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bstract

Aerosol mass spectrometry has become an essential tool in monitoring tropospheric aerosols. Various approaches have been developed for
nalyzing particles that range in size from 10 nm to 10 �m in diameter, and which consist of salts, soot, crustal matter, metals, and organic
olecules, often mixed together. This wide variety of particle types has generated an equally wide variety of ionization sources, which include

lectron impact, laser ionization, laser desorption, chemical ionization, and electron capture ionization. Some instruments are capable of sin-
le particle analysis, while others require the collection of an ensemble of particles to obtain sufficient sample for analysis. Most instruments

ave been designed to ionize and analyze particular classes of compounds (e.g. salts, soot, or organics). This review provides a very broad
verview of the aerosol mass spectrometry field and serves as an introduction to the many papers in this issue that deal with details about specific
nstruments.
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as �N/�log D versus log D, where N is the number of parti-
cles per unit volume, because the range of sizes from 10 nm to
10 �m spans three orders of magnitude, which would be difficult
to plot on a linear scale. The relationship between a standard

Fig. 1. A typical urban tropospheric aerosol size distribution, taken with per-
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ission from Finlayson-Pitts and Pitts [8]. (a) The number density distribution,
b) the surface area distribution, and (c) the volume or mass distribution.

istribution, N versus D (�N/�D versus D) and a logarith-
ic distribution (�N/�log D versus log D), is shown in Fig. 2.
hen the distribution plotted on the log scale has the shape of
Gaussian (normal) distribution, we refer to it as a log nor-
al distribution, which is quite a common form for particle size

istributions. Returning now to Fig. 1, it is evident that on the
asis of number concentration, the smallest or ultrafine parti-
les dominate. In terms of mass or volume, Fig. 1c shows that
he fine and coarse (largest) particles dominate. Fig. 1b shows
he surface area distribution, in which the fine particles domi-
ate. These three particle size ranges affect human health and the
nvironment in different ways. For instance, the fine and ultrafine
articles can be particularly damaging to the lungs because they
re easily inhaled into the deepest parts of the lungs, whereas
he coarse particles are generally stopped in the nasal passages.
ecause of their large surface area, the fine particles might be
xpected to dominate gas-surface reactions in the troposphere.
5. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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1. Introduction

The field of aerosol mass spectrometry has been reviewed in a
number of recent articles and the interested reader is encouraged
to consult these [1–6]. This article serves as a broad overview
to the field as well as an introduction to the papers in this vol-
ume. Because readers of this IJMS issue will likely be experts
in the field of mass spectrometry, the emphasis here is on vari-
ous aspects of aerosols, including their transport, light scatter-
ing properties, and composition, that affect mass spectrometer
design and performance.

The ideal aerosol mass spectrometer should be capable of
determining the size of an individual aerosol particle, and pro-
vide a quantitative measure of each of its molecular constituents
in real time. This is a difficult task because atmospheric particles
range in size from less than 10 nm to greater than 10 �m, and
the molecular constituents are often mixtures that can include
sea salt, soot, heavy metals, sand, and a bewildering assortment
of organic molecules. The ability to detect individual particles is
important in environmental studies where it is essential to know
whether particles are uniform mixtures of many constituents
(internally mixed), or whether the aerosol is a heterogeneous
mixture of various types of particles (heterogeneously mixed).
Finally, great benefits accrue if such instruments are portable so
that they can be transported to various locations. A number of
portable instruments have been developed, and some are com-
mercially available. In this review, we discuss the fundamental
issues associated with aerosol mass spectrometry.

The broad distribution of particle sizes poses a number of
challenges in aerosol analysis. For instance, a 10 �m particle
contains about 500 pg of material, which is readily within the
range of any mass spectrometer’s sensitivity. However, the mass
drops by nine orders of magnitude when the diameter is reduced
by a factor of 1000 to 10 nm. Molecular identification in single
10 nm particles is clearly beyond the range of current instru-
ments, although atomic constituent analysis in which multiple
atomic ions are produced from each molecule may be possible
[7]. Real time mass spectrometry with molecular information in
ultrafine particles is possible if an ensemble of particles is ana-
lyzed. Other issues include the efficiency of particle introduction
into the mass spectrometer, which is readily accomplished with
large particles but becomes less efficient with smaller particles.

The distribution of particle sizes in the troposphere is shown
in Fig. 1 in the form of three graphs in which the number
concentration, the surface area, and the total mass concentra-
tions of a typical urban aerosol are plotted as a function of the
particle diameter [8]. Such distributions are generally plotted
inally, because light scattering is strongly affected by particle
ize, the particles’ effect on visibility and on the reflection of
olar light is also strongly affected by particle size [9].
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in Fig. 3. The important components are (1) one or more optional
aerosol conditioning devices upstream of the mass spectrome-
ter, (2) a particle inlet and differential pumping system where
particle sizing is usually performed, (3) a source region where
ig. 2. Comparison of a log normal distribution plotted as a function of the
article diameter and as a function of the log of the diameter. A log normal
istribution appears as Gaussian distribution when plotted on the log scale.

The approach to mass spectrometric detection of these parti-
les is dictated by the particle size and mass distribution. When
ingle particle analysis is no longer feasible as a result of their
mall size, an approach that studies the mass spectrum of an
nsemble of particles is still possible, albeit at the expense of
ingle particle information. Most instruments are designed for
pecific particle size ranges because the ionization scheme as
ell as data collection approach for single particle and ensem-
le particle analysis are quite different. In addition, the particle
nlet system is generally optimized for specific size ranges, out-
ide of which the transmission degrades significantly.

