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ABSTRACT. The importance of atmospheric aerosols in regulating the Earth’s
climate and their potential detrimental impact on air quality and human health
has stimulated the need for instrumentation which can provide real-time analysis
of size resolved aerosol, mass, and chemical composition. We describe here an

( )aerosol mass spectrometer AMS which has been developed in response to these
aerosol sampling needs and present results which demonstrate quantitative mea-

surement capability for a laboratory-generated pure component NH NO aerosol.4 3

The instrument combines standard vacuum and mass spectrometric technologies
with recently developed aerosol sampling techniques. A unique aerodynamic aerosol

( )inlet developed at the University of Minnesota focuses particles into a narrow
beam and ef� ciently transports them into vacuum where aerodynamic particle size

( )is determined via a particle time-of-� ight TOF measurement. Time-resolved
particle mass detection is performed mass spectrometrically following particle
� ash vaporization on a resistively heated surface. Calibration data are presented
for aerodynamic particle velocity and particle collection ef� ciency measurements.
The capability to measure aerosol size and mass distributions is compared

( )to simultaneous measurements us ing a differential mobility analyzer DMA
( )and condensation particle counter CPC . Quantitative size classi� cation is

demonstrated for pure component NH NO aerosols having mass concentrations4 3

) ; 0.25 m g mI 3. Results of � uid dynamics calculations illustrating the perfor-
mance of the aerodynamic lens are also presented and compared to the measured
performance. The utility of this AMS as both a laboratory and � eld portable
instrument is discussed.
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INTRODUCTION
Aerosols play important roles in atmo-

spheric chemistry, industrial processes, and

biological respiration. An improved under-

standing of anthropogenic particulate emis-

sions has caused increased awareness and

concern about the impact of aerosols on

climate, air quality, and human heath. Par-

ticle loadings, aerosol size distributions, and

compositions all need to be known. Many

questions concerning the nature of aerosol

formation, transport, and effect remain

largely unanswered, particularly with re-

gard to the human health issue. The new

US EPA PM 2.5 standard is quite contro-

versial since it is based solely on the mass
( )loading Henry 1998 . More extensive stud-

ies from both laboratory and ® eld experi-

ments are required in order to devise ratio-

nal control strategies.

Much of the current uncertainty con-

cerning aerosol impact on climate and hu-

man health is due to the lack of instrumen-

tation which is capable of providing both

particle size distributions and chemical

composition in real time. Typically, such

information has been obtained from cas-

cade impactors which require many hours

of sampling followed by costly post-collec-

tion chemical analysis techniques. While

such an approach allows many of the al-

ready established analytical laboratory

techniques for chemical analysis to be ap-

plied, questions regarding original particle

composition arise due to possible chemical

transformations on the impactor surface

and losses due to component volatility.

Recently, several groups have developed

instrumentation capable of performing

real-time on-line size and composition

analysis of single particles. Most of these

techniques involve the use of a high power

laser to vaporize and ionize the aerosol

particle, followed by mass spectrometric
(analysis Gard et al. 1997; Reilly et al.

1998; Hinz et al. 1996; Carson et al. 1995;

)Murphy et al. 1995 . These laser-based sin-

gle particle instruments all require laser

triggering circuitry, which is usually in the

form of an optical signal generated by sin-

gle particle scattering of a visible laser

beam. This approach requires that the par-

ticle to be detected be suf® ciently large
( )) ; 0.2 m m to ef® ciently scatter the visi-

ble light. Particle size information is ob-

tained in some cases by measuring particle
( )time-of-¯ ight TOF in vacuum using two

( )light scattering signals Salt et al. 1996 or

in other cases by measuring the intensity of
(the scattered light Murphy and Thomson

)1995 or by using separate aerosol sizing

instrumentation.

These laser-based instruments are im-

pressive and ® eld versions have already

made signi® cant contributions towards bet-

ter characterizing aerosol sources and
(aerosol chemical processing see, for exam-

ple, Noble and Prather 1996; Noble and

Prather 1997; Silva and Prather 1997; Liu

et al. 1997; Reilly et al. 1998; Murphy and
)Thomson 1997a, b; Murphy et al. 1999 .

An important aspect of a real-time

aerosol instrument is the sampling inlet.

Quantitatively delivering ambient aerosol

into the vacuum system is just as important

as quantitatively detecting and sizing a par-

ticle so that particle size distributions can

be accurately reported. A unique aerody-

namic aerosol sampling lens has been de-
( )scribed by Liu et al. 1995a, b , which oper-

ates with high particle transmission ef® -

ciencies. An appropriately designed lens

system focuses particles into a narrow beam

as they enter into vacuum with nearly 100%

transmission ef® ciency. Such a lens system

has been used in a particle beam mass
( )spectrometer by Ziemann et al. 1995 for

measuring particle size distributions, and

more recently one has been designed for

generating particle beams from strato-

spheric pressures for stratospheric aerosol
( )sampling Schreiner et al. 1998 .
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Our approach to developing an aerosol

mass spectrometer builds on earlier efforts

at performing particle mass spectrometric

detection using resistively heated surfaces
(as the particle vaporization source Allen
)and Gould 1981 and Sinha et al. 1982 . The

( )aerosol mass spectrometer AMS de-

scribed here combines the high perfor-

mance aerosol sampling inlet of the Liu et
( )al. 1995a, b design with particle detection

via ef® cient thermal vaporization. In this

approach, particles are focused into a nar-

row beam while being sampled into vacuum

and directed onto a resistively heated sur-

face. The volatile and semivolatile compo-

nents in r on the particle ¯ ash vaporize upon

contact in the heater; the molecular con-

stituents are then ionized by electron im-

paction and analyzed as positive ions using

standard quadrupole mass spectrometry.

Fast particle detection synchronized with a

mechanical particle beam chopper allows

particle size to be determined by a particle

TOF measurement when suf® cient mass is

present for detection. This paper describes

the operation and calibration of this proto-

type instrument.

INSTRUMENT DESCRIPTION
An instrument schematic is shown in Fig-

( )ure 1. It consists of three main sections: 1
( )an aerosol sampling chamber, 2 a particle

( )sizing chamber, and 3 a particle composi-

tion detection chamber. Each chamber is

separated by critical apertures and is dif-

ferentially pumped. A portable instrument

currently under construction measures ap-
proximately 5 0 = 50 = 24 0 , not including

the vacuum pumps. A description of each

of the major components is presented be-

low.

Aerosol Sampling Chamber

The aerosol sampling chamber couples the

aerodynamic particle beam-forming lens
( )Liu et al. 1995a, b to the vacuum system.

The lens tube consists of six precision ma-

chined ori® ce lenses ranging from 5 mm id

FIGURE 1. AMS for size and composition analysis of submicron aerosol. Ambient pressure aerosol is sampled
into vacuum using an aerodynamic lens. Aerodynamic particle size is determined from a particle TOF measure-
ment. S ize resolved compos ition is measured by a quadrupole mass spectrometer following particle � ash
vaporization on a res istively heated surface and electron impact ionization of the vaporized species.
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at the entrance to 3 mm id at the exit,

which are all mounted in a precision bore
(stainless steel tube nominally 1 r 2 0 OD =

)120 in length . In one version of the instru-

ment the lens tube is mounted to the vac-

uum chamber on an X-Y translation r tilt

stage providing a means of diagnosing beam

quality by manipulating beam alignment.

