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Abstract

Laser-induced breakdown spectroscopy is developed for the detection of aerosols in ambient air, including
quantitative mass concentration measurements and size /composition measurements of individual aerosol particles.
Data are reported for ambient air aerosols containing aluminum, calcium, magnesium and sodium for a 6-week
sampling period spanning the Fourth of July holiday period. Measured mass concentrations for these four elements
ranged from 1.7 parts per trillion (by mass) to 1.7 parts per billion. Ambient air concentrations of magnesium and
aluminum revealed significant increases during the holiday period, which are concluded to arise from the discharge
of fireworks in the lower atmosphere. Real-time conditional data analysis yielded increases in analyte spectral
intensity approaching 3 orders of magnitude. Analysis of single particles yielded composition-based aerosol size
distributions, with measured aerosol diameters ranging from 100 nm to 2 pm. The absolute mass detection limits for
single particle analysis exceeded sub-femtogram values for calcium-containing particles, and was on the order of 2-3
femtograms for magnesium and sodium-based particles. Overall, LIBS-based analysis of ambient air aerosols is a
promising technique for the challenging issues associated with the real-time collection and analysis of ambient air
particulate matter data. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The development of techniques for the on-line
analysis of single aerosol particles has been an
active area of research in recent years. As dis-
cussed in the introduction to a collection of pa-
pers focusing on single particle analysis, recent
efforts have examined: inlet design and particle
transport; detection schemes including mass spec-
trometry and emission spectroscopy; instrument
portability and field deployment; and environ-
mental applications [1]. Environmental applica-
tions of single aerosol particle analysis techniques
are of particular interest given the recent recogni-
tion of the detrimental impacts of ambient air
particular matter (PM) on human health. The
United States Environmental Protection Agency
(EPA) concluded in 1996 that particulate matter
is associated with increased morbidity and mortal-
ity [2]. In recent years, a number of international
studies have corroborated the conclusion that
health risks are associated with ambient air par-
ticulate matter. In response to these health risk
factors, research agendas have targeted a number
of program areas including: measures of outdoor
PM and associated human exposures; characteri-
zation of emissions sources; air quality model
development and testing; and assessment of haz-
ardous PM components [3]. The need for ambient
air particulate matter data, specifically size and
composition measurements of individual particles,
is common to all of these research areas. This
need for PM data combined with the develop-
ment of advanced aerosol analysis techniques has
served as a motivation for the development of
on-line or real-time aerosol particle analyzers.
Such methods have the potential to provide the
time-resolved particle size and composition data
required for PM analyses in a cost-effective and
timely matter.

The majority of development work for on-line
particle analysis relies on mass spectrometry or
atomic emission spectroscopy as the analytical
method for particle composition measurements.
Particle size may be inferred directly from the
mass of the particle’s constituent elements or
recorded by auxiliary measurements such as parti-
cle mobility analysis or aerodynamic sizing. Re-

search groups have employed various combina-
tions of these analytical methods, thereby realiz-
ing several approaches to on-line analysis of par-
ticle size and composition. Implementations in-
clude, for example: aerodynamic sizing via parti-
cle time-of-flight coupled with laser-desorp-
tion /mass spectrometry [4,5]; differential mobility
sizing coupled with laser-desorption/mass spec-
trometry [6]; differential mobility sizing coupled
with thermal-desorption /mass spectrometry [7]
and direct elemental mass and composition using
laser atomization/mass spectrometry [8]; or
laser-induced breakdown spectroscopy [9]. In ad-
dition, several techniques based on microwave or
inductively coupled plasma atomic emission spec-
trometry are readily implemented for real-time
analysis of PM mass concentrations [10-13], but
generally are not amendable to single-particle
analysis. This paper will focus on laser-induced
breakdown spectroscopy, referred to as LIBS,
which utilizes atomic emission spectroscopy for
the analysis of atomic species present in an indi-
vidual aerosol particle. The LIBS technique can
yield quantitative measurements of the mass of
constituent elements, thereby enabling a direct
measurement of size and composition of individ-
ual particles.

LIBS, also referred to as laser-induced plasma
spectroscopy, uses a laser-induced microplasma to
vaporize and dissociate all molecules and fine
particles within the sample volume. Atoms within
the plasma are subsequently excited within the
energetic plasma, resulting in atomic emission.
The technique of laser-induced plasma spectro-
scopy dates to the 1960s and has been applied to
the analysis of solids, liquids and gases. A number
of literature reviews are available that cover a
wide range of LIBS-based analyses [14—18]. Rele-
vant to ambient air particulate matter, several
recent review papers have focused specifically on
the use of LIBS for aerosol measurements and
environmental monitoring [19,20]. The LIBS tech-
nique has been applied to environmental and
industrial process monitoring by a number of
research groups [21-27].