The second challenge in aerosol mass spectrometry is asso-
iated with the mixture of various compounds. Salts are not
eadily vaporized, and in the early stages of vaporization when
he density is high, tend to recombine with oppositely charged
ons, thereby making quantification difficult, if not impossible.
rganic species include semi-volatile molecules that can vapor-

ze in the aerodynamic inlet system, in which they spend about
0 ms. A similar issue arises with water evaporation in aqueous
alt particles. At the other extreme, high mass oligomers are diffi-
ult to vaporize and thus may be underestimated. Finally, fragile
rganics, which are often combined with oligomers, fragment
xtensively when vaporized and ionized.

Because different molecular species require different meth-
ds of vaporization and ionization, it is readily apparent that no
ingle instrument can provide all of the desired information. In
he papers that follow, several different instrumental configura-
ions are described, each having its own particular advantage for
he intended application. The basic principles underlying instru-

ent design and performance also have “spin-off” applications
eyond mass spectrometry. Examples in this issue are the articles
y Zhang and Wexler and Agnes and coworkers.

What contributions to the field of aerosol science have been

ade by direct probing of aerosols with mass spectrometers?
he major issues addressed in laboratory based experiments
ave been in the study of gas surface kinetics in flow tubes.
hese have included the direct measurements of uptake coef-
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cients for ozone reacting with a variety of pure [10,11,12,13]
nd mixed particles, [11,13,14] including coated particles [15],
s well as the reactive uptake of nitric acid into aqueous sodium
hloride particles [16,17]. In addition, the homogeneous nucle-
tion kinetics and mechanism of ozone and �-pinene reaction
as provided the first indication of oligomer formation in the
arly stages of this reaction [18]. Such measurements are essen-
ial for modeling the concentration of various organic species in
he troposphere. A considerably greater number of publications
ave resulted from field studies, some of which are contained in
his issue.

The major issues addressed in field work make use of the
ast measurement capabilities of aerosol mass spectrometers.
erosol mass spectrometers have made it possible to study

he chemical composition of particles as a function of rapid
hanges in meteorology [19,20], to draw detailed associations
etween wind direction and particles that are emitted from spe-
ific sources [21,22] and to understand the chemical basis for
article nucleation and growth in the atmosphere [23–25]. An
ircraft mounted single particle mass spectrometer has been used
o determine the composition of particles in the upper tropo-
phere and lower stratosphere [26,27].

Two portable aerosol mass spectrometers are currently com-
ercially available. The aerosol time of flight mass spectrometer

ATOFMS), offered by TSI, is a single particle instrument based
n desorption/ionization of single particles by the 266 nm light
rom a NdYAG laser. It uses a reflecting time of flight (RETOF)
pectrometer for both positive and negative ions that it can collect
imultaneously. The other instrument, the aerosol mass spec-
rometer (AMS), is sold by the Aerodyne Corporation. It focuses
n a broader range of particle sizes using the continuous EI
onization method with either a quadrupole mass filter or TOF
nalyzer.

.1. The aerosol mass spectrometer

A generic diagram of an aerosol mass spectrometer is shown
ig. 3. Block diagram of an aerosol mass spectrometer. The particle inlet and
hree chambers evacuated by three pumps, Pi. P1 can be either a mechanical pump
r a turbomolecular pump. Typical operating pressures (in Torr) are shown.
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article vaporization and ionization occurs, and (4) a mass ana-
yzer. Essentially all instruments use an aerodynamic lens (to
e described) to bring fine and large particles suspended in
ir into the vacuum system and to direct the particles effi-
iently toward the ionization region. Because the aerodynamic
ens design is particle size dependent, the mass spectrome-
er must be optimized for specific size ranges already at this
arly stage of sample introduction. The aerosol sizing approach
lso depends on the size range of interest and as such is han-
led differently in different instruments. A final major diversity
mong various instruments lies in the vaporization/ionization
ystems in that some instruments use a single laser to accom-
lish both functions, whereas others separate the two steps.
he ionization methods include electron impact, multiphoton

onization, vacuum UV photoionization, electron capture, and
hemical ionization. Mass analysis is accomplished primarily
y time of flight (TOF), quadrupole mass filters, or quadrupole
on traps.

.2. Aerosol particle inlets

Aerosols are suspended in air by Brownian motion, and are
ntroduced into the mass spectrometer through a nozzle, which
an range from 100 to about 200 �m in diameter. The nozzle
ize is limited by a number of factors, the major one being the
umping speed available for portable instruments. The gas flow
hrough a 100 �m orifice from atmosphere into a vacuum is
.1 L atm/min (1.7 cm3 atm/s). A pump with a conductance of
00 L/s can thus maintain a pressure of 6 × 10−3 Torr in the first
egion of the differential pumping system.

The number of particles entering through this inlet nozzle
an be determined from the particle number density. Thus a
article density of 103 particles/cm3 would result in the intro-
uction of 1700 particles/s into the inlet system. If only the total
articulate mass is of interest, we need to consider the mass
ensity, which can range from 1 to 100 �g/m3, the former corre-
ponding to very clean air [8]. A typical density of 30 �g/m3

ill inject about 3 × 10−11 g/s or 30 pg/s of material into
he MS.

