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The Soot Particle Aerosol Mass Spectrometer (SP-AMS) was
developed to measure the chemical and physical properties of par-
ticles containing refractory black carbon (rBC). The SP-AMS is
an Aerodyne Aerosol Mass Spectrometer (AMS) equipped with an
intracavity laser vaporizer (1064 nm) based on the Single Particle
Soot Photometer (SP2) design, in addition to the resistively heated,
tungsten vaporizer used in a standard AMS. The SP-AMS can be
operated with the laser vaporizer alone, with both the laser and
tungsten vaporizers, or with the tungsten vaporizer alone. When
operating with only the laser vaporizer, the SP-AMS is selectively
sensitive to laser-light absorbing particles, such as ambient rBC-
containing particles as well as metal nanoparticles, and measures
both the refractory and nonrefractory components. When oper-
ated with both vaporizers and modulating the laser on and off, the
instrument measures the refractory components of absorbing par-
ticles and the nonrefractory particulate matter of all sampled parti-
cles. The SP-AMS design, mass spectral interpretation, calibration,
and sensitivity are described. Instrument calibrations yield a sen-
sitivity of greater than 140 carbon ions detected per picogram of
rBC mass sampled, a 30 detection limit of less than 0.1 ug-m=3
for 60 s averaging, and a mass-specific ionization efficiency rela-
tive to particulate nitrate of 0.2 £ 0.1. Sensitivities were found to
vary depending upon laser-particle beam overlap. The utility of the
instrument to characterize ambient rBC aerosol is demonstrated.
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1. INTRODUCTION

Black carbon-containing particles are generated in the incom-
plete combustion of fossil fuels, biomass, and biofuels (Bond
et al. 2004; 2007). Such particles in the atmosphere affect air
quality (Lelieveld et al. 2001), impact human health (Dock-
ery 2001; Jansen et al. 2005; Grahame and Schlesinger 2010),
and have a significant effect on the direct and indirect radia-
tive forcing of regional and global climate (Ramanathan and
Carmichael 2008; Bauer et al. 2010). However, the detailed ef-
fects of black carbon particles on human health and climate
remain highly uncertain (Seinfeld 2008). These uncertainties
are magnified by the chemical and physical complexities of
black carbon-containing particles (Adachi et al. 2010). Further,
pollutant species co-emitted with black carbon by combustion
sources can significantly influence the chemical composition
and therefore key physical, chemical, and radiative properties
of black carbon particles. A detailed, predictive understanding
of the impacts of black carbon-containing particles on regional
and global scales requires that the chemical composition and
associated physical and optical properties of these particles can
be quantified.

During the past decade, 2 different, real-time instrumental
techniques have had direct and important contributions toward
characterizing and quantifying carbonaceous particles’ physical
and chemical properties. The Single Particle Soot Photometer
(SP2) developed by Droplet Measurement Technologies (DMT,
Boulder, CO) is a real-time, highly sensitive, compact instru-
ment that utilizes single particle incandescence signals to quan-
tify refractory black carbon (rBC) mass loadings (Stephens et
al. 2003; Baumgardner et al. 2004; Schwarz et al. 2006). The
SP2 provides rBC mass loadings, particle number concentra-
tions, and size distribution measurements, though these mea-
surements are constrained by single particle detection limits
of ~0.7 fg/particle (Schwarz et al. 2010). Several groups have
combined the optical scattering and the incandescence signals
to provide information on the internal mixing (i.e., coating) state
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of measured rBC particles (Gao et al. 2007; Moteki and Kondo
2007; Shiraiwa et al. 2007; Schwarz, Gao, et al. 2008; Schwarz,
Spackman, et al. 2008). However, the SP2 does not provide any
chemical information.

The Aerosol Mass Spectrometer (AMS), developed by Aero-
dyne Research Inc., measures real-time, size-resolved compo-
sition of nonrefractory, submicron aerosol particle ensembles
(Jimenez et al. 2003; Drewnick et al. 2005; Canagaratna et
al. 2007). In the standard AMS configuration, aerosol particles
are thermally vaporized at ~600°C using a resistively heated,
tungsten vaporizer. The resulting vapor is ionized with an elec-
tron beam and the ions are detected in a high-resolution mass
spectrometer (DeCarlo et al. 2006). This method of vaporiza-
tion precludes the detection of refractory aerosol components,
including black carbon.

In this paper, we describe the development, validation, and
initial application of a new instrument, designated the Soot Par-
ticle Aerosol Mass Spectrometer (SP-AMS), for characterizing
and quantifying ambient rBC particles. The SP-AMS is a com-
bination of the High Resolution Time-of-Flight Aerosol Mass
Spectrometer (HR-ToF-AMS) and the Single Particle Soot Pho-
tometer (SP2); an intracavity Nd:YAG laser vaporizer (1064
nm), based on the design used in the SP2 instrument, has been
incorporated into the HR-ToF-AMS. The new vaporizer is de-
signed to vaporize refractory particle types that are not detected
in a standard AMS and to provide vaporized species for detec-
tion via electron impact ionization for chemical ion generation,
thereby keeping the vaporization and ionization steps separate.
The addition of a laser vaporizer allows AMS technology to
be directly applied, for the first time, to characterizing the re-
fractory chemical components of ambient aerosol, specifically
laser-light absorbing rBC particles. The new laser vaporizer
does not interfere with the standard resistively heated vaporizer
(referred to as the tungsten vaporizer from here on) used in an
HR-ToF-AMS instrument or generate chemical ions. Therefore,
the SP-AMS instrument can be operated with the laser vaporizer
alone, with both the laser and tungsten vaporizers, or with the
tungsten vaporizer alone.