Most elements targeted for emissions moni-
toring (e.g. toxic metals) exist as particulates, with
the exception of metal vapors in very high-tem-
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perature combustion chambers. Mercury is a
noted exception under many high to moderate
temperature conditions. The presence of discrete
particles is significant when utilizing an essentially
point-sampling technique as realized with LIBS.
For example, traditional ensemble-averaging of
LIBS spectra may limit signal-to-noise ratios of
targeted analytes if the overall sampling rate of
the analyte-containing particles is low. In re-
sponse to such issues, several approaches have
been formulated to enhance the sensitivity of the
LIBS technique by examining individual spectra,
with goals of rejecting spectra that are irregular,
or more significantly, lacking the analyte signal of
interest [23,28]. The use of a suitable conditional
analysis algorithm can yield significant increases
in signal-to-noise ratios, but more importantly,
opens the door to the analysis of single-shot LIBS
spectra that correspond to individual aerosol par-
ticles. The basis of LIBS for the analysis of dis-
crete aerosol particles was developed in earlier
publications [9,29], including LIBS-based analysis
of different aerosol particle types under a range
of well-controlled experimental conditions. The
goals of this paper are to further characterize the
use of LIBS for the direct monitoring of ambient
air aerosols.

2. Experimental
2.1. LIBS system

The LIBS system has been described in an
earlier publication [9], hence only a brief overview
of the system will be presented. The laser-induced
plasma was generated using a Q-switched
Nd:YAG laser at the fundamental frequency, with
a 10-ns pulse width, 375-mJ pulse energy and a
5-Hz pulse repetition rate. The expanded laser
beam (12-mm diameter) was focused in the sam-
ple chamber using a 75-mm UV grade lens (50-mm
diameter). The plasma emission was collected
along the direction of the incident beam and
separated using a pierced mirror. The plasma
emission was fiber-coupled to a 0.275-m spec-
trometer, dispersed with a 2400-groove /mm grat-
ing (0.03 nm/pixel, 120-pm resolution), and
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Fig. 1. Schematic of ambient air sampling system. The system
includes a standard PM10 inlet to remove particles greater
than 10 pm in diameter.

recorded with an intensified, charge-coupled de-
vice (iICCD) detector array. Signal integration was
performed using delay times ranging from 30 to
40 s with respect to the incident laser pulse, and
integration times ranging from 40 to 150 ps,
which were selected to optimize the signal-to-
noise ratios of the analyte emission peaks. Plasma
temperatures were on the order of 10000 K dur-
ing these temporal windows, as measured using a
Boltzmann plot based on 21 chromium I emission
lines.

2.2. Aerosol sampling system

An ambient air sampling system was designed
to bring a well-controlled flow of ambient air to
the prototype LIBS instrument. A schematic of
the overall experimental system is depicted in Fig.
1. A US EPA standard PM10 inlet was utilized at
the air inlet of the sample line. A PM10 inlet
removes all particles greater than 10 pm in di-
ameter via inertial impaction, while also ensuring
uniform sampling of air. The air was drawn into
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the PM10 inlet at a volumetric flow rate of 16.7
liters/min (~ 1 m’/h), and subsequently trans-
ferred to the LIBS sample chamber using 12-mm
inner diameter stainless steel tubing. The sam-
pling inlet was located on the roof of a single
story building adjacent to the second story labora-
tory housing the LIBS system. The inlet was posi-
tioned approximately 1 m from the edge of the
roof and approximately 3 m from the laboratory.
The inlet was positioned to be as free as possible
from any obstructions; however, no detailed anal-
ysis of building interactions with ambient air sam-
pling was included for this study. The stainless
steel transfer line was connected directly to the
inlet of the sample chamber, where the airflow
subsequently entered a six-way stainless-steel vac-
uum cross. A vacuum pump was connected to the
outlet of the sample chamber, and was used to
maintain the overall sampling rate. The pressure
in the sample chamber was maintained at 1 torr
below atmospheric pressure. An aerosol deposi-
tion program [30] was used to calculate the parti-
cle transfer efficiency throughout the entire sam-
pling system. The transport efficiency from the
sampling inlet to the LIBS sample chamber as a
function of particle diameter is presented in Fig.
2. The efficiencies ranged from 92 to 99% for
particulate diameters between 0.1 and 2.5 pm.
Essentially all particle diameters reported in this
study ranged between 0.1 and 1.0 pm, with corre-
sponding transport efficiency between 97 and
99%. In consideration of these calculations, no
corrections were made to particle size distribu-
tions or particle mass concentrations based on
the aerosol transport efficiency.