.2.1. Aerodynamic lens inlet for particles from 30 to
000 nm

A critical component in aerosol mass spectrometers is the
ample introduction system. The introduction of just 30 pg/s of
aterial is sufficiently small to require a very efficient parti-

le transport system from the 100 �m orifice to the ionization
egion. Ten years ago, McMurry and co-workers developed an
erosol inlet, a so-called aerodynamic lens, which consists of
100 �m flow limiting orifice attached to a 1 cm inner diam-

ter, 30 cm long tube [28,29]. A series of carefully designed
nd machined apertures gently force the particles to the center
f the tube by the time they reach the end of the lens where a
mm nozzle accelerates the particles into the vacuum (Fig. 3).

he apertures can be designed to pass only particles of a par-

icular size, or a range of sizes, and a recent article from the
cMurry group provides prescriptions and a program for a lens

esign for specific particle size ranges [30–32]. The particles

e
i
t
d
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nside the aerodynamic lens, where the pressure is approxi-
ately 2 Torr, are still suspended by Brownian motion and thus

ravel at the average gas flow speed of about 8 m/s. However,
s they pass through the 2 mm expansion nozzle into a pressure
f .01 Torr, they are accelerated by numerous gas-particle colli-
ions to a final speed of between 50 and 200 m/s. Because the
ens focuses the particles into the middle of the exit nozzle, and
ecause of the statistically very large number of collisions, the
et force exerted on the particle is very much forward directed
o that the particle beam exiting the nozzle has a very low
ivergence, which is ideal for transporting the particle to the
onization region. It has been estimated that the 90% of spheri-
al particles with a diameter of 500 nm that enter the 100 �m
ozzle are transported to the center of the ionization region
33]. However, the divergence of the particle beam increases
ramatically as the particles become smaller and is the major
eason for decreasing transmission of particles below 100 nm
34]. Zelenyuk and Imre [35] recently optimized their system,
hich permits them to detect particles down to 50 nm, and TSI

dvertises transmission of their ATOFMS instrument inlet sys-
em from 30 to 300 nm. Johnston and co-workers found that
hey could focus charged particles <50 nm in diameter using
n electrostatic field [36] and <10 nm in diameter using an
lectrodynamic field [37]. An article in this issue by Johnston
nd co-workers describes a system for electrodynamic focus-
ng and trapping of particles below 30 nm. An article in this
ssue by McMurry and coworkers details an aerodynamic lens
hat can pass particles 3–30 nm in diameter with 50–80% effi-
iency, respectively. This is particularly important in that it helps
o bridge the gap between particles less than 3 nm in diam-
ter which can only be focused using electrodynamic lenses,
nd particles tens of nanometers and larger which are diffi-
ult to focus with electrodynamics due to the high required
oltages.

Fluid dynamic calculations for aerodynamic lens operation
re based on spherical particles. Non-spherical trajectories,
hich are difficult to calculate, can deviate substantially from

pherical ones so that the focusing of such particles becomes
ess efficient.

. Particle sizing

The geometric diameter of an aerosol particle can be deter-
ined from an SEM image. However, on-line determinations

hat depend on indirect methods such as light scattering, diffu-
ion, or sedimentation rates, are sensitive to both the geometric
r physical diameter, D, as well as the particle’s density, ρ. The
elationship among the various definitions of particle sizes for
pherical as well as non-spherical particles has been reviewed
nd quantified by deCarlo et al. [38].

Particle sizing outside the mass spectrometer can be accom-
lished by various methods depending on particle size. Particles
ith diameters in excess of 3 nm can be size selected by differ-
ntial mobility analyzers (DMA) in which particles suspended
n air by Brownian motion, are electrically charged and pass
hrough an inhomogeneous electrical field, much like a cylin-
rical mirror electrostatic analyzer. In the DMA the collisional



6 al of

d
m
t
o
t
d

W
e
t
i
a
p
t
t
s
m
v
t
a
i
i
p
v
d
p
t
a
[

a
p

ν

w
t
d
t
I
T
e
f
t
p
i
e
f
a
d
d
m
o

d
S
c

t
B
t
i
i
t
p
f
t
T
c

t
p
a
a
e
H
c
p
l
e
i
[

w
R
w
t
o
l
t
r
e
s
m
t
f
t

s
b
i
i
c

α

T
c
t
t
f

D.G. Nash et al. / International Journ

rag force is balanced against the electric field force, which
akes this measurement for spherical particles proportional to

he physical diameter, D. Such DMA’s can be placed in front
f the MS inlet nozzle to pre-select the particle size. The addi-
ion of a particle counter permits collection of a particle size
istribution.

Two kinds of aerodynamic diameters are commonly used.
hen a particle is allowed to drift vertically through a gas by the

arth’s gravitational force, its terminal velocity will be related
o its aerodynamic diameter, da, which for spherical particles
s equal to D(ρ/ρ0)1/2, where the ρ’s are the particle density
nd standard density of 1 g/cm3, respectively. For non-spherical
articles, a volume equivalent diameter, dve, can be defined such
hat dve = (6V/π)1/3, where V is the physical volume of the par-
icle. Particles with diameters in excess of 30 nm can also be
ize selected in the mass spectrometer by measuring their ter-
inal velocity with which they exit the aerodynamic lens. This

acuum aerodynamic diameter, dva, differs from the da because
he particles are accelerated from a pressure of 1–2 Torr in the
erodynamic lens into the first stage of the differential pump-
ng region, which has a pressure of about 10−2 Torr. The latter
s in the molecular flow regime in which collisions between
articles and gas are essentially stopped. The result is that the
acuum aerodynamic diameter for spherical particles is given by
va = D(ρ/ρ0). Because of this dependence on the density, it is
ossible to measure simultaneously the geometric diameter and
he particle density by measuring both the geometric diameter by
DMA and the vacuum aerodynamic diameter by velocimetry