The lens focuses particles into a narrow
( )beam ; 1 mm diameter with nearly 100%

particle transmission ef® ciency to the de-

tector for particles in the size range be-

tween 70 and 500 nm in diameter. Ambient

pressure particle-laden air is pumped

through this lens into the vacuum system.

The aerosol inlet used here operates ef® -

ciently with ; 2 torr pressure at the inlet.

A 100 m m diameter pressure drop ori® ce

mounted at the inlet of the aerosol lens is

used to ® x the inlet pressure and the gas
( )¯ ow rate ; 100 sccm . The 100 m m diame-

ter pressure drop ori® ce is mounted up-

stream of the entrance of the lens tube

separated by a 10 cm section of 1 r 2 0 OD

tubing. A 250 L r s turbomolecular pump is

used to evacuate the aerosol sampling

chamber and maintain the ¯ ow through the

aerosol lens. The pressure in this chamber

is maintained below 10y3 torr.

The performance of the aerodynamic lens

has been modeled using a commercially
(available ¯ uid dynamics program FLUENT

)1995 . Calculations describing the particle

focusing capability, the particle transmis-

sion ef® ciency, and the size-dependent par-

ticle velocities generated by the aerody-

namic inlet have been performed and sup-

port the results of the measured lens per-

formance. One example calculation is

shown in Figure 2 which plots particle tra-

jectories through the lens for 100 nm diam-

eter spheres which have a density of 1 gm

cmy3 . Each line in the ® gure is the trajec-

tory for particles initialized at a particular

radial coordinate. The ® gure illustrates the

focusing action of the lens system and also

FIGURE 2. FLUENT simulation results illustrating
the focusing action of the aerodynamic particle beam
forming lens. Curved lines are the particle trajectories
for particles entering at different radial coordinates.
The results displayed are for 100 nm diameter spheres
with a density of 1 gm cmI 3 at typical lens inlet

( ) (pressure 2.1 torr and volumetric � ow rate 97.3
)sccm . The � gure also shows the physical dimensions

of the lens system.

shows the actual dimensions of the lens

tube used in the AMS. The calculations are

for initial conditions of 97.3 sccm of dry air

at 295 K, corresponding to the measured

gas ¯ ow rate through the 100 m m diameter

aperture, and 2.1 torr at the inlet, which is

the measured pressure.

The ® rst ® ve plate apertures serve to

focus the particles onto the center line; the

® nal exit aperture controls supersonic gas

expansion and particle acceleration into the

vacuum system. During the gas expansion,

particles acquire a distribution of velocities;

smaller diameter particles accelerate to

faster velocities and larger diameter parti-

cles to slower velocities due to different

particle inertia. The calculations shown in

Figure 2 for the 100 nm diameter particle

predict a particle velocity at the lens exit of
( ) y1216 " 1 m s and a particle transmission

ef® ciency of 100%.

Additional calculations have been per-
(formed for a range of particle sizes 5 nm

)to 10 m m to investigate both size-depen-

dent particle velocities as well as particle

focusing and transmission ef® ciencies

through the lens. These results are pre-

sented in the section on particle collection
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ef® ciency and are compared to experimen-

tally determined values.

Particle-Sizing Chamber

The focused particle beam exiting the lens

is directed into the particle-sizing chamber

through a 2 mm diameter skimmer cone
( )Beam Dynamics . The particle-sizing

chamber is a ¯ ight tube maintained at
; 10y5 torr by a 550 L r sy1 turbo pump.

The size-dependent particle velocities cre-

ated by the gas expansion provide a means

of obtaining the particle aerodynamic di-

ameter by measuring particle TOF. The

particle beam is modulated by a rotating

wheel chopper in this chamber. Time-re-

solved detection of the particles, coupled

with the known ¯ ight distance, gives the

particle velocity from which the particle

aerodynamic diameter is obtained.

The chopper wheel is 5 cm in diameter
(with two radial slits 0.13 cm wide, 180

)degrees apart giving a sampling duty cycle

of 1.8%. The signal from an infrared
(photo-diode detector pair monitoring the

)same slit that the beam passes through

de® nes the start of the particle TOF cycle

and is used to synchronize time-resolved

particle detection. The results presented

here were performed in our prototype in-

strument, which has a particle ¯ ight dis-

tance of 39.7 cm measured from the chop-

per to the detector. The chopper operates

at a ® xed frequency, typically 150 Hz de ® n-

ing a TOF period of ; 7 ms. Operation at

faster speeds provides increased time reso-

lution for the particle aerodynamic diame-

ter measurement. The duty cycle of the

chopper determines the aerosol throughput

from the aerosol lens to the detector. The

effective sampling rate is given by the prod-

uct of this duty cycle and the ¯ ow through
( )the lens tube ; 100 sccm ; thus, for 1.8%

duty cycle, an aerosol volumetric ¯ ow of 1.8

sccm is sampled by the detector. The TOF

measurement relies on a fast particle de-
(tection r vaporization scheme < 7 ms TOF

)period , which also provides information on

the composition of the aerosol.

Particle Detection Chamber

Detection is performed by directing the

focused particle beam into a resistively

heated closed-end tube. On collision, the

volatile and semivolatile constituents in r on

the particle ¯ ash vaporize. The vaporiza-

tion source is integrally coupled to an elec-

tron impact ionizer mounted at the en-

trance of a quadrupole mass spectrometer.

With the quadrupole tuned to a represen-

tative mass, bursts of ions are measured

and, when suf® cient particle mass is pre-

sent, pulses from individual particles can be

counted. Such single particle pulse widths

are on the order of tens of microsecond

time scale, much faster than the millisec-

ond particle TOF time scale.

The particle-detection chamber is iso-

lated from the particle-sizing chamber by a

4 mm diameter aperture. The detection

chamber is differentially pumped by a 250

L r sy1 turbo molecular pump. The turbo

pumps used on this apparatus are backed

by a 60 L miny1 diaphragm pump that

operates with ; 1.2 torr inlet pressure. For

some experiments a liquid nitrogen trap on

the detection chamber was also used to

reduce water vapor background levels in

the mass spectrum.

Molecular ions are created in a custom

built closed source electron impact ion-

izer r lens assembly designed to provide high
( )electron emission current up to 25 mA

and improved ion focusing and ion extrac-

tion into the quadrupole . This ionizer,

which also integrates the particle vaporizer

tube, is coupled to a UTI model 100 C

quadrupole mass analyzer. Ions transmitted

through the quadrupole are collected and
(ampli® ed by an electron multiplier Chan-
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)neltron Model 4876 . The output of the

electron multiplier is terminated with a

24,000 ohm resistor so that an individual

particle event can be resolved as a single

pulse rather than many small pulses. The

value of this resistor sets the electronic

time resolution to ; 30 m s, matched to the

6 m s sampling time of the data acquisition

system discussed below.

The particle vaporizer is a small ceramic
(tube furnace with one end closed 0.3 cm

)ID opening by 1 cm length . The vaporizer

is resistively heated by passing up to 5 watts

of power through a 0.1 mm diameter coiled

tungsten wire positioned inside the tube.

The entrance of the vaporizer is mounted

to the closed source ionizer lens element so

that the vapor plume expands directly into

the ionization region, a cylinder of ; 1 cm3

volume. As depicted in Figure 1, the vapor-

izer tube lies on the particle beam axis with

the quadrupole mounted perpendicular to

that axis.