2. INSTRUMENT DESIGN

The SP-AMS instrument is a standard HR-ToF-AMS with an
added intracavity laser vaporizer. Figure 1 shows 2 schematic
views of the SP-AMS highlighting the 3 axes of the instrument:
particle beam, laser beam, and ion extraction into the mass spec-
trometer. The SP-AMS, like other AMS instruments, provides
average mass spectrometric measurements of the ensemble of
sampled aerosols rather than measurements on a particle-by-
particle basis. This is in contrast to the SP2 instrument (Schwarz
etal. 2010) and laser ablation aerosol mass spectrometers (Mur-
phy 2007; Pratt and Prather 2011) and references therein) that
inherently provide single particle measurements. Furthermore,
the laser vaporizer in the SP-AMS is a continuous wave (CW)
laser with light power densities (i.e., irradiance) below multi-

photon ionization and/or plasma formation thresholds, unlike
single particle laser ablation instruments that rely on laser des-
orption and ionization techniques for ion generation (Murphy
2007). Thus, chemical ions in the SP-AMS and standard AMS
instruments are generated using the universal 70 eV electron im-
pact ionization technique. The addition of a laser vaporizer into
the AMS design expands the utility of the AMS technology to
include the detection of near-infrared light absorbing particles,
specifically ambient rBC particles. The laser vaporizer has been
designed as a module that can be added to any existing AMS
instrument.

Data acquisition sampling modes of the SP-AMS are the
same used in standard ToF-AMS instruments: Mass Spectrum
(MS) and Particle Time-of-Flight (PTOF) modes (Jimenez et al.
2003; DeCarlo et al. 2006; Kimmel et al. 2011). The SP-AMS
provides a difference measurement in MS mode, using a me-
chanical beam block to modulate the sampled particle beam for
OPEN (sampled particles) and CLOSED (particle free) detec-
tion. An alternate sampling technique of the SP-AMS provides a
similar measurement by turning the laser on and off, rather than
using the mechanical chopper. In the PTOF mode, a mechanical
chopper is used for measuring the mass distributions of both
nonrefractory and refractory particulate material as a function
of particle vacuum aerodynamic diameter (dy,).

2.1. Laser Vaporizer

The incorporation of a laser vaporizer into an AMS includes
several key challenges. The diode-pumped Nd: YAG intracavity
laser has to efficiently couple the laser radiation into the AMS
high vacuum ionization-detection chamber and overlap the par-
ticle beam. As illustrated in Figure 1, the laser cavity (crystal
and coupling mirror) is located entirely within the AMS vacuum
chamber to optimize laser performance. Thermal stability of the
crystal is maintained by external thermo-electric cooling. Laser
cavity alignment is provided by external mounts attached to
the vacuum chamber, thereby providing stable beam alignment
within the ionization-detection region in the SP-AMS. An exter-
nally mounted CCD camera is used for tracking the laser power,
alignment, and the laser Transverse ElectroMagnetic (TEM)
modes.

As shown in Figure 1, the SP-AMS has 3 orthogonal axes
(particle beam, laser vaporizer, and ion extraction) and accurate
alignment of the axes is important for reproducible and sta-
ble operation. Aerodyne AMS instruments utilize a cross-beam
ion source (Pfeiffer Vacuum) and a tungsten filament (~8 mm
length wire) centered on the ion extraction axis and oriented
along the particle beam axis. The standard tungsten vaporizer is
set back from the ion extraction volume by ~4 mm along the
particle beam axis. The particle beam and laser vaporizer are
aligned with respect to the tungsten vaporizer and intersect the
ion extraction volume of the ion formation cage. Both vaporiz-
ers were designed such that vaporized molecules intersect the
electron beam and the ion extraction volume; however, relative
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FIG. 1. Schematics of SP-AMS instrument that show the particle beam, laser beam, and ion extraction axes and define the horizontal and vertical axes of the
instrument as discussed in the text. (a) Top-down view. (b) Cross-section view looking up the particle beam axis.

ionization efficiencies from the laser and tungsten vaporizers
will depend upon the alignment and tuning of these elements.
It is important that the intensity of the laser light interacting
with the absorbing particles be sufficient to fully vaporize parti-
cles as they cross the laser beam, but remain below multiphoton
ionization and/or plasma formation thresholds. Thus, the ideal
vaporizing laser configuration has a high intracavity power and
a broad beam for sufficient particle-laser beam overlap. High
intracavity laser power is required as particles sampled into
the SP-AMS vacuum chamber (~1x 107> Torr) travel rapidly
(~100 m/s) and spend little time (5-20 s depending upon par-
ticle size) in the laser beam. In comparison, particles sampled
into a SP2 instrument at atmospheric pressures travel through
the laser beam in 30-600 us, depending upon the sampling flow
rate, which can be varied from approximately 0.25 to 4 cm?/s
(Schwarz et al. 2006; Schwarz et al. 2010). Intracavity laser

power has been optimized (intracavity laser power densities >
0.2 MW/cm?) by using a free-beam pump laser configuration
(808 nm, model JOLD-4.2-BAXH-1E, Jenoptik) and maximiz-
ing pump laser power. Current SP2 designs use a fiber coupled
pump laser configuration and operate at lower pump laser pow-
ers (Schwarz et al. 2010). As described in Section 3.2.2, suffi-
cient laser intensity can be checked by measuring the sensitivity
of the SP-AMS to rBC particle carbon ion signals as a function
of laser power.

The current SP-AMS utilizes the TEMOO laser mode (i.e.,
2-D Gaussian profile). The laser beam width for the TEM0O
mode is a function of the cavity length and limited by practical
instrument dimensions to a relatively narrow width (o ~ 0.25
mm, FWHM ~0.56 mm), which is similar to the laser beam
width in SP2 instruments (Stephens et al. 2003). The width of
the laser vaporizer is less than the average measured particle
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beam widths in AMS instruments for 5 of 6 field studies cover-
ing urban to rural environments (Salcedo et al. 2007). Further,
it is significantly less than the estimated particle beam width
(0.77 mm) for laboratory generated ethylene flame soot parti-
cles (Slowik et al. 2004; Huffman et al. 2005). Thus, dispersion
of small and nonspherical particles in the aerodynamic lens inlet
of the SP-AMS may cause particles to miss the laser TEM00
vaporizer. It is important to note that any mismatch in over-
lap between the particle and laser beams due to the narrow laser
beam width occurs only along the vertical axis of the instrument
(i.e., perpendicular to the plane defined by the particle and laser
beams), the horizontal axis being the laser beam axis (Figure 1).
This issue is investigated in more detail in Section 3.2.2. The
use of higher-order modes is being explored as a potential way
to broaden the laser beam vertically in the vaporization zone.