15].
The terminal velocities of the aerosol particles exiting the

erodynamic lens have been fitted to the empirical Eq. (1) pro-
osed by Jayne et al. [39]:

= νg

1 + (dva/d∗)b
(1)

here dva is again the vacuum aerodynamic diameter, ν the par-
icle velocity, νg the molecular velocity of the jet expansion, and
* and b are fitted coefficients. d* represents the characteris-
ic diameter for particle expansion from the aerodynamic lens.
n the Jayne study, d* = 27.2 ± 0.5 nm, and b = 0.479 ± 0.004.
he velocity of the gas, vg, can be obtained from the expansion
nthalpy of (5/2)RT and the molecular weight of the gas, which
or air at 298 K yields a velocity of about 600 m/s. An example of
he particle transit time between two light scattering stations for
articles of various sizes is shown in the article by Cziczo et al.
n this special issue. This plot of v versus the aerodynamic diam-
ter was created with particles of various densities, but plotted as
unction of their vacuum aerodynamic diameter, Dρ, discussed
bove. This variation of velocity with particle size continues
own to quite small particles, but eventually, when the particles
iminish in size to 1 nm, their final velocity approaches the ter-
inal beam velocity of the gas and thus becomes independent

f particle size.

The particle velocity can be measured in two ways. The Aero-

yne MS instrument, described in paper by Schneider et al. and
chneider et al. in this issue, uses a chopper wheel that selects
lumps of particles and uses the arrival of ions at the detec-

a
u
s
T
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or to determine the velocity and thereby the particle size [39].
ecause the flight time of the particles from the chopper wheel

o the ionization region is on the order of a millisecond, and the
on TOF in the mass analyzer is tens of �s, the ion transit time
s negligible compared to the particle flight time. This approach
o velocity measurement is applicable to a very broad range of
article sizes, and is not limited to single particle analysis. In
act, its virtue lies in its ability to size large fluxes of small par-
icles, for which single particle MS is in any case not possible.
he major shortcoming is the small duty cycle (1.8%) of the
hopper wheel.

The other in situ method for particle velocity determina-
ion is based on measuring the transit time of particles as they
ass through two continuous laser beams that are separated by
pproximately 10 cm. The light scattered by the single particles
s they pass through the beam is monitored by photomultipli-
rs. Green diode lasers at 532 nm are preferred over the red
eNe lasers (632.8 nm) because they scatter light more effi-

iently and their light is detected with greater sensitivity by the
hotomultipliers. This method is applicable to small fluxes of
arger particles for which single particle MS is possible. The
ffect of particle shape on its terminal velocity is an interest-
ng one that has been investigated recently by Zelenyuk et al.
40].

The light scattering is strongly dependent on particle size, the
avelength of the light, as well as the scattering angle. In the
ayleigh limit, where the particles are much smaller than the
avelength of the light, the scattering intensity is proportional

o D6, where D is the particle diameter. This strong dependence
f the scattering intensity on the particle diameter means that
ight scattering is limited to particles with a diameter greater
han about 100 nm. However, light scattering has recently been
eported for smaller particles using short wavelength light gen-
rated by synchrotron radiation [41]. Because of the diminished
cattering intensity of small particles, recent innovations that
aximize the collected light include the use of elliptical mirrors

hat collect the full 4π solid angle of scattered light [34,35]. One
ocal point is the intersection of the particle and laser beams, and
he PMT is placed at the other focal point.

Although the scattering intensity varies rather smoothly with
cattering angle for small particles, [42] the functional form
ecomes more complicated with large particles because the light
s internally reflected in the particle. Fig. 4 shows scattering
ntensity versus scattering angle for three different sized parti-
les as represented by the size parameter α, where

= πdp

λ
(2)

he interference effects evident for the large particles, which
an be modeled with Mie theory, [42] yield an intensity pattern
hat varies strongly with the scattering angle. Such angular dis-
ributions have been used to determine very precise diameters
or spherical particles [43–45]. However, the measurement of

ngular distributions is complicated and does not lend itself for
se in mass spectrometric analysis of particles. In addition, the
cattering is much more complex for non-spherical particles.
he more easily accomplished alternative, to measure the light
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Fig. 4. Light scattering as a function of angle for various values of α taken
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ith permission from Hinds [95]. For a photon wavelength of 532 nm, the three
alue of α (10, 2 and 0.8) correspond to particle diameters of 1.7 �m, 338 nm,
nd 135 nm, respectively.

ntensity at a single angle, is not reliable, as shown by Salt et al.
46].

. Ionization methods

The method of ionization employed in aerosol MS must be
atched to the types of aerosol particles. A 10–20 Hz pulsed

aser can be used to desorb/ionize particles that enter the MS
t rates less than 20 times per second. They require that the
aser be pulsed at random times when the light scattering sta-
ion indicates the arrival of a particle in the ionization region.
lectronic units to manage the pulsing requirements for various

asers, in particular Nd:YAG lasers whose flash lamps must be
ulsed some 250 �s prior to the laser pulse, have been described
47,48]. Although such low frequency pulsed lasers would not
e efficient in ionizing the smaller particles that enter the MS at
he rate of 1000 per second or more, the use of a 1 kHz excimer
aser would appear to be an attractive option. However, the latter
as not been reported in aerosol MS work. In general, a more
fficient approach for quasi-continuous arrival times of small
articles (as shown in Fig. 1, the ultrafine particles are much
ore numerous than the large particles) is the use of a con-

inuous ionization method such as electron impact or chemical
onization.