The temperature of the vaporizer is mon-

itored with a thermocouple mounted on the

outside surface of the tube. The minimum

vaporizer temperature is ; 280 8 C, limited

by radiative heating from the ionizer ® la-

ments. For results presented here, mea-

sured vaporization temperatures were
( )420 8 C for ammonium nitrate NH NO ,4 3

( )320 8 C for dioctyl phthalate DOP , and
( )600 8 C for polystyrene spheres PSL . Oper-

ating at 600 8 C does not negate detection of

either DOP or NH NO . The different4 3

temperatures used for each species should

be viewed as limiting threshold tempera-

tures for which ef® cient `̀ ¯ ash’ ’ vaporiza-

tion was observed. These initial studies sug-

gest that higher temperatures provide more

universal detection, though molecular de-

composition for some species may increase

at high vaporization temperatures. Detailed

studies of the effects of vaporization tem-

perature on the detection process needs to

be investigated.

The high emission current closed source

ionizer and tube furnace particle vaporizer

improved particle detection compared to

initial experiments which utilized a heated
ribbon ® lament as both the particle vapor-

izer and the source of electron emission for

vapor ionization. Since ® lament tempera-

tures approaching 2000 K are required for

electron emission, independent control of

particle vaporization temperature was not
possible. It was also observed that the ¯ at

vaporization surface resulted in poor sig-

nals for crystalline particles, likely due to

particle bounce effects. The importance of

vaporization ® lament geometry has been
( )discussed by Sinha et al. 1982 . The use of

the higher performance closed ionizer and

the coupling of the heater tube to it is one

aspect of this instrument which differs from
( )the earlier work by Allen and Gould 1981

( )and Sinha et al. 1982 .

A mass spectrum illustrating detection of
vaporized and ionized NH NO aerosol is4 3

shown in Figure 3. This mass spectrum was

obtained by scanning the quadrupole while

FIGURE 3. Mass spectrum of laboratory generated
NH NO particles showing detection of both the am-4 3

monium and nitrate components. This spectrum is a
difference spectrum obtained by subtracting the spec-

trum measured with the particles off from the spec-

trum recorded with the particles on. HNO H and3

NOH ions are not observed. Particle vaporization3

temperature is 420 8 C and electron impact ionization
energy is 70 eV.
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continuously sampling moist aerosol at a
(relatively large aerosol mass loading ; 100

m g my3 or ; 2 = 10y10 gm sy1 at the
)detector with the particle beam chopper

removed. The spectrum is included here for

illustration purposes to show the nitric acid
( q q )NO at m r z s30, NO at m r z s46 ,2

( q qammonia NH at m r z s16, NH at m r z2 3

) ( q )s17 , and water H O at m r z s182

components. This mass spectrum is a dif-

ference spectrum obtained by subtracting
(background signals recorded in the ab-
)sence of the aerosol . The relatively low

resolution in the water r ammonia region is

limited by the subtraction process since

these masses dominate background ion

signals.

This mass spectrum illustrates an impor-

tant feature of the detection process,

namely, the separation of particle vaporiza-

tion and ionization. Ammonium nitrate va-

porizes into its volatile components, molec-

ular ammonia and nitric acid vapors, which

are identi® ed by the ion fragmentation pat-

terns as shown in Figure 3. The combina-

tion of ef® ciently separating vaporization

from ionization and performing the ioniza-

tion under controlled conditions as done

here provides conditions which can main-

tain quantitative detection for multicompo-

nent particles. The importance of separat-

ing the vaporization and ionization pro-

cesses for aerosol analysis has recently
( )noted by Morrical et al. 1998 , who utilized

a two-step laser desorption r ionization ap-

proach for analysis of individual organic

particles followed by molecular TOF analy-

sis. We have also observed molecular ion

detection for each component of an inter-

nally mixed aerosol containing perylene,

pyrene, and phenanthrene, again indicating

that vaporization is separated from ioniza-
( )tion. Previous work by Sinha et al. 1981 ,

based on similar thermal particle vaporiza-

tion and electron impact ionization tech-

niques, demonstrated that matrix interfer-

ence on the individual ion signal analysis is

not important for a two component particle

containing mixtures of glutaric acid and

DOP.

A broad range of other aerosols has also

been sampled and detected with this AMS,
(including bioaerosols bovine serum albu-

)min and bacillus subtilis , inorganic salts
(NaCl, NaBr, NH Br, NH Cl, KCl, KI,4 4

( ) ( ) )NH SO NH CO , NaNO , organics4 2 4 4 2 3 3

(benzoic acid, citraconic anhydride, oleic
)acid , and nicotine from cigarette smoke.

Future work will investigate the ionization

and detection ef® ciencies of more complex

multicomponent aerosols.

The instrument is coupled to a data ac-

quisition r analysis computer which sets the

quadrupole mass, synchronizes the chopper

timing and electron multiplier ion signals,

and processes data in real time. In the

current system, data acquisition is per-

formed with 12 bit analog-to-digital conver-

sion at 330 kHz, providing ; 6 m s sampling

time resolution of chopper and ion signals.

For the results presented here on NH NO ,4 3

the quadrupole ® lter was ® xed to a speci® c
( q )mass setting NO ; m r z s46 . It is also2

possible to step-scan the quadrupole to

pre-programmed mass settings or scan over

a continuous range of masses. If operated

in a mass stepping or scanning mode, the

dwell time for a given mass must be an

integer number of TOF periods. On chang-

ing the quadrupole setting, a settling time

for the quadrupole electronics must be al-

lowed, typically on the order of several

milliseconds, or one TOF period. Integrat-

ing the ion signals over many TOF periods

for each mass setting builds up statistical

data for particle mass distributions. The

sampling duty cycle for each ion mass de-

pends on the number of programmed mass-

to-charge settings and thus longer acquisi-

tion times are required since signals from

the 1.8 sccm sampled aerosol ¯ ow is spread

among multiple masses.
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In parallel with the signal averaging for a

given quadrupole setting, the fast digital

signal processing allows every data point to

be checked for the presence of a relatively

large signal compared to the background.

Such events result from vaporization of sin-

gle particles which contain suf® cient mass

to generate signal pulses which are clearly

distinguishable over background. Detection

of such signals on-the-¯ y provides a direct

particle counting mode as a function of

particle TOF and quadrupole setting. As

will be presented, the current sensitivity of

this AMS for single particle counting with
y14 (100% ef® ciency is ; 2 = 10 gm ; 300

)nm for a pure component particle and the

sensitivity for the signal averaging mode is
; 0.25 m g my3 for several minutes of sig-

nal integration. It should be noted that

when data is collected by integrating over

multiple TOF periods, composition data is

averaged over the population of particles

being sampled.

INSTRUMENT CALIBRATION AND
TESTING
The performance of the AMS has been

tested using a calibrated monodisperse

aerosol produced with a differential mobil-
( )ity analyzer TSI model DMA 3071 . Parti-

(cles were generated with an atomizer TSI
)model 3076 followed by a diffusion dryer.

(The monodisperse output of the DMA or
)the atomized polydisperse aerosol was

passed into a 2.2 = 80 cm Pyrex glass ¯ ow

tube where aerosol concentration could be

diluted by addition of dry r ® ltered nitrogen

gas. A fraction of the aerosol was sampled

near the exit of the aerosol ¯ ow tube by

both the AMS and a condensation particle
( )counter TSI model CPC 3010 . The major-

ity of the ¯ ow tube ef¯ uent was vented.

