
R
a

L
G
a

b

c

d

a

A
R
R
A
A

K
A
A
S
L
B

1

s
i
s
m
a
p
t
p
p
d
f
t
fi
c
a

h

1
d

International Journal of Mass Spectrometry 303 (2011) 118–124

Contents lists available at ScienceDirect

International Journal of Mass Spectrometry

journa l homepage: www.e lsev ier .com/ locate / i jms

eal time bipolar time-of-flight mass spectrometer for analyzing single
erosol particles

ei Li a, Zhengxu Huanga, Junguo Donga, Mei Li a, Wei Gaob,c, Huiqing Niand, Zhong Fud,
uohua Zhangb,c, Xinhui Bib, Ping Chenga, Zhen Zhoua,∗

School of Environmental and Chemical Engineering, Shanghai University, Shanghai 200444, China
State Key Laboratory of Organic Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China
Graduate School of the Chinese Academy of Sciences, Beijing, China
Hexin Analytical Instrument Co., Ltd., Guangdong, Guangzhou 510663, China

r t i c l e i n f o

rticle history:
eceived 9 October 2010
eceived in revised form 15 January 2011
ccepted 16 January 2011
vailable online 26 January 2011

a b s t r a c t

This paper describes a new built single particle laser desorption/ionization time of flight mass spec-
trometer capable of determining the size and chemical compositions of individual aerosol particles in
real-time. The instrument was compactly designed with bipolar grid reflectron mass analyzers for higher
mass resolution. It measures 90 cm long × 70 cm wide × 170 cm high, weights ∼170 kg and has a total
power consumption of less than 2000 W. Standard polystyrene latex particles (PSL) and metallic solution
were used to perform size and mass calibration, respectively, and the effect of inlet pressure of the aero-
eywords:
erosol
erodynamic lens
ingle particle
aser ionization
ipolar time-of-flight mass spectrometer

dynamic lens on size calibration was also investigated. The instrument was first used for the ambient
aerosol detection in Guangzhou City, China, and the preliminary measurements show its’ ability to char-
acterize the atmospheric aerosol particles containing different chemical compositions with diameters
ranging from 250 to 2000 nm and a total hit rate above 30%. The preliminary measurements also show
that the aerosol particles in Guangzhou, China can be mainly classified into five types, which are rich K,
rich Na, Nark, carbonaceous, and metal containing, and their formations are also generally discussed.
. Introduction

Atmospheric aerosols, ubiquitous in the air, have a rather wide
ize distribution ranging from less than 10 nm to more than 10 �m
n diameter, and also a complex molecular constituent. Numerous
tudies have shown that their tremendous impacts on environ-
ent, climate and human health [1–3], and these effects have direct

ssociations with the size and chemical compositions of the single
articles [4–7]. For example, fine particles, having large surface-
o-volume rate, can provide reaction sites for halogen-containing
articles with poor reactivity in the stratosphere, and this process
lays a vital role in stratospheric ozone depletion. In addition, epi-
emiological studies have shown that the decreased pulmonary
unction and respiratory is relevant to the increased levels of par-

iculate matter, especially the particles less than 1 �m, because the
ne particles can easily penetrate into the deepest of the lungs and
ause damages. In order to better understand their various physical
nd chemical properties, as well as predicting their potential health
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and environmental effects, it is essential to obtain the two most
important information of single aerosol particle: size and chemical
compositions. To achieve these goals, great efforts have been made
to develop more sophisticated analytical instruments in the past
years [8].

Mass spectrometry based aerosol analysis techniques have been
developed since from the seventies of the last century. Davis first
used mass spectrometry to analyze particulate matter by impinging
of particles on a heated filament and mass analyzed by a mag-
netic sector mass spectrometry [8]. However, this method gets no
size information and only a single m/z can be analyzed per par-
ticle. LAMMA as a typical off-line method of particulate analysis
was introduced in the 1970s. Though this method can provide sin-
gle particle size and chemical compositions simultaneously, it has
intrinsic shortcomings. Firstly, enough particles are needed to be
collected on a substrate before analysis, so matrix effect is non-
ignorable, and particles collected will suffer from physicochemical
changes through evaporation, crystallization, and gas-solid conver-