2.3. Ambient air monitoring

Ambient air was monitored on the University
of Florida campus using the LIBS technique
between Monday, June 28, 2000 and Friday, July
7, 2000, and again between Tuesday, August 1,
2000 and Friday, August 5, 2000. These sample
windows were selected to overlap with the Fourth
of July holiday period, a holiday associated with
the use of fireworks. Specifically, there were at
least five municipal fireworks displays within a
50-mile radius of the University of Florida
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Fig. 2. Transport efficiency of ambient air particles from the
inlet to the LIBS sample chamber as a function of the particle
diameter.

between July 3 and July 4 (Tuesday). In addition,
the use of fireworks by individual persons is legal
in many areas surrounding the campus; therefore
the discharge of fireworks was expected to be
concentrated between Saturday July 1 and July 4,
as attributed to both individual usage and munici-
pal displays. LIBS data were collected typically
twice each day, generally in the morning hours
and in the afternoon /evening hours. During each
sampling period, spectral data were collected for
approximately 2 h. During the course of experi-
ments, daily high temperatures ranged from 28 to
34°C, overnight low temperatures ranged from 18
to 23°C, and daily wind speeds ranged from 0 to
13 mph, with winds primarily to the north direc-
tion. Rain was periodic (maximum of 2.4 ¢cm on
June 29) during the nearly 3 weeks of sampling;
however, no data were recorded during periods of
rain.

2.4. LIBS data analysis

Ambient air mass concentration measurements
of the targeted elements were recorded using a
conditional data analysis scheme. During each
nominally 2-h sampling period, spectra were
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recorded using 1200-shot pulse sequences, which
corresponds to a 4-min sample for the 5-Hz laser
repetition rate. For each spectral window, between
8 and 14 1200-shot sequences were recorded,
corresponding to a total of between 9600 and
16 800 laser pulses for each reported analyte mass
concentration. Spectra that contained significant
emission intensity for a targeted analyte species
were identified as particle hits. For each LIBS
spectrum, the emission intensity about the ex-
pected analyte peak was compared to the emis-
sion intensity of an adjacent, featureless contin-
uum spectral region. The spectrum was classified
as a particle hit if the ratio of emission intensities
exceeded a threshold value, typically 75-150%
above the nominal ratio corresponding to the
absence of any analyte emission line intensity. As
discussed in previous work [9], such threshold
values eliminate on the order of 95% of the false
hits triggered by fluctuations in the baseline in-
tensity (i.e. spectral noise), thereby optimizing the
sensitivity to actual particle hits. This conditional
data analysis scheme was performed in real-time
for each 1200-shot sequence and the identified
spectra for all particle hits were stored along with
the ensemble-average of all laser pulses.

After each sampling period, the stored spectra
of all identified particle hits for a given analyte
species were ensemble-averaged and an equiva-
lent mass concentration was calculated using cali-
bration curves as discussed below. The equivalent
mass concentration corresponds to the analyte
signal strength as calculated using the subset of
data identified with the conditional sampling al-
gorithm. As such, the actual mass concentration
of the ambient air sample is equal to the product
of the equivalent mass concentration and the
frequency of identified hits [28]. The frequency of
hits is the number of spectra identified with the
analyte peak present divided by the total number
of laser pulses. It is noted that as the frequency of
hits approaches 100%, the conditional analysis
scheme converges to a traditional ensemble-aver-
aging approach.

The quantitative analysis of LIBS data for par-
ticle size and composition measurements was pre-
sented in detail in a recent paper [9]. The tech-
nique is based on the relationship between the

equivalent mass concentration of a given analyte
atomic emission peak, the analyte mass and the
characteristic plasma volume. The equivalent mass
concentration is calculated using a typical calibra-
tion curve relating the analyte LIBS signal to a
known analyte mass concentration. All calibration
curves used in this study were generated with
well-controlled mass flow streams and were char-
acterized by regression coefficients greater than
0.99. The LIBS signal in this study is defined as
the integrated atomic emission line intensity nor-
malized by the plasma continuum emission inten-
sity adjacent to the emission line. As developed in
the above-cited reference, the equivalent mass
concentration is equal to the single particle mass
divided by the plasma volume. Using this relation-
ship, the equivalent spherical diameter of a single
particle may be calculated using the expression:

(D

6xI/;) 1/3
mpf

where x is the equivalent mass concentration of
the analyte species (mass/volume of gas), V, is
the characteristic plasma volume (2.5 % 107*
cm?), p is the overall particle density, and f is the
mass fraction of the analyte with respect to the
overall particle mass. For a homogeneous parti-
cle, f equals unity and p becomes the density of
the analyte.