This aerosol generation system was used to

calibrate the particle size-dependent TOF

measurement to determine the particle col-

lection r detection ef® ciency of the AMS

and to allow comparison to total size re-

solved mass and number density measure-

ments.

Aerodynamic Particle Sizing by Particle TOF
Measurement

Particle TOF spectra for NH NO parti-4 3

cles presized by the DMA are shown in

Figure 4 for six different DMA mobility

settings. For these measurements the

quadrupole ® lter was set to m r z s46 to

measure the NO q ion intensity. The nega-2

tive signal intensity shown in the plots is a

measure of the electron current emerging

from the electron multiplier and is propor-

tional to the NO q ion density formed from2

electron impact ionization of the vaporized

NH NO particles. Each TOF spectrum4 3

represents 1 ] 3 min of data collection and

averages ; 5 to 10,000 individual particle
(vaporization events varying inversely with

)particle size . The structure in the spectra

shows both the time response to the singly

charged particles of the stated mobility di-

ameter and the multiply charged particles

of larger diameter which are simultane-

ously sized by the DMA since they have the

same electrical mobility. The mass weighted

detection process allows the multiply

charged r larger diameter DMA particles to

be clearly resolved even though they are

present in small fractions. During the

course of this work we found that the addi-
(tion of a second aerosol neutralizer in

85 ( )series with the Kr b charger which is

the standard charger in the TSI DMA,
)Model 3077 was required to match equilib-

rium particle charging r neutralization pre-
(dicted by the Boltzmann law Liu and Pui

)1974 . If only the TSI charger were used,

too many particles carried a charge in ex-

cess of three charge units. The additional
210 ( ) (charger used was a Po a charger NRD,

)Model P-2031, 20 mCi and was placed at



F
ig

ur
e

4.
P

ar
ti

cl
e

T
O

F
sp

ec
tr

a
fo

r
N

H
N

O
pa

rt
ic

le
s

pr
es

iz
ed

by
th

e
D

M
A

.N
eg

at
iv

e
si

gn
al

in
te

ns
ity

is
a

m
ea

su
re

of
th

e
va

po
ri

ze
d

N
H

N
O

4
3

4
3

H
(

)
(

)
pa

rt
ic

le
m

as
s

de
te

ct
ed

as
th

e
N

O
io

n
m

rrr rr z
s

46
.L

ar
ge

r
d

ia
m

et
er

pa
rt

ic
le

s
of

eq
u

iv
al

en
t

el
ec

tr
ic

al
m

ob
ili

ty
m

ul
ti

pl
y

ch
ar

ge
d

pa
rt

ic
le

s
ar

e
2

cl
ea

rl
y

re
so

lv
ed

.
T

he
pa

rt
ic

le
m

ob
ili

ty
d

ia
m

et
er

li
st

ed
in

ea
ch

pa
ne

l
is

fo
r

th
e

si
ng

ly
ch

ar
ge

d
pa

rt
ic

le
.

T
he

th
in

sm
oo

th
li

ne
m

od
el

s
th

e
pe

rf
or

m
an

ce
of

th
e

A
M

S
m

ea
su

re
m

en
t.

Se
e

te
xt

fo
r

de
ta

ils
.

57



J. T. Jayne et al.

33:1 ] 2 July ] August 2000

Aerosol Science and Technology58

the inlet to the DMA, upstream of the
85

Kr

charger.

The solid lines in Figure 4 model the

performance of the AMS, taking into ac-

count the polydisperse aerosol distribution,
(the transfer function of the DMA includ-

ing Boltzmann equilibrium aerosol charg-
)ing levels , the transfer function of the

AMS, the linear mass-weighted AMS de-

tection scheme, and the AMS particle col-

lection ef® ciency. The DMA transfer func-

tion used here is the triangular function
(derived from DMA gas ¯ ow rates Knutson

)and Whitby 1975 . For these measurements

the DMA ¯ ows were q sq s5.92 SLPMc m

and q s0.51 SLPM, where q is the cleans c

air ¯ ow, q is the main outlet ¯ ow and qm s

(is the sample ¯ ow Knutson and Whitby
)1975 . The polydisperse aerosol distribution

was represented by a log-normal distribu-
( )tion function Fuchs 1989 determined from

a ® t to the inverted DMA-CPC data mea-

sured in parallel with the AMS data plotted
(in the ® gure see later discussion on Com-

)parison to DMA and Figures 12a and 13a .
(The transfer function for the AMS also

)discussed in a later section takes into ac-

count the time width of the `̀open gate ’’

associated with the particle beam chopper

and the ® nite-time pro® le of a single parti-

cle vaporization event. For these measure-

ments the chopper was operated at 155 Hz.

The model prediction assumes complete

particle vaporization with molecular ioniza-

tion and detection linearly proportional to

volatile particle mass with ionization ef® -

ciency determined directly from single par-

ticle observations. Particle collection ef® -

ciency was independently measured to be

100% for all the data sets shown in Fig-

ure 4, with the exception of the 450 nm

data in panel f. Further discussion of both

ionization ef® ciency and particle transmis-

sion r collection ef® ciency is presented in

the next section. The series of measure-

ments shown in Figure 4 is summarized in

Table 1 which lists, for each peak, signal

averaging time, mobility diameter, aerody-

namic diameter, particle velocity, and the

number and mass concentration from the

model prediction. Mass loadings as low as

0.25 m g my3 are observable for the 80 nm
( )mobility diameter data e.g., q s4 with a

signal to noise of about 1:1.

The variation in particle TOF with parti-

cle size, as seen in Figure 4, is a direct

measure of the size-dependent particle ve-

locities resulting from the controlled

aerosol expansion into vacuum. Particle ve-

locity is determined by the ratio of the

¯ ight distance to the measured TOF at the

peak of the ion signal intensity. Particle

velocity measurements such as those shown

in Figure 4 have been performed for DOP
(and calibrated PSL spheres Duke Scien-

)ti® c Corp. . We note here that the mea-

surements made with the PSL spheres also

served as a check on the performance of

the DMA as a calibrated aerosol source.

The results of the aerodynamic particle

velocity measurements are plotted in Fig-

ure 5 as a function of aerodynamic diame-

ter. For spherical particles, aerodynamic di-

ameter is simply de ® ned as the product of

the geometric diameter and the particle

density. In this system, where the aerosol

expands into the free molecular regime, the

particle velocities are expected to scale by

the aerodynamic diameter with an inverse

power dependence. Values for the particle

density used here are 0.91, 1.05, and 1.72

gm cmy3 for DOP, PSL, and NH NO .4 3

Since we are calibrating using particle mo-
( )bility diameter sized by the DMA , one

needs to consider the relation between mo-

bility diameter and geometric diameter. For

both DOP and PSL, which are spheres, the

mobility diameter is equal to the geometric

diameter. For nonspherical, crystalline

NH NO particles, however, the effect of4 3

particle shape needs to be considered in
(de® ning an aerodynamic diameter Zie-
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TABLE 1. Summary of TOF data shown in Figure 4.

