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Why Aerosol Mass Spectrometry?

• Mass Spectrometry
– Extreme sensitivity
– Very fast response (down to ms)
– Universal detection
– Field deployable

• Challenge: interface aerosol → MS
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Part 1: 
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Conceptual Schematic of an Aerosol MS
Aerosol Interface
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Aerosol Inlets
• Objectives:

– Introduce the particles into vacuum
– Concentrate aerosols from gas-phase

• ~10-8 mass ratio in ambient air

– Impart size-dependent velocity
• Use to measure size by particle time-of-flight



Aerosol Inlets: Nozzle

• Advantage: simple
• Disadvantages: 

– Somewhat finicky
– Highly nonlinear (α D3) transmission of particles vs. size
(Number of detected particles is proportional to particle mass)

PMTDiode Lasers
(532 nm)

Ellipsoidal Mirrors

Particles

Vacuum

Aerodynamic Forces on a Particle
Fdrag V v: relative velocity 

between the gas and 
the particle

Fdrag V
Flift

Fdrag α d2 v2

Fdrag = m a

m α d3

a α d-1



Aerosol Inlets: Size-Selective Inlet

Ramakrishna V.Mallina, Anthony S. Wexler, Kevin P. Rhoads, and Murray V. Johnston. 
High Speed Particle Beam Generation: A Dynamic Focusing Mechanism for Selecting 
Ultrafine Particles Aerosol Science and Technology 33:87-104, 2000. 

Aerosol Inlets: Aerodynamic Lenses

Note: original lens design by Liu, Ziemann, and McMurry (1995).

Xuefeng Zhang, Kenneth A. Smith, Douglas R. Worsnop, Jose Jimenez,
John T. Jayne, and Charles E. Kolb. A Numerical Characterization of Particle Beam
Collimation by an Aerodynamic Lens-Nozzle System: Part I. An Individual Lens or 
Nozzle Aerosol Science and Technology 36: 617–631 (2002)
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Note: original lens design by Liu, Ziemann, and McMurry (1995). 

Xuefeng Zhang, Kenneth A. Smith, Douglas R. Worsnop, Jose Jimenez, John T. Jayne, and Charles E. Kolb. A Numerical Characterization of Particle Beam
Collimation by an Aerodynamic Lens-Nozzle System: Part II. An Integrated Lens-Nozzle System. Aerosol Science and Technology, submitted, (2002).

Differential Pumping of the Gas

Wexler, A. S., and Johnston, M. V. (2001). “Real-time single-particle analysis.” 
Aerosol Measurement: Principles, Techniques, and Applications, P. A. Baron and K. 
Willeke, eds., Wiley-Interscience, New York, 365-386.



Shape Effects on Aerodynamic Lenses

• Jayne, J.T., D.C. Leard, X. Zhang, P. Davidovits, K.A. Smith, C.E. Kolb, and D.R. 
Worsnop, Development of an aerosol mass spectrometer for size and composition. 
analysis of submicron particles, Aerosol Sci. Technol., 33, 49-70, 2000. 

• David B. Kane, Berk Oktem, and Murray V. Johnston. Nanoparticle Detection by 
Aerosol Mass Spectrometry. Aerosol Science and Technology 34: 520–527 (2001)

This effect can bias the detection of all instruments against
irregularly shaped particles. The smaller the solid angle of 

collection, the worse the bias. In general laser instruments will 
be more affected because of the need to focus the laser 

very tightly on the center of the particle beam.
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Particle Sizing: Light Scattering

• Principle: Intensity of light scattering 
increases with particle size

PMTDiode Lasers
(532 nm)

Ellipsoidal Mirrors

Particles

Vacuum

PMT Signal

Time

Particle Sizing: Light Scattering Intensity

• Disadvantage: low resolution & dependence on 
optical properties

Shan-Hu Lee, Daniel Murphy, David S. Thomson, and Ann M. Middlebrook. Chemical Components of Single Particles Measured with Particle Analysis by Laser Mass 
Spectrometry (PALMS) during the Atlanta Supersite Project: Focus on Organic/Sulfate, Lead, Soot, and Mineral Particles. Journal of Geophysical Research, Vol. 107, 
D1, 10.1029/2000JD000011, 2002.