2.2. Vaporization and Detection

AMS technology provides a sensitive, linear response of
chemical ions to sampled particle mass (Jayne et al. 2000;
Takegawa et al. 2005). The technology is based on the sepa-
ration of the vaporization of particulate material and the sub-
sequent ionization of the vaporized species (Jayne et al. 2000).
The AMS utilizes the universal 70 eV electron impact ionization
technique, such that any chemical species that can be vaporized
can be detected. The use of a resistively heated, tungsten vapor-
izer has precluded direct detection of refractory materials. The
SP-AMS expands the application of this technology by using
an intracavity, CW laser to vaporize rBC particles (and associ-
ated nonrefractory particulate species), which do not vaporize
upon impact with a standard 600°C tungsten vaporizer. Figure 2
graphically displays the vaporization and detection processes
within the SP-AMS laser vaporizer relative to the optical pro-
cesses observed in SP2 instruments (Gao et al. 2007). From left
to right in Figure 2, rBC-containing particles are aerodynam-
ically focused into the laser beam under high vacuum. As the
particles enter the laser beam, they begin to scatter laser light
(top plot, red line). Once the absorbing material in the particles
starts to heat up, nonrefractory material is vaporized from the
particles decreasing the scattered light and generating neutral
gas phase chemical species (bottom diagram). With the nonre-
fractory material vaporized from the particles, the rBC material
heats up further to several thousand degrees K (Schwarz et al.
2006; Moteki and Kondo 2007; Moteki and Kondo 2010). The
blackbody radiation at these elevated temperatures gives rise
to the visible incandescence signal that is monitored in the SP2
instrument (top plot, blue line) while, simultaneously, the refrac-
tory portion of the particles vaporize into neutral carbon clus-
ters (bottom diagram). In the SP-AMS, the vaporized species
are subsequently ionized and detected by time of flight mass
spectrometry (bottom diagram). Finally, it should be noted that
particle heating and vaporization in the SP-AMS differs from
that in the SP2 due to the high-vacuum environment where the
particles cross the laser beam, such that small rBC particle de-

tection in the SP-AMS is not limited due to convective cooling
as it is in the SP2 (Schwarz et al. 2010).

Particle vaporization by absorbed CW laser light differs from
particle flash vaporization upon impaction with a constant tem-
perature tungsten surface (as is done in the standard AMS) in
terms of collection efficiencies, internal energies of vaporized
molecules, and maximum vaporization temperatures. The col-
lection efficiency, CE, of an AMS is a product of 3 terms,

CE = ELXEstB, [1]

where E| is the fraction of particles lost during transit through
the inlet and aerodynamic lens, Eg is the fraction of particles
lost due to particle beam divergence causing particles to miss
the vaporizer (either laser or tungsten), and Ep is the fraction
of particles lost due to particle bounce effects from the tung-
sten vaporizer prior to full vaporization (Huffman et al. 2005;
Matthew et al. 2008). As noted above, the CE of the SP-AMS
laser vaporizer is governed by the Eg term, whereas, the CE of
the tungsten vaporizer is currently understood to be governed
by the Ep term (Matthew et al. 2008).

As shown in Section 3.1, different mass spectral fragmen-
tation patterns were observed for the same organic compound
vaporized using the 2 different vaporizer techniques. As 70 eV
electron impaction ionization is used for all SP-AMS measure-
ments, the differences in the fragmentation are likely due to
different internal energies of the vaporized organic compound
(Vékey 1996; Wilson et al. 2006). These results suggest that the
vaporization, and thus ionization, processes of neutral molecules
vaporized from particles absorbing laser energy may not be the
same as for particles impacting a heated tungsten surface in the
SP-AMS. The characterization of particle material as refrac-
tory or nonrefractory is an operational definition connected to
the detection capability of the instrument (DeCarlo et al. 2006;
Schwarz et al. 2010). In the operation of the standard AMS,
nonrefractory particle material (NR-PM) is defined as the par-
ticulate material that can be vaporized using a 600°C resistively
heated vaporizer and detected during the instrument sampling
interval (DeCarlo et al. 2006; Salcedo et al. 2010). Schwarz et al.
(2010) defines rBC as the refractory carbon mass detected by
incandescence signals in SP2 instruments. As the SP-AMS and
SP2 instruments both use a similar 1064 nm CW laser to detect
rBC particles, we adopt the Schwarz et al. (2010) definition for
the rBC mass detected by the SP-AMS via aerosol mass spec-
trometry. In addition, for the fraction of particles that absorb
SP-AMS laser light, the significantly higher maximum particle
temperature attained by laser heating extends the range of de-
tectable particle components up to rBC. This extended range
includes the standard AMS nonrefractory mass (NR-PM) com-
ponents as a subset. We designate the particle mass detected by
the SP-AMS less the NR-PM and rBC components as refrac-
tory particulate matter (R-PM). R-PM may include refractory
metals, inorganics, and organic species associated with rBC
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particles. Table 1 summarizes the measured species and associ-
ated CE terms for the 3 vaporizer combinations of the SP-AMS.

The range of particle types that absorb 1064 nm wavelength
light and are detected by either incandescence or mass spectrom-
etry (i.e., any particulate material with a low enough electronic
band gap) has been explored using SP2 instruments and include
various rBC particles (e.g., graphitic, amorphous, fullerenic) as
well as silicon, niobium, and chromium particles (Schwarz et al.
2006; Moteki and Kondo 2010). Recent work in our laboratory
include detection of metal (e.g., aluminum, zinc, silver, and
gold) and ceramic (e.g., boron carbide) nanoparticles suggest-
ing this instrumental technique may have wide application in
nanoparticle research. Here, we limit the focus of this paper to
rBC particle detection for the specific application of character-
izing and quantifying ambient rBC containing particles.