The algorithms discussed above enable the
identification of spectra corresponding to individ-
ual particles, and the calculation of overall mass
concentrations and the mass/size of individual
particles. Two additional controls were added to
the data reduction schemes. For mass concentra-
tion measurements, a total of two or more emis-
sion lines were utilized for each species. Typically,
the most intense line was used to trigger the
conditional data analysis routine. Then one or
two additional lines were used to calculate the
equivalent mass concentration based on the en-
semble-averaged spectrum of the identified parti-
cle hits. As discussed in a previous paper [9], this
approach prevents large spectral noise values that
exceed the conditional analysis threshold criteria
from contributing a false signal to the analyte
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peak. Because the spectral noise is random on a
given shot, a high noise spike on the analyte
trigger wavelength would not correspond to high
noise spikes on the alternative analysis wave-
length or wavelengths. For single-shot analysis,
comparing the analyte signal from two different
atomic emission lines screens false noise or other
spectral irregularities. A spectrum is rejected from
subsequent single-shot size analysis if both atomic
emission lines do not yield the same analyte mass
to within a factor of 2. In other words, spectra are
retained for size analysis only if the ratio of
analyte masses calculated from two different
emission lines is between 0.5 and 2.0.

All LIBS spectral data were collected and
processed in real-time using a conditional data
analysis routine to identify spectra corresponding
to the targeted analyte species. All spectra corre-
sponding to the presence of targeted analyte sig-
nals were stored and subsequently analyzed for
particle size and mass composition. Three differ-
ent spectral windows were utilized to monitor the
species of interest. The three windows were cen-
tered at 275, 408 and 590 nm, with each having a
spectral bandwidth of approximately 36, 32 and
25 nm, respectively, over the 1024-pixel intensi-
fied CCD detector array.

3. Results and discussion

Four elemental species were targeted for the
ambient air monitoring reported in this paper,
namely aluminum, magnesium, calcium and
sodium. The corresponding atomic emission lines
utilized were: the 394.40 and 396.15-nm Al I
lines; the 279.55, 280.27 and 285.21-nm Mg I and
II lines; the 393.37 and 396.85-nm Ca II lines; and
the 589.00 and 589.59-nm Na I doublet. Aluminum
and magnesium were selected because they are
used as energetic fuels in many fireworks, while
sodium and calcium were selected primarily as
controls due to their general prevalence in atmo-
spheric particulates. Data were analyzed for both
overall mass concentrations and mass-based par-
ticle size.

An advantage of LIBS-based analysis of indi-
vidual aerosol particles is the ability to determine
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Fig. 3. Two single-shot LIBS spectra. The lower spectrum
represents a single magnesium oxide particle. The upper spec-
trum, which has the same intensity scale but has been verti-
cally shifted for clarity, represents a magnesium-silicate parti-
cle.

the composition of constituent elements within a
given particle. Although the spectrometer /detec-
tor system used in the current study was limited
to relatively narrow spectral bandwidths, several
unique particle types, as observed by the combi-
nation of emission lines present, were identified
during this study. Representative spectra are pre-
sented in Figs. 3 and 4. Fig. 3 contains two
single-shot spectra corresponding to the spectral
window centered around the magnesium emission
lines. One spectrum is characterized by the pres-
ence of intense magnesium emission lines only,
with no other emission features observed in the
continuum. As discussed below, such a spectrum
is attributed to a single MgO particle in this
study. In contrast, the second spectrum features
both magnesium and silicon (288.16-nm Si 1)
emission lines, and is attributed to a type of
magnesium-—silicate particle, for example uni-
formly composed MgSiO; or an agglomerate of
MgO with a silicate particle. Such magnes-
ium-silicate spectra were rare in comparison to
the magnesium oxide spectra, with the latter ac-
counting for greater than 95% of the recorded
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magnesium-containing spectra. Fig. 4 contains two
spectra corresponding to aluminum-containing
particles, namely one spectrum containing only
aluminum emission lines and a second spectrum
characterized by the presence of both aluminum
and calcium emission lines. Spectra characterized
by the presence of both aluminum and calcium
emission (e.g. aluminum calcite particle) ac-
counted for less than 1% of the spectra contain-
ing calcium emission lines, and accounted for
approximately 10% of the spectra containing
aluminum emission lines. Particle size data are
presented in detail below, however, the four spec-
tra presented in Figs. 3 and 4 correspond to
particle diameters in the range of 200—-500 nm.
The above data demonstrate the overall sensitiv-
ity of the LIBS technique for single particle anal-
ysis, as observed by the relative strength of the
various atomic emission lines.