The chemical composition of the particle also plays a role
n the choice of ionization methods. Salts, metals, and crustal
articles are most efficiently desorbed and ionized by a strong
V laser pulse, whereas the more easily vaporized organic

olecules are better ionized by electron impact, chemical ioniza-

ion, electron attachment, or one-photon vacuum UV ionization.
ll of these methods are described in the various papers in this

ssue.
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.1. Pulsed laser ionization methods

.1.1. Laser desorption/ionization (LDI)
Johnston and Murphy were among the first to couple laser

esorption/ionization (LDI) with time-of-flight mass spectrom-
try in the early 1990s [49,50]. Particles were detected by mon-
toring light scattering signal from a single HeNe laser passing
hrough the ionization region, similar to the method developed
y Sinha [51]. The photomultiplier signal triggered an excimer
aser (193 nm) that desorbed and ionized the single aerosol par-
icles. The single HeNe light scattering station located in the
onization region, did not permit sizing of the particles, but rather
as used simply to signal the arrival of a particle in the ionization

egion. This arrangement is possible with excimer and nitrogen
asers that can be triggered within a few 100 ns, during which
ime particles move less than 100 �m.

The LDI method is extremely sensitive because a very large
umber of photons (ca 1016 per pulse) can be directed at a
article that is known to be in the ionization region. In prin-
iple, every laser shot should generate a large flux of ions.
ingle particles with diameters as small as 50 nm and below
ave been detected with good signal to noise [35,52,53]. This
ensitivity is probably limited to salt particles in which the exist-
ng ions need only be desorbed as opposed to organics where
oth vaporization and ionization are required to obtain an ion
ignal.

In 1994, Prather et al. [48] used LDI with the fourth harmonic
f a Nd:YAG laser at 266 nm. As mentioned above, the flash
amps of this laser must be triggered about 250 �s prior to firing
he Q-switch (which triggers the laser light pulse) so that the light
cattering station must be located approximately 10 cm from the
onization region. In other words, the laser must be triggered well
efore the particle reaches the ionization region.

The UV laser desorption/ionization approach is ideal for par-
icle sizes in excess of about 50 nm and for measuring salt and

etal containing particles, which are indeed difficult to ionize
y other methods. Although particles smaller than 50 nm can
e analyzed, the ion signal decreases with decreasing particle
ass and it becomes difficult to distinguish the signal from back-

round. UV laser desorption/ionization is less useful for organic
pecies because of the considerable fragmentation induced. This
s a result of the high laser intensity required to desorb and ionize
he particle. Any organic ions generated will readily absorb mul-
iple UV photons resulting in massive fragmentation. However,
ertain mass fragments, such as 37, 39, and 41 are useful markers
or the presence of organic species with different functionalities
n the particles [54]. A class of molecules that often yields sig-
ificant parent ion signal are aromatic hydrocarbons because
hey tend to be rather stable ions and because they are readily
onized by a resonant 1 + 1 laser absorption scheme [55]. Fig. 2
n the article by Bente et al. in this issue shows examples of such
pectra. It is possible to manipulate the desorption/ionization
rocess to enhance the formation of molecular ions. For exam-

le, in this issue Prather and coworkers describe the use of a
ower pulse energy laser beam to decrease the amount of frag-

entation. Also in this issue, Reilly and coworkers describe a
ystem to coat particles entering the mass spectrometer with a
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atrix that promotes large ion formation by matrix-assisted laser
esorption ionization.

One of the problems in quantitative determinations of salt
nd metal containing particles by laser desorption/ionization is
atrix effects [56,57]. The high concentration of positive and

egative ions generated by the laser pulse impinging on a 1 �m
article, leads to ion–ion recombination reactions that deplete
he signal. Indeed, Dessiaterik et al. [58] demonstrated that for
ow ion concentrations RbCl in a solution of ethylene glycol, the
bserved ion signal is linear with the concentration, whereas it
evels off at concentrations in excess of 10−4 M, and becomes
ompletely insensitive to the ion concentration above 10−3 M.
lthough absolute quantitation under these circumstances is

learly not possible, relative yields among similar particles are
till useful.

.1.2. Two-step desorption and ionization
Gas-phase ionization methods can be used for aerosol analy-

is if they are coupled with a separate thermal or laser desorption
tep. Several configurations are described below.