3. INSTRUMENT CHARACTERIZATION

3.1. Aerosol Mass Spectra and Interpretation

The fundamental measurement of the SP-AMS instrument
is an average aerosol mass spectrum. In Figure 3, we show a
SP-AMS generated mass spectrum of laboratory soot produced
in the combustion of ethylene at a fuel equivalence ratio of 2
and thermally denuded at 250°C (Cross et al. 2010). The fig-
ure displays the measured ion count rate (Hz) as a function of
the mass to charge ratio (m/z), with an inset highlighting sig-
nals above m/z 360 and a secondary inset highlighting signals
around m/z 720. As the flame soot particles were denuded prior
to sampling by the SP-AMS, the dominant ion signals in the
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FIG.3. Mass spectrum of denuded (250°C) ethylene flame soot averaged over 20 min. Carbon ion clusters are shown in black and organic signals (i.e., CyH, and
C,H,0,) are shown in green. Significant carbon ion clusters are spaced 12 m/z apart (i.e., Cy) for m/z < 384 and 24 m/z apart (i.e., C3) for m/z > 384. The first
inset highlights the stable carbon ion cluster sequence for m/z greater than 384 (i.e., C3; ™), which are fullerene structures. The second inset shows the measured
3¢ isotopic distribution (black; raw signal) compared with NIST values (red sticks) for the stable Cg cluster, buckminsterfullerene. The pie chart shows the
relative abundance of the carbon ion clusters for C;—Cs (49%), C6—C31 (28%), and C3,—Cgs (24%).
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TABLE 1
SP-AMS measured particulate species for the 3 vaporizer combinations

Vaporizer Measured species
Tungsten NR-PM * Eg
Laser (tBC + R-PM* + NR-PM¥) * Eg

Laser and tungsten

(BC + R-PM! 4 NR-PM?) * Eg 4+ (NR-PM - NR-PM* * Eg) * Eg

NR-PM = Nonrefractory Particulate Material measured by a standard AMS (Jimenez et al. 2003)
R-PM = Refractory Particulate Material measured by the SP-AMS (see text for details)

rBC = Refractory Black Carbon measured by the SP-AMS and SP2 (Schwarz et al. 2006)

= Particulate Material on rBC particles as measured by the SP-AMS (see text for details)

Ey = Particle bounce related Collection Efficiency of the AMS
Es = Size and shape related Collection Efficiency of the SP-AMS

mass spectrum are derived from refractory particulate material.
Using high-resolution mass analysis, all of the peaks shown in
black are identified as carbon ions from C;* (m/z = 12) up
to Cgr™ (m/z = 984), shown in the first inset. These rBC ion
signals are not observed using standard AMS instruments with
tungsten vaporizers (Slowik et al. 2004; Cross et al. 2010). The
sum of these carbon ions is a measure of sampled particulate
refractory carbon mass and the distribution of the ion signals
across the various carbon ions provides a “finger print” for
ethylene flame soot. Such “finger prints” may be influenced by
the laser vaporization process as observed for pulsed laser va-
porization and ionization experiments (Spencer et al. 2008). The
“finger prints,” even if modified by the laser vaporization pro-
cess, may be related to the molecular structure of carbon in soot
particles and may provide useful information for apportioning
mass loading of ambient rBC particles to different combustion
sources.

A large fraction of the summed carbon ion signal (~50%)
resides in the C;* to Cs* ion signals, with the largest car-
bon ion signal at C3T. The intensities of these peaks exhibit a
pattern with clusters of odd numbers of carbons being larger
(i.e., more stable) than clusters with even number of carbons as
previously observed (Drowart et al. 1959). The mass spacing
for the dominant rBC ion signals below C3p* is m/z = 12 (i.e.,
a single carbon atom), whereas the spacing for dominant car-
bon ion signals above C3p" is m/z = 24 (i.e., 2 carbon atoms).
This change in spacing represents a change from carbon clusters
with open 2-D structures (e.g., linear chains, monocyclic rings,
and polycyclic rings) to closed or hollow 3-D, stable fullerene
structures (Bloomfield et al. 1985; von Helden et al. 1993). The
first component in this spectral region may have either thirty
or thirty-two carbon atoms, in agreement with previous studies
indicating that C3o or C3; may be the smallest stable fullerene
structure (von Helden et al. 1993; Kietzmann et al. 1998). Sev-
eral large, stable fullerenes, including Cgo* at m/z 720 (i.e.,
buckminsterfullerene) also stand out in the sequence. The sec-
ond inset in Figure 3 shows an expansion around m/z 720 in
which the *C containing isotopes of Cgo* are clearly present
in the raw mass spectrum and comparison with NIST isotope
distribution (red sticks) confirms the identification. Integrated

SP-AMS rBC signals presented and discussed in this paper in-
clude all measured carbon ions from C;™ to at least Cgo™. The
maximum m/z range sampled, and thus the maximum carbon
ion cluster, varied slightly between experiments.

In addition to measuring rBC ion signals, the SP-AMS also
provides mass spectral information on the nonrefractory com-
ponents. The minor, more complex part of the denuded soot
spectrum shown in green in Figure 3 are organic ions, identified
as C;H, and CH,O, mass fragments, from organic compo-
nents on the soot particles that remain after passage through
the denuder. The mass spectral information of nonrefractory
components are further illustrated by comparing mass spectra
obtained in a SP-AMS with the laser vaporizer turned on and off
while the standard tungsten vaporizer remains on. In Figure 4a,
the mass spectrum of nascent (i.e., not denuded) soot particles,
generated using a propane diffusion flame source (different soot
source than used to obtain data in Figure 3), is measured under
2 conditions: (i) laser-on and vaporizer-on (top panel), and (ii)
laser-off and vaporizer-on (middle panel). The difference be-
tween the laser-on and laser-off spectra is shown in the bottom
panel. In the laser-on experiment, ion signals associated with
both the nonrefractory organics and rBC are present. With the
laser off, only the mass spectrum associated with nonrefractory
organics is observed.