A novel feature of laser-induced breakdown
spectroscopy is the ability to reject null spectral
data while utilizing the infrequent but signal-rich
spectra corresponding to discrete aerosol parti-
cles. The enhanced signal-to-noise ratio resulting
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Fig. 4. Two single-shot LIBS spectra. The lower spectrum
represents a single aluminum-containing particle. The upper
spectrum, which has the same intensity scale but has been
vertically shifted for clarity, represents a particle containing
both aluminum and calcium.
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Fig. 5. LIBS spectra for calcium-based particle sampling. The
lower spectrum corresponds to an ensemble average of 9600
laser pulses, and the upper spectrum corresponds to an aver-
age of 28 identified calcium-based particle hits from the 9600
laser shots. Both spectra have the same intensity scale but
have been vertically shifted for clarity.

from the conditional analysis-based LIBS moni-
toring is illustrated in Fig. 5 for calcium-based
particle sampling. The figure presents the spec-
trum corresponding to the ensemble-average of
data for all laser pulses along with the corre-
sponding spectrum based on the ensemble-aver-
age of data for identified particle hits only. The
calcium data presented in Fig. 5 correspond to
the morning of July 7, with the lower spectrum
based on the average of 9600 laser pulses and the
upper spectrum corresponding the subset of 28
spectra recorded for calcium particle hits. The
corresponding calcium-based particle sampling
frequency is 28,/9600 or approximately 0.3% of
laser pulses. The increase in analyte signal-to-
noise ratio is very significant, with the 9600-shot
ensemble-average essentially equal to a non-de-
tectable calcium emission signal. The effective
mass concentration of the calcium hits spectrum
is approximately 137 parts per billion (ppb; mass
calcium /mass air), while the overall calcium con-
centration is 137 X (0.3 /100) or approximately 0.4
ppb. The nominal improvement in signal-to-noise
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ratio is approximately 2 orders of magnitude for
this calcium sampling frequency, which is appar-
ent in the Fig. 5 spectra. Sodium-containing emis-
sion spectra revealed similar enhancement in
sodium emission line intensity with the use of
conditional data analysis.

As illustrated above, the use of a conditional
data analysis routine yields spectra with excellent
signal-to-noise ratios for the observed ambient air
particle sampling rates. The spectral data were
subsequently used to calculate overall mass con-
centration measurements of aluminum, calcium,
magnesium and sodium throughout the sample
period. The mass concentration of magnesium
recorded in ambient air is presented in Fig. 6 as a
function of time. The mass concentration ranged
from 0 to 108 parts per trillion (ppt) on a mass
basis. It is noted that 1 part per trillion on a mass
basis is equivalent to 1.16 ng/m’ of ambient air.
A mass concentration of zero corresponds to a
sampling frequency of zero or an equivalent mass
concentration of the particle hits less than 10
parts per billion, the lower detection limit es-
tablished for magnesium for the spectra corre-
sponding to the particle hits. The magnesium-
based particle sampling rates were typically 0.1%
or less; hence the actual analyte signals corre-
sponding to the Fig. 6 data were approximately 3
orders of magnitude larger than the overall mass
concentration values. The data presented in Fig. 6
reveal a significant rise in magnesium during the
Fourth of July holiday period, considered to span
from July 1 to July 7 as discussed above. The
average magnesium concentration during the hol-
iday period was 44.5 ppt, with a high of 108 ppt,
while the average concentration of magnesium
before and after the holiday period was 0 and 3.6
ppt, respectively. The nearly 50-fold increase in
magnesium during the Fourth of July holiday
period in comparison to the average of pre- and
post-holiday concentrations is strongly suggestive
that the source of increased magnesium is derived
from the discharge of fireworks in the tropo-
sphere. The mass concentration data recorded for
aluminum during the same sampling period re-
vealed trends similar to the magnesium data.
However, the overall aluminum-sampling hit rates
were significantly lower than the magnesium sam-
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Fig. 6. Mass concentration of magnesium as a function of
time. Each data point represents the average LIBS-based
concentration over a 2-h sampling period.

ple rates. As such, the aluminum data contained a
larger percentage of zero concentration measure-
ments, essentially non-detects. The average
aluminum concentration was 46 ppt during the
holiday period, compared to an average mass
concentration of 7 ppt before and after the holi-
day period. The current findings of increased
magnesium and aluminum are consistent with
results reported during a similar study that uti-
lized laser desorption/mass spectrometry for the
analysis of ambient air particles [31]. The study
reported significant increases in the levels of am-
bient air magnesium and other elements at-
tributed to fireworks in the days following the
Fourth of July holiday at the University of Cali-
fornia in Riverside. Although the total masses of
magnesium and aluminum released by fireworks
are diluted with a significant volume of ambient
air, the current study and the work of Liu et al.
[31] suggest that pyrotechnic-derived particulates
persist in the troposphere with a time scale on the
order of days.