Model Integrated

Signal Particle Particle Particle
Figure 4 Integration Particle Mobility Arerodynamic Velocity Dens ity Mass

( ) ( ) ( ) ( )Panel id. Time, sec Charge Diameter nm Diameter m rrrrr s a rrrrr cc ug rrrrr m3

a 180 1 80 110 200.5 1331 0.64

2 119 164 176.2 787 1.26

3 152 209 162.1 222 0.76

4 183 252 151.8 42 0.25

5 213 293 143.8 6 0.05

b 180 1 100 138 186.6 2335 2.18

2 151 208 162.4 1369 4.50

3 196 270 148.2 392 2.79

4 238 327 138.1 82 1.05

5 279 384 130.2 14 0.29

c 180 1 150 206 162.8 4180 13.24

2 235 323 138.7 1429 17.39

3 314 432 124.6 292 8.38

4 389 535 114.8 52 2.86

5 463 637 107.3 9 0.85

d 60 1 250 344 135.6 2587 37.26

2 415 571 112.0 221 14.51

3 573 788 98.7 18 0.61

e 60 1 350 482 119.6 793 31.20

2 602 828 96.7 21 4.11

f 60 1 450 619 108.5 257 19.32

2 793 1091 86.6 3 1.16

)mann et al. 1995 . To obtain the best ® t of

the NH NO particle velocity data in Fig-4 3

ure 5 a shape factor of 0.80 was used. This
shape factor is actually the product of the

shape factor relating mobility and geomet-

ric diameter from the DMA measurement

and the shape factor relating aerodynamic

and geometric diameter from the AMS

measurement.
The dotted line in Figure 5 is the result

from the FLUENT model calculation for

spheres with a density of 1 gm cmy3. The

agreement between the model and data is

very good. For larger particles, the relation

between diameter and velocity is described
by a simple power law. For smaller parti-

cles, velocities deviate from the power law

as particle velocities approach the limiting

molecular velocity of the gas expansion.

The solid line in the ® gure is best ® t to the

expression,

n g
n s ,

b
( )1 q D r D*aero

(where D* and b are ® tted coef® cients D*
)s 27.2 " 0.5 nm and b s 0.479 " .004 ,

( )D is the aerodynamic diameter nm ,aero

( y1 )and n is the particle velocity m s . In
the limit of zero particle diameter, particle

velocity extrapolate s to n s592 m sy1 , theg

velocity of the molecules on the center-line

of the exit of the aerodynamic lens as pre-

dicted by FLUENT. Here, D* is the char-

acteristic particle diameter for acceleration
in the expansion from the aerodynamic lens.

Single Particle Counting

The particle TOF measurement relies on a

fast particle mass detection scheme. For
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FIGURE 5. Particle velocity plotted as a function of
particle aerodynamic diameter. All data points are
from particle TOF measurements using the DMA as a
source of calibrated particles. The solid circles are
from the TOF data shown in Figure 4. The dashed line
is the prediction from the FLUENT calculations. The

( )solid line is a � t to the data see text .

( )particles composed of or containing

volatile and r or semivolatile species, the

time scale for particle ¯ ash vaporization,

ionization, and quadrupole detection is

rapid compared to the millisecond TOF

time scale. For particles containing suf® -

cient mass, individual particle vaporization

events can be clearly time-resolved as bursts

of ions by monitoring the output of the

quadrupole mass ® lter tuned to a represen-

tative mass. This aspect of the data collec-

tion system is conceptually similar to a pulse

counting signal processing system, where in

this case the discrimination is set by the
(software such that background i.e., non-

)particle ion pulses emerging from the elec-

tron multiplier are not counted since they

do not exceed the threshold intensity which

discriminates between particle and nonpar-

ticle pulses. If a signals pulse exceeds a

threshold value, the data collection soft-

ware counts this as a discrete particle va-

porization event. This data is stored sepa-
(rately from the integrated signals such as

)shown in Figure 4 . For particles that gen-

erate ion signals which are only slightly
( )larger or smaller than the individual parti-

cle discrimination level, single particle de-

tection r counting is subject to statistical

variability and as a result the ef® ciency of

direct particle counting decreases with the

number of molecules in the particle. For

cases where a particle does not contain

enough molecules to generate clearly dis-

tinguishable individual particle pulses, av-

eraging the output of the quadrupole ion

signal over multiple TOF periods still give

rise to measurable TOF spectra, allowing

particle size to still be accurately deter-

mined.

Time-re solve d de te ction of pure

NH NO particles presized by the DMA is4 3

shown in Figure 6. Each curve represents

an average of about 100 individual particles

which have been detected above the
( )threshold dashed line in the ® gure . The

variation of the pulse height is linear with

size for 200, 320, and 440 nm DMA se-
(lected particles. The error bars standard

deviation of the sample for the total ions in
)each pulse correlate well with the expected

statistical variability for the ® nite number

of ion counts. The peak in signal intensity

for each trace has been centered at t s0

for comparison purposes. The width of the

average single particle pulse is narrow, ; 30

m s at the half width, and is independent of

particle size over the range investigated

here. The particle signals are electronically

broadened by adjusting the response time

of the detection electronics to match the 6

m s sampling rate of the current data acqui-

sition system.

The smallest signal in Figure 6 repre-

sents single ion pulses originating from the

background at m r z s 46 in the mass spec-

trometer. This average single ion signal is

obtained by reducing the threshold discrim-

ination level and counting and storing indi-

vidual ion signals for a reduced emission
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FIGURE 6. Average of NH NO individual particle4 3

pulses. These particles were pre-sized by the DMA
which was set to deliver particles of mobility diameter

( )of 200 nm q s1 . The multiply charged particles of
( )larger diameter are also observed, 320 nm q s2 and

( )440 nm q s3 . The signal axis is a measure of the
number of NO H ions produced by electron impact2

ionization of the � ash-vaporized incident particle
which exceeds the single particle discrimination level
( )dashed line set by the data collection software. Ap-

proximately 100 single particles events were counted
and averaged for display. The data points represent
the 6 m s sampling rate of the data acquis ition system.
Each particle size is actually detected at different
time-of-� ights but they have been re-plotted with the
peak intensities arbitrarily shifted to t s0 to illustrate
relative s ignal intensity and particle widths. In the
absence of any particles, an ion s ignal is observed
( )open circles which originates from the molecular
background present at this mass setting. Error bars
represent the standard deviation of the sample for the
total ions in the pulse.

current setting in the electron impact ion-
( )izer i.e., low ion count rates . The inte-

grated area under the single ion pulses

measures the charge in Coulombs emerging

from the electron multiplier and provides a

normalization factor allowing the area un-

der each of the average particle signals to

be converted to the number of ions de-
tected per incident particle.

Analysis of particle pulses detected for

pure component particles has demon-

strated that the detection scheme is linear

with the volatile mass of the particle. In

other words, the number of ions detected

per incident particle varies linearly with the

number of volatile molecules of a speci® c

type in the particle. Results of individual

particle detection experiments are summa-

rized in Figure 7, which plots the number

of ions detected per incident particle as a

function of the number of molecules per

particle for pure component NH NO and4 3

DOP particles. The 1:1 correlation between

the number of ion-per-particle and the
(number of molecules-per-particle shown as

)the dashed lines in the ® gure demonstrates

that these particles fully vaporize and are

detected linearly with their mass. The error

bars in the ® gure are the standard devia-

tion of the mean for both the ions detected

per particle and for the deviation in the

number of molecules per particle resulting

from `̀ binning’’ the data.