The largest mass components in the difference spectrum (bot-
tom panel of Figure 4a) are the rBC ion signals (black) and an
ion signal at m/z = 44, associated with CO, ™" (violet). Other
smaller ion signals, associated with C,H, and C,H,O, frag-
ments, are also present in the difference spectrum.

The data shown in Figure 4a are displayed in a different form
in Figure 4b. Here, we show the sum of the ion signals (Hz) asso-
ciated with the nonrefractory organics, rBC, and CO," compo-
nents, for the 2 different configurations: laser-on, and laser-off.
The CO,* signal in Figure 4b includes additional signal
attributed to CO,™" ion formation described in fragmentation
table entries and discussed elsewhere (Allan et al. 2004; Aiken
et al. 2007). As is evident, with the laser on, the rBC signal,
the CO,™ signal, and the organic signal are all present. With
the laser off, the organic signal remains although it decreases
by about 20%. The rBC and the CO, ™ signals disappear.
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The CO, ™ signal that disappears in the laser-off experiment
is not observed in 2 other different types of tBC particles (i.e.,
the denuded soot shown in Figure 3 or in the mass spectrum of
glassy carbon spheres, not shown). Therefore, we conclude that
this signal observed in the Figure 4 mass spectrum originates
from the particle composition rather than from products of laser
induced oxidation of carbon. Tentatively, we suggest that the
source of this signal is refractory oxygenated soot compounds.

The observed 20% decrease in the nonrefractory organics
from the laser-on to laser-off conditions may be due to several
factors. First, there may be oxygenated organics present that
are more refractory (i.e., lower vapor pressure) than can be
thermally vaporized by the tungsten vaporizer. Second, particle
bounce from the tungsten vaporizer may reduce the laser-off
collection efficiency (i.e., Eg < 1). Third, particles vaporized by
the laser generate vapor plumes at the intersection of the electron
beam and the ion extraction axis of the mass spectrometer with
efficient detection, whereas particles vaporized by the tungsten
vaporizer are generated beyond the ion extraction axis with
potentially lower detection efficiency. This issue is the focus of
on-going studies.

Additional information is often necessary for the proper iden-
tification of the SP-AMS mass spectra. For m/z = 24 (C,*) and
greater, the rBC ion signals are present only with the laser on,
as is evident in Figure 4a. However, a fraction of the C; ™ signal
at m/z = 12 is present also with the laser-off (i.e., tungsten va-
porizer only), albeit small in Figure 4a. Therefore, the laser-off
fraction (i.e., nonrefractory organic contribution) of the C; % sig-
nal must be subtracted from the summed carbon ion signals to
obtain a quantitative measure of the rBC. We suggest apportion-
ing the rBC fraction of the C; " signal based on the C3™ signal,
as the C3 signal is the largest rBC ion signal, is not detected us-
ing tungsten vaporizer only, and is unambiguously identifiable
with a high-resolution mass spectrometer (i.e., HR-ToF-AMS;
M/AM ~ 1000).

The capability of the SP-AMS to identify nonrefractory or-
ganic components associated with laser-light absorbing rBC
particles is similar to standard AMS instruments, though the
fragmentation patterns observed in average mass spectra of the
nonrefractory components may differ. As shown and discussed
in Section 1 of the online Supplemental Information (SI), SP-
AMS-generated nonrefractory mass spectra of the compound
dioctyl sebecate (DOS; CAS 122-62-3; molecular weight =
426.5 g/mol), vaporized using the laser vaporizer from coated
rBC particles, exhibit less fragmentation than for pure DOS par-
ticles vaporized using the tungsten vaporizer. As discussed in
Section 2.2, less fragmentation likely implies a lower internal
energy imparted to the DOS during vaporization from the laser-
heated particles than imparted by the 600°C tungsten vaporizer,
although the final temperature attained by the refractory portion
of the particles is considerably higher. This result is consistent
with the schematic in Figure 2, which shows that the tempera-
ture at which the coating vaporizes is less than the temperature
at which the refractory carbon vaporizes. These results suggest

that SP-AMS nonrefractory organic mass spectral signals can
be analyzed with methods, such as Positive Matrix Factorization
(PMF; Paatero and Tapper 1994; Ulbrich et al. 2009), to pro-
vide chemical information similar to that obtained by a standard
AMS instrument, but may differ slightly in the fragmentation
patterns.

The SP-AMS also measures the ion signal (and mass) dis-
tributions as a function of particle size as is illustrated in Fig-
ure 5. This figure shows ion signal distributions as a function of
vacuum aerodynamic diameter (d,) for atomized and mobility
size-selected (225 nm) conglomerate particles consisting of 50
nm glassy carbon spheres coated via gas-to-particle deposition
with varying thicknesses of DOS. Figures Sa—c show glassy
carbon spheres uncoated and coated with 4 nm and 8 nm layers
of DOS, respectively. The coating thickness estimates were ob-
tained using simultaneous mobility diameter measurements (not
shown). As is evident, uncoated glassy carbon spheres contain
only rBC ion signals. Coated particles contain both rBC (black)
and organic (green) components. The integrated rBC ion signal
remains the same, independent of the coating. The organic sig-
nal (magnitude displayed on the right hand axis) increases with
coating thickness, while the shape factor of the conglomerate
glassy carbon sphere particles decreases to a limit of unity for
spheres and the density of the particles decreases to the organic
density. The measured increase in the dy, of the coated distri-
butions is dominated by the decreasing shape factor (refer to
Section 2 in SI).