Size-Dependent Velocity

• Upon expansion into 
vacuum, particles 
acquire size-
dependent velocity

• It’s there, so you 
may as well use it to 
measure particle size

Jayne, J.T., D.C. Leard, X. Zhang, P. Davidovits, K.A. Smith, 
C.E. Kolb, and D.R. Worsnop, Development of an aerosol mass 
spectrometer for size and composition. analysis of submicron 
particles, Aerosol Sci. Technol., 33, 49-70, 2000.

v = distance
time

PMT Signal

Measure particle velocity.
Velocity used to
trigger ionization.

Photomultiplier
Tube (PMT)Mirror

CW Laser
532 nm

t2

t1

∆t

Deborah Gross
Carleton College Particle TOF with LS Detection



Two-Laser TOF: Resolution
• Very high size 

resolution 
R =D/∆D ~ 30

Courtesy of Dan Imre, Brookhaven 
National Lab, 2000.

Particle TOF with MS Detection

100 Hz

Particle Beam
Chopper

Particle
Beam

Spread in Space 
(Detection Time)

Provides Aerodynamic 
Diameter

Chopped Particle Beam:
Velocity Inversely Proportional

to Aerodynamic Diameter

Detector

Particle Flight Distance

Jayne, J.T., D.C. Leard, X. Zhang, P. Davidovits, K.A. Smith, C.E. Kolb, and D.R. Worsnop, Development of an aerosol mass spectrometer for size and composition. 
analysis of submicron particles, Aerosol Sci. Technol., 33, 49-70, 2000.



Conceptual Schematic of an Aerosol MS
Aerosol Interface
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Vaporization Objectives
• Desorption + ionization

– Simpler
• Two steps

– Vaporization
– Later Ionization
– Easier to quantify mass (below)
– Tradeoff: 

• some labile species will decompose if heating fast
• refractory material (sea salt, dust…) will not 

evaporate unless at very high T



Vaporization: Infrared Laser

Courtesy of Tomas Baer, University of North Carolina, 2002. 

Vaporization: Heated Surface
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Conceptual Schematic of an Aerosol MS
Aerosol Interface
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Ionization Objectives
• Produce ions from solid (LDI) or gas-phase 

neutral molecules
• Desirable properties

– High efficiency (ions / molecule)
– Number of ions linear with number of 

molecules
– Universality / Selectivity
– Fragmentation

• Good and bad



LDI: Ion Formation Mechanisms

Renato Zenobi, and Richard Knochenmuss.  Ion Formation in MALDI Mass Spectrometry. Mass Spectrometry Reviews, 1998, 17, 337-366.

Sensitivity = f(matrix, analyte, concentration,…)

Ionization: UV Laser Ionization of Vapor Plume

Courtesy of Tomas Baer, University of North Carolina, 2002. 
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Ionization: Electron Impact

Ionization: Chemical
• Charge exchange: M + Ar+ → M+⋅ + Ar
• Electron capture: M + e- → M-⋅

• Proton transfer: M + CH5
+ → (M+H)+ + CH4

• Adduct formation: M + TiCl2
+ → (M+TiCl2)+

• Need Collisions!
– λ < 0.1 mm (P > 0.6 mbar)
– Sometimes at 1 atm (AP-CI)



Efficiency of Ion-Molecule Reactions

• Approx. every 
collision leads to 
a proton transfer, 
if ∆G0 < 0

Edmon de Hoffmann and Vincent Stroobant. Mass Spectrometry: Principles 
and Applications. John Wiley & Sons, 2002.
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Mass Spectrometer 
• Use electrical and/or magnetic forces to separate 

ions according to m/z
• In aerosol mass spectrometers

– (Ion) Time-of-Flight
– Quadrupole
– Ion Trap
– (Electric fields only!)