Linear ® ts to the data shown in Figure 7

yield ionization ef® ciencies of 1 = 10y6 ions

FIGURE 7. Average number of ions detected by the
quadrupole mass spectrometer per incident particle
varies linearly with the number of molecules in the
particle. Linear regress ion to this data provides a
measure of the effective ionization ef� ciency for each

( )species see text . The quadrupole was set at m rrrrr z s56
and m rrrrr z s46 for DOP and NH NO respectively.4 3

Vertical error bars are the standard deviation from
the mean ions moleculeI 1 value and the horizontal
error bars are the standard deviation of the mean

( )number of molecules in the particle see text .



J. T. Jayne et al.

33:1 ] 2 July ] August 2000

Aerosol Science and Technology62

molecule y1 for DOP and 2 = 10y7 ions

molecule y1 for NH NO . These values for4 3

the ionization ef® ciency are two to three

orders of magnitude lower than what can

be expected for a high ef® ciency electron

impact ionization source. Part of the reason

for this low value is that we are plotting

only one of several ion peaks. A complete

analysis would sum all ion signals observed

for a given species. The low ef® ciency is

also believed to be due in part to nonopti-

mal overlap of the particle vapor plume

with the electron density in the ionizer as

well as overall ionizer r quadrupole perfor-

mance. Improving ionization ef® ciency will

improve instrument sensitivity and allow

counting of smaller individual particles. This

is an area of active investigation and signif-

icant improvements are anticipated.

Figure 7 also illustrates the current sin-

gle particle counting limits. In order to

clearly resolve a particle vaporization event

from the background, the particle must

generate an ion signal larger than approxi-

mately 20 ions particley1 to be detected

and counted as an individual particle. For a

pure NH NO particle this currently corre-4 3

sponds to ; 5 = 107 molecules, ; 7 =
10y15 gm, or a diameter of ; 200 nm. For

a particle of this size r mass the counting

ef® ciency is not 100% due to the statistical

variability of the signal and the simple

threshold discrimination used. Developing

more sophisticated particle detection algo-

rithms, improving ionization ef® ciency, and

reducing background will lead to improved

individual particle detection limits. For pure

NH NO particles, counting ef® ciency4 3

reaches 100% for particles ) ; 300 nm in
(diameter i.e., particles containing ) ; 2 =

8 y 14 )10 molecules or ) ; 2 = 10 g mass .

Particle counting ef® ciency depends on ion-

ization ef® ciency and ion fragmentation

patterns and will vary somewhat from

species to species.

Particle Collection Ef® ciency

Experiments were performed to determine

the AMS particle collection ef® ciency as a
function of particle size, using the DMA

and CPC as a calibrated aerosol source.

Monodisperse aerosol output of the DMA

was directed into the aerosol ¯ ow tube

from which both the AMS and the CPC

drew samples. Aerosol concentration in the
¯ ow tube was varied via dilution with added

dry r ® ltered nitrogen gas ¯ ow. Results of

these experiments are shown in Figure 8,

which plots the particle number density

measured by the AMS versus the number

density measured by the CPC for different
aerosol concentrations. The number den-

sity measured by the AMS is obtained from
(the direct single particle count rates de-

)scribed above and converted to a number

density by dividing by the effective gas sam-
( 3 y 1 )pling rate 1.8 cm min . The measure-

ments were performed for NH NO parti-4 3

cles at four different sizes: 350, 450, 550,

and 700 nm. A linear ® t to each data set in

Figure 8 yields the collection ef® ciency for

FIGURE 8. Comparison of particle number density
as measured by the AMS and as measured by the CPC
for four different s ize NH NO particles. The slope4 3

from a linear � t to each data set data yields the AMS
particle collection rrrrr detection ef� ciency and is 0.99,
0.91, 0.76, and 0.68 for the 350, 450, 550, and 700 nm
mobility diameter particle, respectively.
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that particle size. The collection ef® ciencies

are 0.99, 0.91, 0.76, and 0.68 for the 350,

450, 550, and 700 nm diameter particles,

respectively.

This direct comparison of count rates

between the AMS and the CPC could be

performed only for the relatively large

DMA particles which are extracted from

the tail end of the polydisperse aerosol

distribution and which can be directly

counted as single particles with 100% ef® -

ciency. For particles smaller than about 300

nm, the effect of multiply charged larger

diameter particles of equivalent mobility

which are simultaneously sized by the DMA

and also counted by the CPC need to be

accounted for. For these smaller particles,

the collection ef® ciencies were obtained

from the ratio of the area of the TOF data

to the model prediction, as shown in Figure

4. Recall that the model is the log-normal

distribution function that was obtained from

the ® t to the inverted DMA-CPC data which
( )will be discussed later Figure 12a . Even

though direct single particle counting ef® -

ciency drops off for particles below ; 300

nm for the pure NH NO particles investi-4 3

gated, the total particle mass is still accu-

rately obtained by signal averaging as is

shown by the match of the solid lines to the

particle TOF data in Figure 4.

The AMS particle collection ef® ciency

measurements are summarized in Figure 9.

The circles represent the collection ef® -

ciency measurements from particle count-
( )ing slope of the lines from Figure 8 and

the squares are obtained from the ratio of

the area of the TOF data to the area of the

DMA-CPC prediction shown in Figure 4
( )for the q s1 peak only . The solid line in

Figure 9 is the prediction based on the

FLUENT calculations. The decrease in col-

lection ef® ciency for the larger diameter

particles is due to impaction losses at the

entrance to the aerodynamic lens and is

well represented by the data. The more

FIGURE 9. Summary of the AMS particle collection rrrrr
detection ef� ciency as a function of aerodynamic di-
ameter. Solid line is FLUENT model prediction. Cir-
cles are ef� ciencies determined by comparing AMS

( )and CPC counting rates data from Figure 8 . Squares
are collection ef� ciencies determined from the ratio of
the measured to the calculated integrated area of the

(TOF data shown in Figure 4 note that the data points
originating from Figures 4 and 8 have been converted
from mobility to aerodynamic diameter us ing particle

)dens ity of 1.72 and a shape factor of 0.8 .

dramatic decrease in collection ef® ciency
(for the smaller diameter particles - 70

)nm results from less ef® cient focusing in

the aerodynamic lens. Although these par-

ticles are transmitted through the lens, their

angular dispersion upon exiting the lens is
larger than the 0.07 radian required to pass

through the 3 mm opening to the particle

vaporizer over the 45 cm total particle ¯ ight

path.

AMS Transfer Function

The time width of the open gate of the

TOF chopper limits the resolution of the

particle TOF measurement. The spread of

mass across the TOF space is a function of
the speed of the chopper and the chopper

slit widths. Likewise, the ® nite width of

individual particle vaporization events also

broadens the true mass distribution in time.