sion during prolonged periods of sampling and storage, especially
for volatile and semi-volatile components. Secondly, this is a rel-
ative slow method of obtaining particle size, about 1 particle/min,
thus it is difficult to get a statistical analysis conclusion in a short
time. In 1984, Sinha [9] developed a method that could trace

dx.doi.org/10.1016/j.ijms.2011.01.017
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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ndividual particle in real time by using light scattering size mea-
urement with exterior laser ablation. Here a quadrupole mass
pectrometry was used and still only a single m/z could be ana-
yzed per particle similar to magnetic mass spectrometry. Johnson
nd Murphy [10] further developed a method by replacing the
uadrupole mass analyzer with a TOF mass analyzer which could
btain a complete mass spectrum per particle. Unfortunately, the
ize estimation based on the scattering intensity of the particles
assing a single continuous laser is proved to be inaccurate. In
994, Prather and co-workers [11] built an single particle time
f flight mass spectrometry, shortly called ATOFMS, and the first
ransportable ATOFMS in 1997 that could precisely determine size
nd chemical compositions of single aerosol particles simultane-
usly and in real-time [12]. Now ATOFMS has been widely used
specially after it was commercially available from TSI Corpora-
ion. Until now several other research groups have also developed
heir own single particle aerosol mass spectrometer [13–15].

China is a country that suffers from particulate pollution all the
ear, which is even heavier in Guangzhou when haze is severe from
ecember to February [16,17]. It is impending to better under-

tand the aerosol sources and actions in the atmosphere and offer
eliable foundation for legislation. As a try to achieve these goals
nd combining with our experiences of developing high resolution
ime of flight mass spectrometry, we built a compact single particle
aser desorption/ionization time of flight mass spectrometer called
PAMS. In this paper, the instrument’s principle and design features
s well as the preliminary experimental results are presented.

. Instrumentation setup

The schematic diagram and photograph of the SPAMS are repre-
ented in Fig. 1. The entire instrument measures 90 cm long × 70 cm
ide × 170 cm high, weights ∼170 kg and has a total power con-

umption of 2000 W under sampling conditions. Common 220 V
lternating current is enough for the entire instrument running
hich is especially helpful in field study.

Similar to other single particle instruments, it mainly consists
f three parts: an aerodynamic lens for aerosol inlet, a two-laser
eams system for particle sizing, and a bipolar time of flight mass
pectrometry for the detection of the generated positive and neg-
tive ions. Aerosol particles are introduced into the aerodynamic
ens through an electro-spark machined 80 �m critical orifice at

rate of ∼75 ml/min. Aerodynamic lens serves as an interface to
ntroduce aerosol particles from atmosphere into high vacuum
o provide a collimated beam for succedent analysis. While exit-
ng the aerodynamic lens, the particles gain a terminal velocity
istribution, which is a function of their aerodynamic diameters
uring supersonic expansion. In the sizing region, every particle
onsecutively scatters two continuous laser beams with a space of
cm. In each scattering event, the scattered light is refocused and
etected by a PMT (Model H6180-01, Hamamatsu, Japan). Once
he signal from the PMT reaches the defined threshold, a TTL pulse
s sent to the timing board. The time interval between the two
ulses serves two functions: (1) the individual particle velocity

s obtained, and from which the aerodynamic diameter of single
article is calculated. (2) The velocity calculated is used to pre-
isely fire adsorption/ionization laser located 12 cm downside from
he second laser beam when the particle reaches the center of the
on source. The generated positive and negative ions by the third
aser are then detected by two microchannel plate (MCP) detectors,

espectively. Signals from the two detectors are delivered to a 8 bit
ual channel ADC data acquisition card (U1069A Agilent). Informa-
ion including transit time, laser energy, hit or not, and ion signal
ntensity are recorded by homemade data acquisition software and
tored in the computer.
Spectrometry 303 (2011) 118–124 119