• Not used so far in Aerosol MS
– Magnetic sector 
– Fourier Transform – Ion Cyclotron Resonance
– Use magnetic fields

Mass Spectrometer: (Ion)Time-of-Flight

Bipolar TOF voltage scheme
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Mass Spectrometer: Quadrupole

• Advantage: simple, rugged, lightweight
• Disadvantage: only one m/z at a time

J. Throck Watson: Introduction to 
Mass Spectrometry. Lippincott-
Raven, 1997.

Mass Spectrometer: Ion Trap

J.B. Lambert, H.F. Shurvell, D.A. Lightner, R. G. Cooks, Organic Structural Spectroscopy. Prentice-Hall, 2002.



Mass Spectrometer: Ion Trap II
J. Throck Watson: Introduction to 
Mass Spectrometry. Lippincott-
Raven, 1997.

Part 2: 
Instrumentation
Implementations



Types of Implementations

• All combinations: 480 implementations
– In practice only ~25 have been used

• Type 1: Laser-Desorption Ionization
– Most attempted by research groups
– Many variations

• Type 2: Two-Laser Systems
• Type 3: Thermal Vaporization + Electron Ionization
• Type 4: Thermal Vaporization + Chemical Ionization

Implementations: “Clusters” of Designs
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http://cires.colorado.edu/~jjose/ams.html

t1 and t2 implementations (Laser-Based)
Most are customized for a problem!



Type 1: PALMS (Murphy et al.)

Middlebrook, A., Murphy, D.M., Lee, S.-H., Thomson, D.S., Prather, K. A., 
Wenzel, R. J., Liu, D.-Y., Phares, D.J., Rhoads, K.P., Wexler, A. S., Johnston, 
M.V., Jimenez, J.L., Jayne, J.T., Worsnop, D.R., Yourshaw, I., Seinfeld, J.H., 
and Flagan, R.C. An intercomparison of Particle Mass Spectrometers During 
the 1999 Atlanta Supersite Project. Journal of Geophysical Research-
Atmospheres, in press, 2002. 
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Type 1: ATOFMS (Prather et al.)
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Particles
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Courtesy of Prof. Kim Prather 
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Type 1: RSMS (Johnston, Wexler et al.)

Middlebrook, A., Murphy, D.M., Lee, S.-H., Thomson, D.S., Prather, K. A., Wenzel, R. J., Liu, D.-
Y., Phares, D.J., Rhoads, K.P., Wexler, A. S., Johnston, M.V., Jimenez, J.L., Jayne, J.T., Worsnop, 
D.R., Yourshaw, I., Seinfeld, J.H., and Flagan, R.C. An intercomparison of Particle Mass 
Spectrometers During the 1999 Atlanta Supersite Project. Journal of Geophysical Research-
Atmospheres, in press, 2002. 
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Comparison of 3 Type-1 Systems

Middlebrook, A., Murphy, D.M., Lee, S.-H., Thomson, D.S., Prather, K. A., Wenzel, R. J., Liu, D.-Y., Phares, D.J., Rhoads, K.P., Wexler, A. S., Johnston, M.V., Jimenez, 
J.L., Jayne, J.T., Worsnop, D.R., Yourshaw, I., Seinfeld, J.H., and Flagan, R.C. An intercomparison of Particle Mass Spectrometers During the 1999 Atlanta Supersite 
Project. Journal of Geophysical Research-Atmospheres, in press, 2002. 



Type 1: Soot/Hydrocarbon Single Particles

PALMS RSMS-II

ATOFMS
Middlebrook, A., Murphy, D.M., Lee, S.-H., Thomson, D.S., Prather, K. A., 
Wenzel, R. J., Liu, D.-Y., Phares, D.J., