the criterion for avoiding coinci-
dence error based on the current design but the
instrument could be modified accordingly. By reduc-
ing the inlet area by a factor of ~3 (which would
reduce the particle ingestion by ~3 to ~0.8s™ ') and
reducing the Mie beam separation by a factor of ~3
(which would increase the maximum allowed count
rate by ~3 to ~0.9s '), the coincidence error limit
would not be exceeded.

environments
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Finally, we note that room air currents could
impact field performance of the current DRPS proto-
type, as particles will not settle vertically when local
air velocities are high. This potential bias will be the
subject of ongoing work, though we note that Baldwin
and Maynard (1998) surveyed wind currents across
various occupational settings and reported that >85%
of measurements <0.1m/s (Baldwin and
Maynard 1998).

were

Conclusions

The prototype DRPS sampler was able to provide
accurate single-particle measurements of aerodynamic
diameter using a time-of-flight calculation over the
25-125pum range when evaluated with spherical par-
ticles in laboratory conditions. The LIBS system was
successfully integrated into the device without com-
promising the time-of-flight measurement. The ability
to generate a laser plasma coincident with a settling
particle and obtain spectra with characteristic emis-
sion lines of the analyte material was demonstrated
with silver-coated glass and titanium microspheres.
The focus of future work will be experimental evalu-
ation of reduced beam separation and variable inlet
diameter to determine the effect on LIBS detection
efficiency. Additionally, the DRPS will be field tested
with non-spherical and polydisperse aerosols.
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