These effects are illustrated in Figure 10,
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FIGURE 10. Broadening effect of the � nite width of
the particle beam chopper and the single particle
vaporization width on the AMS TOF measurements
for 350 nm mobility diameter particles. Dashed line is
the volume weighted output of DMA. Dotted line illus-
trates the broadening effect of the chopper on the
DMA output. Solid line models the broadening effect
of both the chopper and the single particle on the
DMA output. Circles are an expanded portion of the
same TOF data shown in Figure 4.

which expands the AMS TOF observations
(of a DMA-selected 350 nm particle data

)from panel e in Figure 4 . The AMS broad-

ening functions are shown in the upper

portion of Figure 10 scaled to the TOF

time axis. The solid line is the chopper

function whose width of 0.12 ms is calcu-
( )lated from the chopper duty cycle 1.8%

( )and the frequency 155 Hz . The open cir-

cles represent the single particle broaden-

ing function measured directly from

NH NO particle events. The effect of4 3

these functions on the particle TOF mea-

surement is shown in the lower portion of

the ® gure. The dashed line is the modeled

output from the DMA, mass weighted and
(converted to TOF space and normalized
)for presentation purposes , corresponding
(to a size resolution of ; 12 for DMA ¯ ows

)noted above . The dotted line shows the

effect of passing the chopper function

through the DMA prediction. The solid

line includes both the chopper and the sin-

gle particle broadening functions. The con-

volution of DMA and AMS transfer func-

tions quantitatively and accurately predict

the measured TOF data.
( )The complete model the solid line

slightly shifts the predicted signal to longer

observed TOF times due to the single parti-

cle broadening function. This shift of ; 20

m s has been taken into account in analyz-

ing the velocity data shown in Figure 5.

Recall that the width of individual particle

events is broadened by the detection elec-

tronics to match the 6 m s sampling rate of

the data acquisition system.

Figures 4, 5, and 10 indicate that the

resolution of the aerodynamic particle size

measurement is very high. This implies that

the distribution of particle velocities gener-

ated by the particle beam forming lens is

sharply peaked for a given particle diame-

ter. The validity of the model ® ts was inves-
(tigated by varying both DMA i.e., q r qc s

) ( )¯ ows and chopper i.e., chopper speed

resolution functions and quantitatively ob-

serving changes in the AMS TOF resolu-

tion. Current measurements indicate that

the resolution of the AMS is not limiting

for DMA resolution up to 20. At this point

the ultimate resolution of the AMS has not

been determined but it is likely limited by

the ® nite width of the individual particle

pulses and the chopper width rather than

the particle velocities generated by the

aerodynamic lens. Operational size resolu-

tion of the AMS TOF instrument will in-
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volve optimization of the trade off between
chopper open gate time and sampling duty

cycle.

Particle Beam Width Measuremen ts

A series of experiments was performed to

measure the width of the particle beam by

translating a 75 m m wire across the particle

beam and measuring beam attenuation as a
function of wire position. Transmission of

the particles through the inlet to the detec-

tor was calculated from the ratio of particle

count rates measured by the mass spec-

trometer and count rates measured by the

CPC. Beam transmission is plotted in Fig-
( )ure 11 for DOP solid circles and NH NO4 3

( )open circles as a function of wire position
( )set with a micrometer translator . It can be

seen from the data that the particle beam is
( )narrow - 1 mm diameter and that the

width of the DOP particle beam is nar-
rower than that of NH NO particles. The4 3

FIGURE 11. Particle beam width measurement for
spherical DOP and nonspherical NH NO particles.4 3

Beam widths are determined by pass ing a 75 m m
diameter wire across the particle beam path and cal-
culating particle transmiss ion from the ratio of the
single particle count rates measured by the mass
spectrometer to the count rates measured by the CPC.
Beam broadening is observed for nonspherical parti-
cles. The solid lines represent a Gaussian � t to the
inverted data yielding FWHM values of 0.13 mm for
DOP and 0.23 mm for NH NO .4 3

lines in the ® gure represent best ® ts to the

data points obtained by inverting the data

and ® tting them to an assumed Gaussian

distribution with only the width as the ® tted
( )parameter. The width FWHM of the ® t-

ted distribution is 0.13 mm for the DOP

data set and 0.23 mm for the NH NO4 3

data set. The wire assembly intersected the

particle beam 16 cm downstream of the

aerodynamic lens, about 1 r 3 of the total
distance from the lens exit aperture to the

particle vaporizer. Beam widths at the de-

tector are estimated to be three times

larger, assuming that the particle beam

originates as a point source at the lens exit
( )see Figure 2 .

The results of these measurements sug-

gest that the width of the particle beam

varies with particle morphology. The larger

beam width observed for NH NO is con-4 3

sistent with the fact that a shape factor was

derived for NH NO particles from the4 3

size dependent velocity measurements. Re-

duced particle focusing for nonspherical

particles by the aerodynamic lens has been
( )discussed by Liu et al. 1995b and experi-

( )mentally observed by Ziemann et al. 1995
( )and by Schreiner et al. 1998 . Beam broad-

ening is due to nonsymmetric lift forces

encountered during particle focusing and

acceleration. The beam width measure-

ments and the FLUENT calculations, which

also provide information on beam diver-
gence angles, can be used to guide the

design of aerosol sampling systems with

optimized performance for a particular ap-

plication. For example , the collection aper-

ture on the particle vaporizer can be en-

larged and the total ¯ ight path can be
shortened to optimize collection of smaller

particles in the vaporizer.

Comparison to DMA Distribution
Measurement

An experiment was performed to quantita-

tively compare the measurement of the
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same NH NO polydisperse aerosol distri-4 3

bution obtained by the AMS and by the

DMA-CPC. The NH NO aerosol was at-4 3

omized, dried in a diffusion drier and then

analyzed separately with the DMA and

AMS. The DMA was operated in the step-

scanning mode using the CPC to measure
the particle number density, as shown in

Figure 12a, which plots the CPC particle

number density versus the DMA voltage

setting. The polydisperse aerosol ¯ ow was

then removed from the DMA input and the

¯ ow was measured with a soap ® lm bubble
meter and directed into the aerosol ¯ ow

tube. An additional dilution ¯ ow of dry air
( )of a known amount was added to the ¯ ow

( )FIGURE 12. a Raw data for DMA-CPC measured
( )NH NO polydisperse distribution. b Raw data for4 3

the same NH NO polydisperse aerosol as measured4 3

by the AMS.

tube so that the total aerosol concentration

could be measured accurately by the

CPC3010. The time resolved data from the

AMS measurement of the same polydis-
(perse NH NO aerosol at a lower aerosol4 3

)concentration are shown in Figure 12b,

which plots the NO q ion signal intensity as2

a function of particle TOF. Note that the

DMA-CPC measurement is an aerosol

number density measurement and that the

AMS is an aerosol mass measurement.

Both sets of data were inverted and ® t to

a log-normal distribution function of the

same form, shown by the solid lines in each

panel of Figure 12. The data inversion pro-

cess for the DMA was performed using an

algorithm which makes an initial guess at

the log-normal distribution, passes that dis-

tribution through the DMA transfer func-
( )tion Knutson and Whitby 1975 , compares

the integrated modeled counts to the raw

data, then makes a new guess at the log-

normal distribution. The three coef® cients

which describe the log-normal distribution
(the total number, the width, and the mean

)diameter are optimized using the Mar-

quardt nonlinear least squares ® tting
( )method see Press et al. 1988 . The inver-

sion process for the AMS uses the transfer

function described previously, the particle

TOF-diameter relationship, the collection

ef® ciency, and the NO q ion signal r particle2

mass relationship, all of which have been

determined in this work. Similarly, for the

AMS measurement, the inverted data are

® tted to an assumed log-normal distri-

bution using the same nonlinear ® tting

routine .