.1.2.1. Resonance enhanced multi-photon ionization
REMPI). Multiphoton ionization can occur by a non-resonant
imultaneous absorption of several photons. The greater the
umber of photons involved, the more tightly the laser must
e focused in order to drive the transition. The cross section is
pproximately related to In, where I is the laser intensity and n
he number of photons absorbed in the non-resonant step. If the

olecule has a real electronic state at an energy that is a multiple
f the photon energy, the cross section increases significantly,
nd is termed resonance enhanced multiphoton ionization, or
EMPI. In general, REMPI is not a very useful approach for
erosol mass spectrometry because, (a) the particle beam can
asily be missed by the tightly focused laser beam, and (b) the
on signal intensity can vary by orders of magnitude from one

olecule to another. The one exception is a 1:1 two-photon
bsorption in which the laser does not have to be focused
ecause the absorption does not involve any non-resonant
teps so that the process becomes linear. That is, the ion signal
ntensity obtained by 1:1 photoionization of a diffuse sample is
ndependent of the laser focal volume. This ionization method
s applicable primarily to aromatic molecules because the
enzene ring has a strong absorption around 266 nm (4.66 eV),
hich lies more than half way to the ionization limit of aromatic
olecules (generally about 9 eV). In this issue, Zimmermann

nd coworkers discuss the relative merits of LDI and thermal
esorption - REMPI for the analysis of organic particles.

.1.2.2. Vacuum UV (VUV) ionization. In order to overcome the
imitations of UV laser desorption/ionization for speciating the
rganic fraction of aerosol particles, Baer and Miller introduced
acuum UV photoionization in conjunction with a prior vapor-
zation step [59]. An IR laser, (CO2 at 10.2 �m or a tunable OPO

n the 3 �m region) was used to gently vaporize the particles con-
isting of organic species. The VUV laser, triggered several �s
ater, ionized a low density plume of gas phase species, which
liminated the matrix effects caused by ion molecule reactions

Z
i
W
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n high density samples. The fragmentation is reduced because
he high intensity UV laser is replaced with a low intensity VUV
aser pulse, which can ionize the sample gas with single photon
bsorption, thereby eliminating multi-photon processes. This
pproach is limited to particles above about 300 nm since the
article mass must be above the detection limit. Johnston and
o-workers extended the VUV ionization method to particles of
rbitrary size by collecting the particles on a cold finger. After a
ufficient number of particles are deposited, the sample is flash
aporized with an IR laser, followed by photoionization with the
UV laser pulse [60].
Coherent VUV radiation can be generated by two methods.
particularly convenient approach is 3rd harmonic generation

sing the 355 nm Nd:YAG laser pulse directed into a cell con-
aining about 14 Torr of Xe diluted with 165 Torr of Ar for phase

atching purposes [61]. Three 355 nm photons directed into the
ample are converted into one 118 nm photon (10.5 eV) by a
oherent process that requires a focused Nd:YAG laser with
bout 10–20 mJ of pulse energy. This process, which has an
fficiency of about 10−7, generates approximately 1010 VUV
hotons per pulse [62]. Given a typical absorption cross section
f 10−18 cm2, it is evident that only about 1 in 107 molecules will
e ionized. This limits the VUV laser approach to particle diam-
ters greater than about 300 nm. In general, the detection limit
or VUV photoionization of a given molecule is on the order of
00 ng/m3, which does not make it a very competitive method
or detecting real tropospheric aerosols, whose mass density can
e as low as 1 ng/m3. However, it is very useful for laboratory
tudies where the particle densities can be raised.

A more general method for VUV photon generation is by two-
olor four wave mixing. [62,63] A convenient scheme involves
he 2-photon excitation of the Kr 2P3/2 state [64] with a pulse of
1 = 212.5 nm light and a simultaneous pulse of tunable visible

ight (λ2). Sum and difference mixing results in the production
f λ3

−1 = λ1
−1 ± λ2

−1. Although this approach is more com-
licated, requiring two laser photons that have to be carefully
ligned, the output is a tunable and more intense because it
nvolves only a non-resonant two photon process rather than
coherent three photon process as in third harmonic generation.

Although photoionization by VUV photons dramatically
educes ion fragmentation [63,65], it is not yet clear how effec-
ive VUV photoionization is for identifying molecular con-
tituents in tropospheric particles. The 10.5 eV photoionization
ass spectra of the �-pinene ozonolysis products reported by
olocka et al. indicate that the reduction in fragmentation over
lectron impact is significant, but not sufficiently dramatic to per-
it the identification of more than a few of the reaction products

66]. A two-dimensional approach such as provided by thermal
esorption MS [67] coupled with photoionization and high mass
esolution MS will be needed to identify the many products in
hese particles.

.1.3. Laser induced plasma

Originally demonstrated by Reents [7,68] and subsequently

achariah [69,70], formation of a laser induced plasma is sim-
lar to LDI except that a much higher laser irradiance is used.

hereas a few millijoules of ultraviolet radiation are moderately
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ocused in the mass spectrometer source region to perform LDI,
ormation of a laser induced plasma requires tight focusing of
>100 mJ pulse, typically from a Nd:YAG laser operating at

32 nm. Under these conditions, the “complete ionization limit”
s thought be achieved, where the particle is assumed to be
ompletely disintegrated to atoms and the atoms quantitatively
onverted to positively charged ions. The positive ion spectrum
hows a series of singly and multiply charged ions for each
lement in the particle. The negative ion spectrum shows only
lectrons. An advantage of the complete ionization limit is that
he combined signal intensities of the series of ions for each ele-

ent give a semi-quantitative measure of atomic composition.
he article by Zachariah and co-workers in this issue discusses
uantitative measurements by the laser induced plasma method.
nother article by Wang and Johnston describes its use in the

haracterization of particles in the low nanometer size range.