The mass concentration data for calcium and
sodium are presented in Fig. 7 for the same time
period. In contrast to the magnesium and
aluminum data, the mass concentrations of cal-
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Fig. 7. Mass concentrations of calcium and sodium as a func-
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based concentration over a 2-h sampling period.

cium and sodium do not correlate as strongly with
the Fourth of July holiday period. The average
calcium and sodium concentrations during the
holiday period were 0.21 and 0.65 parts per billion
(ppb) by mass, respectively, while the pre- and
post-holiday average calcium and sodium concen-
trations were 0.14 and 0.25 ppb, respectively. Al-
though sodium and calcium may be a component
of select fireworks, the prevalence of both cal-
cium and sodium is well documented in ambient
air under normal conditions [32—36]. It is difficult
to determine the contribution of fireworks-
derived calcium and sodium to the recorded mass
concentrations due to the relatively large back-
ground levels and daily fluctuations of these
species. For example, the standard deviations (n
— 1) of the measured sodium mass concentration
data are equal to 0.43 and 0.33 ppb, correspond-
ing to the holiday and non-holiday sampling peri-
ods, respectively. The difference between holiday
and non-holiday sodium concentrations (approx.
0.4 ppb) is within the standard deviations for
these two sample sets, making it difficult to con-
clude any statistical significance to the fluctua-
tions in sodium and calcium over the Fourth of
July holiday. The maximum mass concentration

of sodium was 1.7 ppb, recorded on the evening
of July 2, while the maximum calcium mass con-
centration was (.75 ppb recorded on the morning
of July 5. The ambient air concentrations of cal-
cium and sodium were greater by approximately 2
orders of magnitude in comparison to magnesium
and aluminum values. No independent sampling
and analysis techniques were used to corroborate
the reported mass concentration data. However,
in an earlier study, independent extractive sam-
pling in accordance with US EPA Method 29
standards yielded excellent agreement for
chromium and manganese concentration mea-
surements at 2-3 ppb mass concentrations [28].
In aggregate, the current mass concentration data
demonstrate the ability of the LIBS technique to
measure element-specific concentrations of par-
ticulate matter at very low overall mass concen-
tration levels.

While the mass concentration data presented
above are based on conditional data analysis cor-
responding to approximately 2-h sampling peri-
ods, it also useful to examine the data with finer
temporal resolution. The sampling frequencies of
recorded sodium-based particle hits based on in-
dividual 1200-shot laser sequences (i.e. 4-min se-
quences) are presented in Fig. 8 for the 2-h
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Fig. 8. Sampling frequency of sodium-based particle hits over
a 2-h period on July 4. Each data point corresponds to the
frequency of sodium hits for a 1200-shot laser sequence.
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sampling period monitored on the morning of
July 4. The 4-min sampling frequencies of
sodium-based particles ranged from 0.25 to 0.92%
during this 2-h period, which corresponds to a
factor of 2 within the average sampling rate of
0.49%. The time-resolved sampling data pre-
sented in Fig. 8 are typical of the relatively steady
nature of particulate matter observed on the time
scale of minutes to several hours. Additional stud-
ies will focus on the temporal variations in am-
bient air particulates and the resolution of the
LIBS technique for monitoring such phenomena.

In addition to the evaluation of mass concen-
trations, the individual spectra corresponding to
each particle hit were analyzed for elemental
mass and subsequent particle size. As outlined in
detail in a recent paper [9], the LIBS-based mea-
sure of elemental mass within a single particle
may be used to infer the particle size. The ele-
mental mass is directly calculated from the
product of the equivalent analyte mass concentra-
tion of a single-shot spectrum and the character-
istic plasma volume. For this study, the character-
istic plasma volume was 2.5X107* cm® as re-
ported previously [29]. As observed in Eq. (1), the
calculation of a mass-based particle diameter re-
quires the specification of parameters based on
the particle type, namely the bulk particle density
and the elemental mass fraction of the measured
analyte species.