2.1. Aerodynamic lens

The aerodynamic lens, first developed by Liu et al. [18], is capa-
ble of efficiently transmitting aerosol particles into the vacuum
system in a wider size range, as well as providing even smaller
particle beam divergence than traditional nozzle/skimmer inlet
system [17]. For our instrument, it consists of six successive coaxial
cylindrical orifices with decreasing diameters of 5.0, 4.8, 4.6, 4.3,
4.2, 4.0 mm and a 2.0 mm diameter exit nozzle, which can focus
the particles onto the centerline of the orifices. The exit nozzle is
also served to control the supersonic gas expansion, and it was
proved that the particles velocity distribution during gas expan-
sion is a function of their aerodynamic diameters. After exiting the
aerodynamic lens, the particles pass through a 1 mm diameter flat
skimmer into the sizing region, where the gas is pumped away by
a 250 l/s turbo molecular pump. The distance between the bottom
of the aerodynamic lens and the skimmer is optimized and fixed
at 12 mm at last. The aerodynamic lens is mounted on a micro-
manipulator which helps to adjust the slight particle beam during
alignment or after long distance transport. Eight locking screws
are used to ensure its stability. It should be noted that the instru-
ment was transported on a truck for in situ measurement two times
due to experimental requirements, and there were no damage or
readjustment needed.

2.2. Laser system

Most aerosol mass spectrometers use 532 nm Nd:YAG lasers for
size determination because of their high scattering efficiency. In our
instrument, two 75 mW continuous diode Nd:YAG lasers (MLL-III-
532 CNI Changchun) operated at 532 nm are used as well. The two
sizing lasers are aligned orthogonal to each other and perpendicular
to the particle beam. Each laser beam is focused into a 300 �m spot
located at the first focal point of the ellipsoidal mirror. When a
particle comes through the laser spot, the generated scattering light
is refocused to the ellipsoidal mirror’s second focal point, where a
shutter with a 2 mm aperture in the center is placed. The PMT is
located 3 mm distance beyond the shutter, which greatly reduce
the background noise and increase the receiving area of the PMT.
Two beam dumps are used to absorb the surplus laser beam to
reduce the background noise in the sizing region.

In the ionization region, a pulsed 266 nm Nd:YAG desorp-
tion/ionization laser (Ultra Quantel France) is used as a light source
to ionize the particles. The laser pulse energy is adjustable from
0.1 mJ to 10 mJ, which can be continuously measured by an energy
meter. For there is a time delay between the flash lamp trigger and
the Q-switch, the timing circuit must make up the delay to guaran-
tee the laser hitting the particle at the center of the ion source. For
our system, the delay is 203 �s (Fig. 2). To improve the ionization
efficiency, a focus lens with 20 cm focal length was used to focus
the laser beam into a 300 �m spot. By adjusting two whole-reflect
lens, the laser beam direction can be translated up and down or
sideways and the laser focal spot can also be fine tuned using the
precise translation stages.

2.3. Bipolar time of flight mass spectrometer

Unlike ATOFMS’s coaxial reflectrons [19], a z-shaped bipolar
time of flight mass spectrometer is used to simultaneously detect
the positive and negative ions generated by laser ionization. The
gridded design was adopted in our bipolar mass analyzers, and

each analyzer has four set of mesh grids with ion transmission
rate of 90% as shown in Fig. 1a. Although this design reduces
the sensitivity, it is easier to adjust and obtain higher resolution
than gridless design [20]. In order to reduce the ion losses due
to ion beam divergence, an einzel lens is used in the accelera-
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Fig. 1. (a) Schematic diagram of th

ion region. Here, the theoretical voltages were calculated using
atlab7.0 and ion trajectories simulated using simion7.0 program.

ractical values were later adjusted on the basis of experimen-
al measurements. The source configuration has a 2600 V drawout
otential over a 0.5 cm source region and a 3000 V, 3.4 cm accel-

ration region. The field free region is 46 cm long and floating at
000 V, and the ions have a total fight path of 70 cm and a reflec-
ion angle of 4.5◦. The voltages used for the positive and negative
on modes are the same except that, in positive ion mode, the MCP
s floated at −3000 V acceleration voltage, while in negative, an

Fig. 2. Timing and pulse scheme for the sizing
MS; (b) photograph of the SPAMS.

additional 1700 V is superposed on the +3000 V acceleration volt-
age. Divider resistors are used to keep each microchannel plate at a
voltage of ∼800 V. Due to imperfect spatial dispersion compensa-
tion from particle to particle, high voltage fluctuation, mechanical
machining and the assembling accuracy, time of flight variations

from particle to particle exist. Since an integer mass number is
adopted when the peak error is varied within ±0.5 amu to the
integer, the particle variations in our SPAMS can be ignored since
the variations are always within ±0.3 amu in the mass range of
500 amu.