.1.4. Pulsed electron capture ionization
The capture of low energy electrons as a soft ionization

ethod has been used by mass spectrometrists for many
ears [71,72,54]. Petrucci and co-workers have developed a
hotoelectron resonance capture ionization (PERCI) version
or use in aerosol mass spectrometry, [73,74] and more recent
evelopments are outlined in another Petrucci article in this
ournal. Although electron capture ionization is not by its
ature a pulsed method, Petrucci employs a 10 Hz, tunable
235–300 nm) UV laser focused onto the surface of an alu-
inum photocathode to generate low-energy and more or less
ono-energetic electrons in a pulsed manner. Given the work

unction of the Al metal, the photoelectrons are generated in a
ange of energies from 0.05 to 1.20 eV, which is a convenient
ange for efficient electron capture ionization.

The electron attachment process generally involves the loss
f a hydrogen atom so that the resulting negative ion is closed
hell, thereby imparting significant stability. The softness of the
ERCI technique is demonstrated in the article by Petrucci in

his issue.

.2. Continuous ionization methods
.2.1. Electron impact ionization
Electron impact (EI) is a universal ionization method that

as two important attributes. One of these is that a large body

p
r
t
g

ig. 5. Thermal desorption mass yields of particles created by ozonolysis of 1-tetra
oth a low-volatile as well as a more highly volatile reaction product. Taken with per
Mass Spectrometry 258 (2006) 2–12 9

f standard spectra collected with 70 eV electrons is available
n the literature. This permits the establishment of search rou-
ines that can readily identify a compound based on its mass
pectrum. For this purpose, it is essential that the MS for a
olecule consists of multiple fragment ion peaks that provide
fingerprint for that molecule. The other virtue is that the total

ntegrated intensity of the spectrum for a given molecule is pro-
ortional to its pressure in the ionization source. That is, the peak
ntensities can be quantitatively related to the molecule’s con-
entration. The total intensity is approximately proportional to
he total number of electrons in the molecule. This property is not
hared with photoionization at a given photon energy because of
umerous resonances throughout the molecule’s photoabsorp-
ion spectrum.

EI has been adopted by the Aerodyne AMS instrument
ecause of the above features. However, tropospheric particles
ften contain a bewildering number of molecules that cannot be
istinguished by an EI spectrum because of the numerous frag-
ent ion peaks. Nonetheless, an article by Schneider et al. in

his issue show that basic information about organic composition
an be extracted. More detailed molecular information requires
ulti-dimensional approaches. Although such information can

e obtained in the laboratory by methods such as GC/MS or
C/MS that separate the molecules prior to introduction into the
ass spectrometer, no “real-time” aerosol mass spectrometer

as managed to achieve this. One step in that direction was pio-
eered by Ziemann and co-workers, who collect the particles
n a cold finger. Subsequent programmed thermal desorption
eleases the molecules from the probe in order of their decreas-
ng volatility, thereby providing a crude pre-separation of the
ample prior to ionization and mass analysis [75,76]. Because
his important technique is not represented in any of the papers
n this issue, we show an example of some thermal desorption
ata in Fig. 5.

.2.2. Continuous vacuum UV photoionization
Synchrotron radiation, which produces a flux of vacuum UV

hotons in excess of 1015 photons/s, has recently been used to

hotoionize molecules from aerosol particles vaporized by a
esistively heated filament [65]. The photon beam generated by
he undulator is extremely collimated, and can be focused by
razing incidence mirrors to a spot size of 100 �m × 200 �m,

decene. The double humped shape for m/z 60 shows that this ion comes from
mission from Tobias and Ziemann [67].
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hich is an ideal source for time of flight analysis. Synchrotron
ight also has the advantage of easy tunability, so that the pho-
on energy can be chosen to minimize the ion fragmentation.

detailed description is provided in the article by Wilson et
l. in this issue. The major disadvantage of this source is that
he experiment must be transported to the synchrotron, and is
herefore limited to laboratory based experiments.

.2.3. Chemical ionization
Chemical ionization (CI) is a sensitive and gentle method of

on formation that generally produces only a single mass ion.
very useful reaction is proton transfer, which generates the
+ 1 ion. Common reagents used for proton transfer include

rotonated water clusters, H+(H2O)2, and protonated methanol
lusters, H+(CH3OH)2. The major difference between EI and PI
n the one hand, and CI on the other, is that the latter produces
losed shell ions, whereas the standard ionization processes gen-
rate open shell radical cations that are often unstable. Because
any of the molecules found in tropospheric aerosols are quite

ragile, soft CI would appear to be an ideal choice for instruments
esigned to detect the organic fraction of the aerosol particles
13,77]. As the paper by Hearn and Smith in this issue demon-
trates, the sensitivity for oleic acid detection is on the order
f ∼200 ng/m3 which corresponds to ∼4 × 108 molecules/cm3

∼0.02 ppb) in gas-phase units. Because many organic particu-
ates in the troposphere contain organic molecules at a concen-
ration of 1 ng/m3, it is not clear that CI will be competitive with
I for ambient measurements.

CI has also been used by Lazar et al. [78] in a pulsed mode
y reacting K+ ions, produced by a pulsed excimer laser, with
he vaporized aerosol sample. Another CI based instrument
TDCIMS) developed by Smith and co-workers, [24,79,80] is
esigned to analyze particles down to 10 nm. Ambient aerosol
articles are charged in a unipolar aerosol charger and drawn into
he TDCIMS instrument. They are then collected by an electro-
tatic precipitator for 6 min, desorbed by resistively heating the
ollection wire, and finally ionized via chemical ionization.