For the present study, the magnesium-based
particles were modeled as magnesium oxide, MgO,
with a density of 3.58 g/cm® and a magnesium
mass fraction of 0.60. MgO was utilized as a
model based on several observations, including
the perceived particle source of magnesium,
namely via combustion-generation during the dis-
charge of fireworks. As noted above, nearly all of
the magnesium particles were characterized by
the absence of any recorded silicon or iron atomic
emission lines. Furthermore, modeling the parti-
cles as sea salt-based particles, which contain
significant fractions of magnesium, was dis-
counted for the magnesium-based particles due to
the mass values of magnesium and sodium
recorded. The Na/Mg mass ratio for sea-salt
particles is nominally 7.8 [36], which is not consis-
tent with the present calculated values. Specifi-

cally, the average mass of particulate magnesium
was 24 femtograms (fg), while the average mass of
particulate sodium was 30 fg, with a correspond-
ing Na /Mg ratio of only 1.25. Although the largest
recorded sodium particle mass is consistent with
the nearly 8:1 Na/Mg ratio, the recorded sam-
pling frequency of the largest sodium particles is
inconsistent with the recorded sampling fre-
quency of magnesium particles. Simultaneous
monitoring of both sodium and magnesium emis-
sion lines would remove the ambiguity associated
with magnesium and sodium-containing particles,
and is a goal of future research.

The calcium particles were modeled as calcium
carbonate, CaCOj;, with a density of 2.71 g/cm®
and a calcium mass fraction of 0.40. Calcium in
ambient air particulates is mostly composed of
calcium carbonate or gypsum [34], although
CaSO, particulates from anthropogenic sources
may be significant in number [33]. The sodium
particles were modeled as two different particle
types, namely sodium chloride, with a density of
2.17 g/cm® and a sodium mass fraction of 0.39,
for particles with a corresponding mass-based di-
ameter less than 1 wm, and sodium nitrate for
particles greater than 1 pm. Such a categorization
is consistent with recent measurements reported
of nitrate-containing particles using an aerosol
time-of-flight spectrometer [37]. Specifically,
sodium nitrate particles were limited to the course
size mode between 1 and 3.5 pm. Deviations in
the ratio of Cl/Na from reference seawater val-
ues have been reported for submicrometer sea-salt
aerosols [36], although no attempt was made in
this study to account for chlorine depletion. In a
recent study, LIBS-based size measurements were
recorded for laboratory generated aerosols mod-
eled as calcium and magnesium hydroxides, which
were in excellent agreement with independent
light-scattering based size measurements [9].

The histogram of calculated diameters (as
MgO) for the magnesium-containing particles
recorded during the Fourth of July holiday period
is presented in Fig. 9. The mean diameter is 276
nm, with a standard deviation of 93 nm. The size
distribution exhibits a skewness toward larger
particle sizes, as expected for general aerosol
populations. The mean particle size of magne-
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Fig. 9. Histogram of calculated diameters for magnesium-con-
taining particles for the Fourth of July holiday period. The
particles were modeled as magnesium oxide (MgO).

sium-based particles recorded after the holiday
period was 206 nm, with a standard deviation of
83 nm. The approximately 70-nm difference in
mean diameters, approximately a 25% decrease,
between the sizes of these two magnesium-based
particle populations is not statistically significant,
but nonetheless may be indicative of two different
sources of magnesium particles, namely fireworks
derived and perhaps marine-derived. In contrast,
the calcium and sodium particle size distributions
revealed essentially no variations with respect to
the holiday period. The size distribution recorded
for the calcium particles (as CaCOj) is presented
in Fig. 10. The mean particle diameter is 323 nm
with a standard deviation of 180 nm, and with a
modal diameter of approximately 175 nm. A long
tail is extended toward the larger diameters, with
a maximum-recorded diameter of approximately
1.1 pm. The largest particles have a calcium mass
approximately 250 times larger than the mass
associated with the modal particle diameter. The
size distribution of pre- and post-holiday
calcium-based particles was essentially identical
to the Fig. 10 data. The mean diameter and
standard deviation were 330 and 173 nm, respec-
tively, which are within 1% of the particle values

35
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Fig. 10. Histogram of calculated diameters for calcium-con-
taining particles for the Fourth of July holiday period. The
particles were modeled as calcium carbonate (CaCO3).

recorded during the holiday period. For compar-
ison, the cumulative probabilities of the two cal-
cium-based particle size distributions are plotted
in Fig. 11. The similar curves in Fig. 11 are
consistent with the previous discussion regarding
particulate calcium not being associated apprecia-
tively with the discharge of fireworks.