, laser ionization and detection system.
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.4. Vacuum structure optimization

Vacuum structure of the instrument was simplified compared
ith ATOFMS and A-ATOFMS [21]. The whole pumping system

ncludes only three turbo molecular pumps and a rotary vane
acuum pump used as backing pump of the whole pumping sys-
em. This configuration reduces the cost, power consumption and
eight of the instrument. A 250 l/s turbo molecular pump (Turbo-V

01 Varian Inc.), 70 l/s turbo molecular pump (Turbo-V 80 Varian
nc.) and 250 l/s split-flow turbo molecular pump (Turbo-V301SF
arian Inc.) are located in the differential pumping region, the siz-

ng region and the mass spectrometer region, respectively. The
plit-flow pump with a pumping speed of 11 l/s on the V301SF is
sed to back the 70 l/s pump in the sizing region as well as the
50 l/s pump in the differential pumping region. The split-flow
ump is, in turn, backed by a 6 l/min rotary vane vacuum pump
DS-402 Varian Inc.) with oil vapour sorption trap, which effectively
voids the oil vapour contamination [13]. This pumping scheme
ields a pressure of ∼2 Torr at the entrance to the aerodynamic lens,
× 10−3 Torr in the differential pumping region, 5 × 10−5 Torr in

he sizing region and 7 × 10−7 Torr in the mass spectrometer region.
ressure measurements are accomplished using a pirani gauge, an
ctive rough vacuum gauge and two cold cathode ionization gauges
orresponding to the described four regions.

.5. Aerosol particle size and mass calibration

For our instrument, the standard PSL particles of known size
ere used for aerosol particle size calibration, and the metallic

olution containing known metal ions was used for mass calibra-
ion. The PSL particles we used are in the size of 300 nm, 500 nm,
20 nm, 1 �m and 2 �m in diameter, and the nominal ions dis-
olved in the solution are Li, Na, K, V, Ba, and Pb. Each time a drop
f PSL suspension or metallic solution is dissolved in 50 ml ultra
ure deionized water, and atomized by a single-jet aerosol genera-
or (TSI 9302, USA). The generated aerosol spray passes through

Nafion dryer (Model MD-070, PERMAPURE, USA) followed by
50 cm homemade silica gel diffusion dryer with the humidity

educing from 86% to 17%, which is necessary for aerosol inlet. Then
he dried aerosol controlled by a rotor flowmeter with ∼75 ml/min
ow enters into the aerodynamic lens through an 80 �m critical ori-
ce. In our experiment, the aerosol inlet tube was machined into a
hree branch structure. The top vent was for aerosol sampling, and
he side one connected to the atmosphere using a PTFE membrane.

The transit times of different particles between the two laser
eams are a function of their aerodynamic diameters. Thus the
btained transit times can convert to their aerodynamic diam-
ters using a size calibration curve. Fig. 3 shows the transit
imes of five sizes of PSL particles at the inlet pressure of
.956 Torr, and the curve with round dots in Fig. 4 is the corre-
ponding plot with a first-order exponential fitting in the form
f y = A1 × exp(−x/t1) + y0, where A1 = 0.00747, t1 = −163.46064,
0 = 0.09511, and R2 = 0.99946. Since aerodynamic lens is sensitive
o the pressure changes at the inlet orifice, the slight changes in inlet
ressure will affect the focusing properties of the particles which
hen lead to a shift in calibration curve [14]. Detailed effects of the
nlet pressure on calibration curves were investigated by changing
he size of the critical orifice. Every time, particle velocities with the
ame diameter were measured at six different inlet pressures. Then
he velocities of five different particles versus their aerodynamic
iameters were plotted. Fig. 4 shows the six calibration curves at

ifferent inlet pressures. The transit time of the particle increases
ith the inlet pressure of aerodynamic lens going down, and this is
ue to the less gas-particles collisions thus smaller velocity during
he supersonic expansion in low inlet pressure. In Fig. 4, it is clear
o see that even though the pressure change is small, for example,
Fig. 3. Transit times for five different kinds of PSL particles at inlet pressure of
1.956 Torr.

from 2.440 Torr to 2.505 Torr, the calibration curve variation is still
discernible. So the inlet pressure was continuously monitored in
case that the critical orifice was partially blocked by contamination
during experiments, and the regular cleaning is needed to keep the
inlet pressure constant.