The monodisperse distribution mode, as best illustrated from
the rBC ion signal, shifts to larger diameters with coating as
expected. Additional information is obtained from the displace-
ment toward higher d,, of the organic ion signal distribution
relative to the rBC ion signal distribution for the coated par-
ticles. This suggests that the particles in the glassy carbon
sphere ensemble are not coated evenly. Some of the parti-
cles remain uncoated or only lightly coated. These particles
retain a lower d,, compared to the more fully coated parti-
cles and their associated black carbon signal does not fully
coincide with the organic signal. This effect increases the
width and decreases the height of the rBC distributions with
coating.

3.2. Instrument Calibration and Sensitivity

In this section, we present a protocol for calibrating the mea-
sured ion count rates provided by the SP-AMS operated with
a laser vaporizer to quantify both refractory and nonrefractory
components of sampled particles containing rBC.

3.2.1.  Formulation of mass calibration

As detailed in previous publications (Jimenez et al. 2003;
Allan et al. 2004), the mass concentration of a specific chemical
species s (j1g/m’) can be derived from AMS measurements of
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the summed ion rate, I (Hz = ions/s), by,

M WN03

C, = 10" L, 2
RIE, - IExo, - Q - Na Z : (21

where the factor 10'? is used for unit conversions, MWyo3 is
the molecular weight of nitrate (62 g/mol), N is Avogadro’s
number (6.022 x 10?* molecules/mole), Q is the sample flow
rate (typically 1.4 cm’/s), IEnos3 is the ionization efficiency for
nitrate (ions measured per molecules of nitrate sampled), and
RIE; is the relative ionization efficiency of species s to nitrate,
defined as the ratio (IE,/MW,)/(IExo,/MWxo,).

Here, we note that Equation (2), and thus the interpretation
of AMS calibrations in general, can be simplified by changing
to mass specific ionization efficiencies (i.e., ions detected per
particulate mass sampled for a given species) with the partic-
ulate mass in units of picograms (i.e., 10712 grams). The mass
specific ionization efficiency for nitrate, mIExo,, in units of
ions/picogram is equal to:

10-12. IE, 0. * Na
mlExo, = MW;]O} ) [3]
3

Substituting the mass specific ionization efficiency of nitrate
(Equation (3)) into Equation (1), the mass concentration of a
specific chemical species s (ug/m?) is simply:

Z,‘ Is,i

Cs = , (4]
RIE, - mlExo, - O
where,
mlE;
RIE; = . [5]
WLIENO3

RIE is now defined as the ratio of the mass specific ionization
efficiencies (mIE,/mlExo,), which is the same as previously
defined though without requiring an explicit MW; value.

A calibration of the SP-AMS for refractory or nonrefractory
particulate material, s, as shown in Equations (4) and (5), re-
quires the measurement of at least 2 of the 3 variables: RIE;,
mlE,, and mlExo,. Here, we measure the mass specific rBC ion-
ization efficiency, mI/Epc, and the relative ionization efficiency
of rBC, RIEch.

3.2.2.  Mass calibration for refractory black carbon
particulate mass

The rBC calibration (i.e., mIEpc) has been obtained using
monodisperse rBC particles characterized with a Condensation
Particle Counter (CPC; TSI model 3022a) to measure particle
number concentrations and a Couette Centrifugal Particle Mass
Analyzer (CPMA) that provides a shape-independent measure

of per particle mass using centrifugal and electrostatic forces
(Olfert and Collings 2005; Olfert et al. 2006).

Measurements were performed with 3 types of size-selected
particles: atomized Regal black (REGAL 400R pigment black,
Cabot Corp.), nascent ethylene flame soot, and denuded (250°C)
ethylene flame soot. These measurements were performed as
part of a soot particle instrument inter-comparison study, and
the experimental details of particle generation and instrument
measurements obtained have been published elsewhere (Cross
et al. 2010). The atomized Regal black particles were highly
compact in shape, as characterized by a mass-mobility expo-
nent of ~3. For Regal black, the particle mobility diameters
ranged from 100 nm to 300 nm and exhibited an effective den-
sity (calculated from the ratio of the CPMA measured particle
mass to mobility diameter derived particle volume) that changed
with selected mobility diameters. The measured effective den-
sities are provided in Section 3 of the SI and are similar to
the effective densities measured for other black carbon parti-
cle types (Gysel et al. 2011). The ethylene flame soot parti-
cles were nonspherical, exhibiting a CPMA measured mass-
mobility exponent of ~2.2 for nascent soot and ~2.1 for de-
nuded soot (Cross et al. 2010). For nascent and denuded soot
particles, the particle mobility diameters ranged from 100 nm to
300 nm.

Figure 6a shows the SP-AMS summed rBC ion signals nor-
malized to the particle number concentration plotted as a func-
tion of CPMA measured per-particle black carbon mass. The
CPMA black carbon mass for atomized Regal black and de-
nuded soot particles is plotted as measured. The CPMA mea-
sured per-particle black carbon mass for nascent soot particles
is obtained from denuded measurements of the nascent soot,
which, as shown in Cross et al. (2010), is approximately 74% of
the nascent soot particle total mass. The calibration for atomized
Regal black particles yields mIE,gc = 140 & 6 ions/pg. As stated
previously, the SP-AMS ion signals are dependent upon the ion
optics tuning and laser—particle beam overlap. Subsequent rBC
calibrations, conducted using a variety of independent black car-
bon mass measurements (e.g., SP2 and MAAP) or relying on the
CPMA-SMPS measured effective density given above, indicate
instrument sensitivities ranging from the current calibration of
140 to 300 ions/pg of rBC.