. Mass spectrometry

.1. Mass analyzers

The three major methods of mass analysis in aerosol mass
pectrometers have been time of flight (TOF) and RETOF,
uadrupole mass filter, and the quadrupole ion trap. The two
ajor commercial instruments use an ion RETOF (TSI) and a

uadrupole (Aerodyne). Of these, only the TOF and the ion trap
nstruments can be used as a true single particle mass spectrome-
er. In addition, the dual TOF arrangement of the TSI instrument
s capable of collecting both positive and negative ion mass spec-
ra, which is highly useful in the analysis of salt particles [81].
s shown by Reilly et al. [82,83] when the ion trap is operated
n the mass selective instability mode, the RF voltage on the
ing electrode is ramped, ejecting ions sequentially so that all
f the ions can be detected, thereby permitting single particle
etection.

o

p
o

Mass Spectrometry 258 (2006) 2–12

The ion trap can also be used for MS/MS studies [83]. In
rinciple, MS/MS provides information about the structure of a
argeted mass peak in the mass spectrum, and thus could lead
o the identification of a compound in the aerosol particle. On
he other hand, difficulties in real-time data-dependent selection
f precursor ions for MS/MS analysis and the need for manual
nterpretation of complex product ion spectra may inhibit its use
n the field.

Because of the large number of molecular organic con-
tituents in tropospheric particles, any given nominal mass peak
ost likely consists of several compounds. For instance, the
/z 98 peak can be attributed to C7H14, C6H10O, C5H6O2,
r C4H2O3. These can be readily resolved by high resolution
S. Because the oxygen content of the peaks provide important

nformation about the aerosol origin and its secondary reactions
n the troposphere, this information is highly valuable. In the
aboratory, several options for high resolution MS are available.
ewer options exist for field measurements. The installation of
n orthogonal RETOF mass analyzer may provide sufficient
esolution to obtain such information for relatively low m/z
ons, for example C3H7

+ and C2H3O+ at a nominal m/z of 43
84].

.2. Field portable instruments

A major thrust in aerosol mass spectrometry has been the
evelopment of field portable instruments. Several EPA super-
ites have invited researchers with a variety of instruments in
ne location in order to collect atmospheric data for up to 2
ears [85]. The types of measurements conducted have included
ata on wind direction and velocity, pollutant levels (ozone, CO,
O2, NOx, etc.), relative humidity, and particulate matter. In

he 1999 Atlanta supersite study, four aerosol mass spectrome-
ers were operated simultaneously, and a study comparing the
esults was published [85]. The instruments in question were
OAA’s particle analysis by laser mass spectrometer (PALMS),
niversity of California at Riverside’s Aerosol Time-of-Flight
ass Spectrometer (ATOFMS) [86], University of Delaware’s
apid Single-Particle Mass Spectrometer (RSMS), and Aero-
yne’s Aerosol Mass Spectrometer (AMS). These instruments
iffered in their ionization methods (laser desorption/ionization
or the PALMS, ATOFMS, and RSMS, and thermal vaporiza-
ion followed by electron impact ionization for the AMS). Some
ere limited to particles with diameters in excess of 200 nm,
hile the AMS and RSMS routinely detected particles down to

bout 50 nm. (Particles smaller than the above referenced size
imits sometimes may be analyzed, but only for special situa-
ions, e.g. specific particle compositions or very high particle
oncentrations in air.) The AMS is optimized to detect and clas-
ify organic material, whereas the laser desorption/ionization
nstruments are best for refractory material such as soot, sodium
hloride, and dust. This comparison demonstrates the need for
arious types of instruments in order to obtain a complete picture

f the aerosol chemical content.

One of the earliest portable instruments, developed by Mur-
hy and co-workers, [87,88] is designed to fit into the nose cone
f an airplane, and can thus be used to monitor aerosol concen-
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ration and composition as a function of altitude and in the wake
f aircraft or rockets.

.3. Data handling

One of the problems in the deployment of field portable
nstruments is the volume of data collected. If an instrument
ollects single particle mass spectra at the rate of three per sec-
nd for a period of 1 month, the number of stored spectra is
lose to 8 million. This provides a challenge for data storage,
specially in the case of high resolution data. But an even greater
roblem involves data analysis. How can so much information
e digested, and retrieved? The approach depends on the infor-
ation desired. If changes in the concentrations of individual

hemical components are the focus, then the signal intensities
f specific marker ions for those components can be extracted
rom the data and interpreted [22,89,90]. More commonly, a
eural network algorithm is used to sort large numbers of single
article spectra into a few particle classes having unique distri-
utions of chemical components in the particle [91–94]. Articles
y Zelenyuk et al. and Hinz et al. in this issue also address par-
icle classification. Since the focus of this review is hardware
ather than software, the interested reader should consult the
bove referenced articles for further information.

. Conclusion

The field of aerosol mass spectrometry continues to develop.
his review has discussed several approaches that allow for the
etection and speciation of a wide range of particle sizes and
ompositions. However, much work remains in order to continue
o expand the range of size and types of particles that any one
nstrument can analyze. Finally, the continued advancement of
ortable instruments has also been extremely important to the
erosol mass spectrometry field. Portable instruments have been
ntegral in source apportionment studies as well in studies which
im to examine real time effects of changes in meteorological
onditions on particle size and composition. Despite all of these
dvancements, real atmospheric particles are too complex for
ne instrument to optimally detect and quantify the composition
f them all. Therefore, there is much room and need for the
ontinued development of several different types of instruments.
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