The mass calibration was performed by using the following
equation:

m

z
= (at + b)2

where a represents the slope of the linear function in the brack-
ets and b the intercept. In the experiment, not all the ion species
appear in every mass spectrum, and some ion species may appear
in one spectrum and may not in another. Therefore, the ion peaks
used for calibration must be chosen from different mass spectra.
Though different particles are fired at different positions in the laser
beam, the particle to particle variations in time of flight is unavoid-
able which will result in errors in mass calibration curve [22]. An
alternative method is that, for the same m/z, several different time-
11001000900800700600500400

0.0

transit time (µs)

Fig. 4. Corresponding size calibration curves at seven different inlet pressures.
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the strongest peaks in the negative spectrum. Alkali metal ions are
very sensitive to laser aerosol mass spectrometer [29], and online
studies have shown that K+ is a reliable signature for the identifica-
tion of biomass particles [30,31]. These rich K particles may result
aerodynamic diameter (nm)

ig. 5. Hit rate and the number distribution of sized and detected ambient particles.

. Ambient aerosol measurement

Outdoor ambient particles were initially used to evaluate the
erformance of the instrument. The ambient particles were sam-
led by a 5 l/min sucking pump connected to the side vent of the

nlet tube. A static-free silicone tube or copper pipe was attached
o the top of the inlet. Due to the limitation of the maximum reple-
ion rate of the 266 nm Nd:YAG laser, the sizing rate was adjusted
o be less than 20 particles/s. Ambient aerosol flow was diluted by
factor depending on the number concentration of the ambient

articles. The SPAMS was located in a building of the Science City,
uangzhou China. This site is nearby residential, traffic, industrial
nd construction emissions sources and basically represents a sub-
rb area. Aerosol particles were sampled into SPAMS through a 6 m

ong copper tube out of the window. The inlet of the sampling tube
s about 10 m above the ground. The ionization laser energy is 0.6 mJ
er pulse. It is noteworthy that the actual ionization energy may be
lightly larger because of the energy loss after laser beam pass-
ng the glass window. A particle was considered detected and its

ass spectrum is saved whenever the signal intensity from either
he positive or the negative ion detector exceeded 5 V. During a
0 min measurement, a total of 37,612 particles were sized and
2,378 chemically analyzed with diameters ranging from 250 to
000 nm, 12,947 particles produced both positive and negative ion
pectra and the average hit rate of 32.3% was obtained. Fig. 6 is a
lot of the measured aerodynamic diameters of the detected parti-
les and also the hit rate variation with the particle’s aerodynamic
iameter. The aerodynamic diameters were calculated using the
alibration curve at the pressure of 1.956 Torr. The gray histogram
s the plot of particles sized, and the dark histogram is that particles
hemically analyzed. As shown in Fig. 5, particles were detected
nd chemically analyzed from 250 to 2000 nm, peaking at about
00 nm. The hit rate was approximately uniform for particles from
400 to ∼1200 nm, about 33%, while it decreased rapidly from less

han 400 nm and lager than 1200 nm. This size-dependent hit rate
s due to the different scattering intensity between large and small
articles [23]. Since large particles scatter more light than small
articles, they tend to reach the trigger threshold earlier than small
articles. The distance from the center of the second green laser
o the center of the ion source is consistent. So, if hit rate for a
iven range is optimized, ionization laser will fire earlier for larger
articles and later for smaller particles.
The particles detected by SPAMS can be analyzed using ART-2a
lgorithm based single particle analysis software toolkit known as
AADA2.0 (www.yaada.org) [24], which has been widely used for
TOFMS data analysis [25–27]. The ART-2a algorithm and its use
Fig. 6. Chemical composition and proportional distribution of the different types
ambient particles