As is evident in Figure 6a, the SP-AMS rBC calibration
appears to depend on the particle type. For nascent ethylene
flame soot, the calibration is 24 4+ 10% lower (i.e., CE ~
0.75) and for denuded soot it is 60 & 10% lower (i.e., CE
~ 0.4) than the Regal black calibration. The likely reason for
the lower refractory carbon signal observed in Figure 6a for
ethylene flame soot particles is due to incomplete overlap be-
tween the particle and laser beams. The size range studied
during this experiment was too narrow to provide useful in-
formation on any potential size-dependent CE trends. Support-
ing evidence for this conclusion includes a positive correla-
tion between the measured m/E3c (Regal black > nascent >
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refractory carbon ion signals as expected due to the less refractory nature of DOS.

denuded) and measured mass-mobility exponents (~3 > 2.2 >
2.1) and effective densities (~1.4 > 0.6 > 0.5) derived from the
ratio of the vacuum aerodynamic to mobility diameters. To ad-
dress this issue, we are systematically implementing a particle
beam width probe (Huffman et al. 2005) and investigating meth-
ods for broadening the laser beam while maintaining sufficient
intensity.

Figure 6b displays the relative rBC ion signal as a function
of vaporizing laser power (measured behind the output coupler)
obtained with the SP-AMS for Regal black particles with mo-
bility diameters of d, = 250 nm. Included in the figure are
atomized Regal black particles with and without DOS coatings.
Independent of coating, the rBC ion signals reach a plateau at
higher laser powers indicating that rBC detection is not lim-
ited by laser power or affected by DOS coatings. Measured
beam widths (o) for size-selected Regal black particles without
any coatings are ~0.4 mm, which is similar in width to size-
selected ammonium nitrate and PSL particles (Huffman et al.
2005), but still narrower than the laser beam width (Section 2.1).
Thus, these black carbon particles exhibit the narrowest particle
beams we can currently generate and minimize particle—laser
beam overlap issues. Therefore, calibrating the SP-AMS using
atomized Regal black particles is our recommended standard
calibration for rBC.

The relative organic ion signals shown in Figure 6b obtained
for the SP-AMS for the DOS coatings exhibit a similar behav-
ior with laser power to the rBC signals, but attain saturation at
lower laser powers. This result is expected as the DOS coat-
ings vaporize at significantly lower particle temperatures than
the rBC, as shown in the schematic in Figure 2. These results
underscore the importance of operating with sufficient light in-
tensity to fully vaporize rBC containing particles during transit

through the laser as well as maximizing laser beam and particle
beam overlap.

3.2.3.  Measurement of the relative ionization efficiency of
refractory black carbon (RIE,pc)

RIE.gc was measured via independent measurements of
mlEgc and mIENo; using the same SP-AMS instrument with
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FIG. 7. Average mass spectrum (Hz) for ambient data sampled using a SP-
AMS (laser vaporizer only) from a busy urban street in Chestnut Hill, MA.
The figure shows the relative ion signals for rBC (black) and the nonrefractory
chemical species, organics (green), sulfates (red), nitrates (blue), and ammonium
(orange), on the black carbon particles. The first inset shows the measured
fullerene ion series observed in ambient data. The pie chart shows the relative
abundance of the carbon ion clusters for C;—Cs (86%), C6—C31 (10%), and
C32-C70 (4%).
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laser and tungsten vaporizers, respectively, and calculated using
Equation (5). Seven independent pairs of mlE.gc and mIEno3
calibrations were conducted on the same SP-AMS over a period
of a few weeks. The particles were generated by atomization of
a solution (suspension) of the ammonium nitrate (Regal black),
dried via a diffusion drier to relative humidities less than ~30%,
and size selected (250 nm) by a Differential Mobility Analyzer
(DMA; TSI model 3080). In each experiment, the mass of dou-
bly charged particles was less than 10% of the total. The average
mlEpc measurement was 220 =+ 40 ions/pg (instrument tuning
was different than for calibrations shown in Figure 6a) and the
average mlENo3 measurement was 1200 £ 120 ions/pg. The
resulting RIE;gc = 0.2 £ 0.1 (2 o uncertainty). Thus, rBC is
measured with a sensitivity ~5 times lower in the SP-AMS than
particulate nitrate.

To verify that the RIE5c value obtained using independent
vaporizers in the same SP-AMS is appropriate for quantifying
nonrefractory particulate material on rBC particles (NR-PM*;
refer to Table 1), we used the mlE,gc obtained from Figure 6a
and the measured RI/E g to quantify DOS coating material on
laboratory generated ethylene flame soot particles. Figure S2
shows the comparison of the calibrated SP-AMS organic mass
per particle (obtained using particle number concentration mea-
surements by a CPC) on soot particles to the measured per par-
ticle DOS mass obtained by CPMA measurements. The CPMA
measurements were obtained by the difference in the total per
particle mass measurements for DOS coated soot particles and
the refractory component after thermally denuding (250°C) the
organic coating. These particles were 170 nm mobility size-
selected soot particles (~1.3 fg/particle; mass-mobility expo-
nent of ~2) coated with DOS to beyond ~30 fg/particle (Cross
et al. 2010). The best-fit line, assuming independent variables
with errors, has a slope of 1.1 £ 0.1. This result suggests that the
measured RIEgc is appropriate for quantifying the nonrefrac-
tory particulate material on rBC particles. More work is needed
to verify the universality of this result.

3.2.4.  Sensitivity

The sensitivity (or detection limit) of the SP-AMS instrument
is described in terms of an Allan standard deviation plot shown
in Figure S3. The Allan plot shows the noise level (standard
deviation, o) of measured carbon ion signals converted to rBC
mass loadings (ug/m?) for filtered (i.e., particle free) air as a
function of increasing integration time, compared with white
noise that decreases with the square root of the number of sam-
ples. The standard deviation of rBC as measured by the SP-AMS
decreases as the square root of integration time up to about 200
s. Beyond that point, longer averaging times do not improve the
signal-to-noise due to baseline drift. The 30 detection limits for
rBC mass concentration measurements are 0.26 ug-m~> for 1
s sampling and 0.03 pg-m~3 for 1 min collection. The organic
and sulfate detection limits are 1.8 times higher and 0.2 times

lower, respectively, in line with previously published results for
HR-AMS instruments (DeCarlo et al. 2006).