The results of the data inversion for both
( )the AMS solid curve and the DMA-CPC

( )dashed curve are compared in Figure 13,

which plots the particle distributions as a

function of mobility diameter. Figure 13a

plots numbe r de nsity distribution,
( )N r dln Dp . The two distributions agree

well in both absolute intensity and width.
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FIGURE 13. Quantitative comparison of the aerosol
( )number density distribution a and the mass distri-

( ) ( )bution b measured by the AMS solid lines and by
( )the DMA-CPC dashed lines . The lines are log-nor-

mal distribution functions from the � ts to the inverted
( ) ( )raw data Figure 12 . The histogram shown in a is

the particle number density determined from particle
counting measured by the AMS while sampling the
same aerosol . The apparent disagreement in the small

( )size range - 300 nm is due to decreased single
(particle counting rrrrr detection ef� ciency see text for

)details . The complete mass distribution, however, is
accurately measured by integrating over many TOF

( ) ( )periods as is shown by the data jagged line in b .

The total particle number density of 14,210

particle cmy3 obtained from the log-nor-

mal ® t to the AMS data agrees within 2%

to the CPC measured count of 13,940 parti-
y3 (cles cm corrected for coincidence count-

ing from the displayed count rate of 12,800
y3 )particles cm . Also shown in this ® gure is

a histogram of the counted AMS particle

data that was simultaneously processed by

the data acquisition software during acqui-

sition of the averaged signal shown in Fig-

ure 12b. For NH NO particles larger than4 3

; 300 nm diameter, the histogram plot and

the log-normal distribution overlap. For

particles smaller than 300 nm, the single

particle detection r counting ef® ciency drops

off as individual particle events are not

clearly discriminated from the background

signal.

Although individual particles smaller

than ; 300 nm are not counted with 100%

ef® ciency, the overall aerosol mass distribu-

tion is accurately measured by integrating

the AMS signal over many TOF periods
( )approximately 3 min . This is shown in

Figure 13b, which plots the same log-nor-

mal functions from Figure 13a as mass
( )weighted distributions, mass r dln Dp , to-

(gether with the AMS data the thick solid
)curve . The agreement of the distributions

again is very good. The total mass from the
( )® tted AMS distribution solid line is 79 m g

my3 , slightly larger than the 72 m g my3

derived from the DMA-CPC number den-
( )sity distribution dashed . This difference in

the mass distribution may be indicative of

slight changes in the polydisperse distribu-

tion when bypassing or passing through the

DMA.

SUMMARY rrrrr DISCUSSION
For aerosols containing volatile and

semivolatile species, this aerosol mass spec-

trometer has the capability to provide

quantitative information on particle size

distributions as a function of chemical com-
( )position quadrupole mass setting in real

time. The instrument uses an aerodynamic

particle beam forming inlet to ef® ciently

and quantitatively deliver aerosol into vac-

uum. Aerodynamic particle diameter is de-

termined by measuring particle velocity via

TOF. Fast particle detection is achieved via

¯ ash vaporization of volatile and

semivolatile components of the particle in a
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resistively heated tube. The resulting vapor

is ionized by electron impaction and posi-

tive ions are detected using a quadrupole

mass spectrometer.

The theoretical performance of the aero-

dynamic inlet as predicted by the FLUENT

model has been veri® ed experimentally.

Collection ef® ciency of the particles at the

detector approaches 100% for particles of

aerodynamic diameters in the range of 70

to 500 nm. The predicted particle velocity

created by the expanding gas very closely

matches the experimental measurements.

Particle beam widths formed by the inlet

vary with both particle size and shape.

Spherical particles are focused more ef® -

ciently than nonspherical particles and

larger particles are focused better than

smaller particles. For 350 nm diameter DOP

and NH NO particles, the measured beam4 3

width at the point of detection is - 1 mm

in diameter.

The detection process has been shown to

be linear in particle mass for the pure

component particles investigated here and
( y5to have fast time response of order 10

)s , allowing individual particles with suf® -
( y14 )cient mass ) ; 2 = 10 gm to be di-

rectly detected and counted with 100% ef-

® ciency as a function of aerodynamic diam-

eter. Particles containing less mass can be

detected by averaging quadrupole mass

spectrometer ion signals over many TOF

periods providing detection limits for parti-

cle mass ) 0.25 m g my3 for several minute

integration times. These detection limits are

based on the results presented here for the

pure NH NO particles. Size resolved4 3

aerosol mass distributions measured by the

AMS for pure component submicron

NH NO aerosol agree very well with that4 3

measured using a DMA-CPC. A factor of

10 to 100 improvement in the ultimate sen-

sitivity of the AMS is expected based on

improvements in the mass spectrometer

performance and in differential pumping to

reduce vapor background levels.

There are several key factors which will

govern the overall utility of this AMS for

measuring size-resolved mass distributions,

the most important of which is that the

species must ® rst vaporize to be detected.

Given this initial condition, there are other

important issues. For example, the quanti-

tative results for pure component particles

presented here must be extended to detec-

tion of mass fractions within multicompo-

nent particles. Separating the particle va-

porization process from the ionization pro-

cess is an important concept in this regard.

For species which ef® ciently vaporize, this

detection process should provide the same

quantitative results that are obtained by

conventional electron impact ionization

mass spectrometry of multicomponent gas

phase mixtures. Finally, as with all mass

spectrometric approaches, interpretation of

a mass spectra for an unknown sample can

be complicated by mass interference prob-

lems. This issue is most relevant regarding

its use as a ® eld instrument. However, if
(the detection process is quantitative linear

)with mass , size resolved aerosol mass load-

ing as a function of detected ion mass will

provide useful chemical information.

This AMS should be applicable to both

laboratory and ® eld measurements. In its

current state, it will be used as a diagnostic

for a wide range of aerosol kinetics studies

by coupling it to an aerosol ¯ ow reactor.

The design features of the AMS can also

be incorporated into a relatively small

portable device which could ® nd utility as a

® eld instrument to provide information on

size-resolved mass distributions for ensem-

bles of particles. For this application, the

quadrupole can be programmed to scan the

entire mass spectrum, to sample a few se-

lected masses or to monitor some combina-

tion of both. For example, one approach
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would monitor water, ammonia, nitrate, and

sulfate mass peaks every second while also

scanning many other mass peaks with lower

duty cycle. Measurement of mass loading as

a function of aerodynamic diameter would

provide data similar to that obtained by

impactor sampling, but on a much faster
( )time scale tens of minutes with real-time

analysis, rather than tens of hours with

extensive post-analysis.

Based on the measured detection limit of
y3 (0.25 m g m corresponding to 3 min aver-

aging for one quadrupole setting and a
)pure component particle one can estimate

the minimum concentration of ambient

aerosol, which will provide a measurable

signal over this time scale as a function of

particle diameter. For 70, 100, and 500 nm

diameter particles, number densities of

1000, 300, and 2 particles cmy3 can yield

measurable signals. These estimates are

based on single component particles of unit

density. Sensitivity is expected to scale pro-

portionately with the volume fraction of

volatile or semivolatile components in the

particle and acquisition times will scale in-

versely with the number of quadrupole set-

tings. The range of aerosol components for

which this will be true remains to be

demonstrated through both laboratory and

® eld testing.

Particle composition information would

be limited to size-resolved analysis of parti-

cle ensembles since the quadrupole mass

spectrometer can sample only one mass for

each particle. We note that the use of a

molecular TOF mass spectrometer, coupled

with the quadrupole , would enhance the

analytical power for sampling unknown

particles. At somewhat reduced sensitivity,

this would allow an entire mass spectrum to

be obtained for a single particle. Trade-offs

in size, power, and data analysis require-

ments remain to be assessed for a particu-

lar sampling scenario. Field instrument de-

sign issues are currently being addressed.
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