The histogram of submicron-sized sodium par-
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Fig. 11. Cumulative probabilities of calcium-based particle
diameters both for the holiday period and the post-holiday
period.
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Fig. 12. Histogram of calculated diameters for submicron-sized
sodium-containing particles for the Fourth of July holiday
period. The particles were modeled as sodium chloride (NaCl).

ticles (as NaCl) is presented in Fig. 12 for the
holiday period. The mean and modal particle
diameters are approximately 410 and 325 nm,
respectively, with a standard deviation of the dis-
tribution equal to 144 nm. As with the calcium
results, the non-holiday associated sodium parti-
cles were consistent with the size distributions
recorded during the holiday period. Specifically,
the mean and standard deviation of the post-holi-
day sodium-based particles were 387 and 117 nm,
respectively. As discussed above, the sodium-
based particles larger than 1 pm were modeled as
sodium nitrate. The sodium nitrate particles ac-
counted for approximately 3% of the sodium-
based particle hits recorded, and were character-
ized by an equivalent size that ranged between 1.1
and 1.9 pm.

It is also useful to discuss the absolute de-
tectable analyte masses and the relative sensitiv-
ity of the LIBS technique for the species analyzed
in this paper. The smallest particle diameters
reported in Figs. 9 and 10 and Fig. 12 represent
the minimum detected masses of magnesium, cal-
cium and sodium, respectively. Because the
probability is low that the actual ambient air size
distributions naturally ended at these points, these

minimum detected sizes are considered represen-
tative of the analyte mass detection limits. For
calcium, magnesium and sodium, the minimum
detected masses were 0.5, 1.2 and 3.3 femtograms,
respectively, with corresponding particle diame-
ters of approximately 90, 100 and 195 nm. It is
noted that particle size modes on the order of
tens of nanometers may exist for select particle
types (i.e. combustion derived). At present such
nanoparticles are not detectable as single parti-
cles using LIBS as implemented in the present
study. An additional parameter that should be
noted is the rate of acceptance of the single-shot
spectra. As detailed above, the criteria for analy-
sis of a single-shot spectrum was that the calcu-
lated analyte mass was consistent (within a factor
of 2) for two atomic emission lines. The retention
rate for the spectra of sodium-based particles was
90%, and the retention rates were 63 and 50%
for the spectra of calcium and magnesium-based
particles, respectively. These rates reflect a num-
ber of factors including: the overall LIBS sensitiv-
ity to each analyte emission line; the signal-to-
noise ratio in the various spectral regions; and the
specific nature of the emission line pairs (e.g.
neutral line to ionic line as with magnesium).
Single-shot variations in atomic emission spectra
in consideration with plasma properties are the
focus of ongoing work.

4. Conclusions

The LIBS technique was successfully used to
monitor ambient air particulates containing a
number of species. Data were analyzed both for
overall mass concentrations and for mass and size
measurements of individual particles. A conditio-
nal data analysis algorithm was implemented in
real-time to identify spectra corresponding to in-
dividual aerosols. This approach was successful in
increasing the signal-to-noise ratios by rejecting
null spectral data. For the relatively low aerosol
loadings observed, nominal increases in analyte
signal were approximately 2—3 orders of magni-
tude with conditional data analysis. The Fourth of
July holiday period provided a unique sampling
opportunity to record significant changes in am-
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bient air concentrations of metallic species associ-
ated with the discharge of fireworks in the tropo-
sphere. Order-of-magnitude increases in magne-
sium and aluminum mass concentrations were
observed during the holiday period, and were
attributed directly to the discharge of fireworks.
In contrast, recorded ambient air concentrations
of sodium and calcium revealed no significant
correlation with the Fourth of July holiday pe-
riod. Temporal data were also examined, thereby
demonstrating the ability of the LIBS technique
to monitor ambient air particulate matter with a
temporal resolution of a few minutes.

The LIBS technique is well suited for the
unique problem of aerosol analysis because of the
ability to couple a small sample volume with
single-shot analysis, thereby taking advantage of
the discrete analyte mass associated with individ-
ual particles. Ambient air mass concentration
measurements were recorded for magnesium and
aluminum as low as one part per trillion. The
absolute mass detection limits for single particle
analysis exceeded sub-femtogram values for cal-
cium-containing particles, and was on the order
of 2-3 femtograms for magnesium and sodium-
based particles. Overall, the LIBS technique is
promising for the challenging issues associated
with the real-time collection and analysis of
ambient air particulate matter data. The use of
advanced spectrometer systems, such as echelle
designs, with a broader spectral bandwidth will
enable a greater amount of species-to-species
correlations.
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