3.3. Ambient Measurements

A SP-AMS with only a laser vaporizer was used to demon-
strate the application of this new technique for ambient mea-
surements. The SP-AMS was used to characterize ambient rBC-
containing particles sampled through a window in the Boston
College laboratory over a spring weekend. The laboratory over-
looks a busy, urban street in Chestnut Hill, MA. The average
particulate mass spectrum for rBC particles over the total sam-
pling period is shown in Figure 7. The rBC ion signals are
shown in black, with the fullerenes highlighted in the inset. The
mass spectrum in this figure is analogous to the mass spectrum
for laboratory soot shown in Figure 3. However, the spectrum
here is dominated by nonrefractory organic and inorganic sig-
nals. Furthermore, the rBC ion distribution (shown in the pie
charts in Figures 3 and 10) of the ambient data is dominated
by the small carbon cluster ions (C;—Cs), whereas the labora-
tory generated soot exhibits significantly more rBC ion signals
for larger carbon ions (>Cg). The difference in measured rBC
ion distributions may be due to different soot particle formation
mechanisms (e.g., diffusion flame versus diesel engines). The
ability of the SP-AMS to detect and identify various rBC ions,
and nonrefractory (NR-PM?) and refractory (R-PM?*) chemical
species associated with the rBC particles, may serve as a means
for source apportionment of rBC particles.

In addition to the SP-AMS, a calibrated MAAP instrument
measured black carbon mass loadings via optical absorption.
Figure 8a shows the SP-AMS (black) and the MAAP (red) mea-
sured black carbon mass loadings as a function of time for 3 min
averages. As is evident, the agreement between the black carbon
measurements is good (R*> = 0.76), including during the sharp
spikes in black carbon concentrations. For this data set, the SP-
AMS was calibrated using the MAAP rBC measurements, such
that the absolute SP-AMS sensitivity (mlEzc) and collection
efficiency (CE) were not independently quantified.

Figures 8b and ¢ show the NR-PM* and R-PM* components
(organics, sulfates, nitrates, ammonium, chloride, and iron) as-
sociated with the rBC-containing particles. The inorganic and
metals signals do not appear well correlated with the magni-
tude of rBC, at least with respect to the obvious rBC plumes,
suggesting that these species became associated with the rBC
particles through secondary (i.e., gas-to-particle deposition or
coagulation) mechanisms rather than being components of pri-
mary emissions. Through most of the sampling period, the NR-
PM? organic loading (green) measured by the SP-AMS correlate
with the rBC loadings, including for most of the rBC plumes.
However, there are distinct periods when the chemical com-
position of the measured rBC particles changed significantly,
with some plumes dominated by black carbon and some by or-
ganic material. Two such plumes with differing rBC and organic
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compositions and lasting ~1.5 h each are highlighted in the fig-
ure as “rBC dominated” and “Org dominated.”

The organic mass spectra for these 2 plumes (not shown)
are similar to each other (R? = 0.86), both exhibit a high
H:C ratio of ~1.9 and a low O:C ratio of ~0.1, and both are
dominated by the hydrocarbon ion series for saturated alkyl
compounds (C,Hy,+1), slightly unsaturated alkyl compounds
such as alkenes or cycloalkanes (C,H, 1), and unsaturated
alkyl compounds such as alkynes, dienes, and cycloalkenes
(C,Hy,,.3; McLafferty and Turecek 1993). Furthermore, both
the spectra appear similar to previously published diesel
exhaust and lubrication oil spectra (Canagaratna et al. 2004),
though the organic SP-AMS spectra obtained here exhibit
reduced fragmentation, similar to trend illustrated in Figure
S1. Thus, the organic components for these 2 plumes are
hydrocarbon-like organic aerosol (HOA).

Figure 9 shows PToF-measured particle d,, size distributions
associated with (a) the “rBC dominated” plume shown in Figure
8 and (b) the “Org dominated” plume. The rBC mass loading
in the “rBC dominated” plume peaks at dy, ~ 120 nm, which is
similar in size to diesel exhaust particulate emissions measured
using a standard AMS (dy, ~ 90 nm; Canagaratna et al. 2004),
aircraft exhaust particulate emissions (dy, ~ 100 nm; Onasch
et al. 2009), and laboratory generated propane and ethylene
flame soot (dy, ~ 100 nm; Slowik et al. 2004; Cross et al.
2010). These similarities potentially link the “rBC dominated”
plume with fresh emissions of nonspherical (i.e., fractal-like)
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(c) as an average for the total sampling period.
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rBC particles from a relatively local source with little co-emitted
nonrefractory material.

The organic particulate mass associated with rBC particles in
the “Org dominated” plume peaks at slightly higher d,, ~170
nm. The larger d,, observed for the “Org dominated” plume
compared with the “rBC dominated” plume is consistent with
the condensation of a larger amount of co-emitted organic mate-
rial onto fractal-like rBC particles causing them to become more
spherical. The framework for this interpretation of d,, mass dis-
tributions, where d,, is a function of particle size, shape, and
density, has been detailed by Slowik et al. (2007) from lab-
oratory studies. The combined size and chemical information
indicates that these 2 plumes likely contain rBC particles coated
with primary organic material from one or more local combus-
tion sources.

Figure 9c shows the average PToF-measured particle dy, size
distributions for the total sampling period. As indicated in Fig-
ure 8a, the sulfate component of the measured rBC particles
is not correlated with distinct, locally emitted plumes. There-
fore, the measured sulfate mass-weighted size distribution (dy,
~ 500 nm) in Figure 9c is a good indicator of the accumulation
mode. The accumulation mode represents particles that are least
affected by removal mechanisms in the atmosphere and there-
fore contains particles representative of a wider geographical
region (i.e., regional sources). Particles grow into the accumu-
lation mode by condensation and coagulation mechanisms and
are typically composed of mixtures of different chemical com-
positions. Thus, the average d, distributions for rBC in Figure
9c can be interpreted such that most of the ambient rBC mea-
sured during this study in an urban environment was from local
sources with varying amounts of condensed HOA. Less than
30% of the rBC mass appears to be directly associated with
accumulation mode particles, indicative of aged rBC particles.
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