for single particle characterization is described in detail elsewhere
[28]. The ART-2a parameters used in this study were a learning
rate of 0.05, vigilance factor of 0.5, and 20 iterations. The 12,947
particles were classified into 306 clusters based on the similarity of
positive ion spectra. 80% of the analyzed particles were accounted
for by the top 10 clusters, 93% by the top 20 clusters, and 97% by
the top 32 clusters. While the top 32 clusters were further grouped
by hand into five general particle types based on the major ion
peaks in the mass spectra, i.e., rich K, rich Na, Nark, carbonaceous,
and metal containing. Fig. 6 is the chemical composition and pro-
portional distribution of the different types ambient particles. The
spectra shown in Fig. 7 are the corresponding average spectra to
the five particle types. During this ambient measurement, K+, sul-
fate, and nitrate were detected in most of the particles, and about
85% of the total positive spectra contained K+, 72% negative spectra
contained sulfate, and over 90% negative spectra contained nitrate.
In rich K type, as shown in Fig. 7a, 39K+ is far larger than other peaks
in the positive ion mass spectrum, NO2

− and NO3
− and HSO4

− are
Fig. 7. Average mass spectra of the five grouped particle types.

http://www.yaada.org/
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rom biomass combustion as raw mass spectra show that many
ich K particles have levoglucosan negative ion fragments at −45,
59, and −73, while levoglucosan was considered as the biomass
urning tracers in other biomass characterization studies [32–34].

n Fig. 7b, Na+ is the strongest peak in the positive mass spec-
rum, the negative spectrum are very similar to rich K and Na + K
ypes. Sea salt is the primary source of Na+ in the ambient aerosols.

oreover, biomass burning and soil are the main sources of Na+

s well [30,35]. Strong nitrate (NO2
− and NO3

−), indicates a sig-
ificant amount of aged process of these rich Na particles. Na + K
articles may result from biomass burning or the condensation
etween rich K and rich Na particles. Fig. 7d shows the mass spec-
rum of carbonaceous particle type. Organic carbon particle (OC)
nd elemental carbon (EC) particles are the two common carbona-
eous particles that we observed. The number considered as OC
nd EC particles are 1376 and 466, respectively. This result agrees
ell with the previous study where OC was considered the major

ontribution to PM2.5 in haze days in Guangzhou [17]. It is notable
hat about 0.5% organic amine particles, 1% environmental tobacco
articles, 5% high molecular organic particles were grouped into
arbonaceous particle type. Detailed characterization of carbona-
eous particle type in Guangzhou will be pressed in other studies.
ig. 7e is the average spectrum of the containing metal particles,
everal metals were detected including Li+, Mg+, Al+, Ca+, V+, Mn+,
e+, Cu+, Zn+, Sn+, Ba+, Pb+, etc. Particles from different sources may
ave different metal types. These metal containing particles have
arious sources in other ATOFMS studies. Particles containing Li+,
l+, Ca+, Fe+, etc. in the positive spectra together with some spe-
ial ions in the negative ions such as AlO2

−, PO2
−, SiO3

−, PO3
− were

etected in suspended soil [35]. V+ and VO+ were detected from the
missions of heavy oil combustion such as industrial boilers, ships
nd power plants residual fly ash [36–38]. Particles containing Pb+,
u+, Zn+, Cl− may from the waste incineration and industrial emis-
ions [39,40]. Detailed characterization of ambient trace metals will
e discussed in further studies.

. Conclusion

We presented a new built single particle laser desorp-
ion/ionization time of flight mass spectrometer capable of
etermining the size and chemical compositions of individual
erosol particles in real-time. The instrument was compactly
esigned with bipolar grid reflectron mass analyzers for higher
ass resolution, an aerodynamic lens for high efficient particle

nlet, and a laser system for precisely sizing and ionization. The
mbient measurement in Guangzhou, China shows that SPAMS can
apidly characterize the atmospheric aerosol particles containing
arious chemical compositions with diameters ranging from 250
o 2000 nm and a total hit rate above 30%. ART-2a based single par-
icles analysis method manifests its practical ability in atmospheric
erosol researches. The preliminary measurements also show that
he aerosol particles in Guangzhou, China could be mainly classified
nto five types, which are rich K, rich Na, Nark, carbonaceous, and

etal containing, and their formations are also generally discussed.
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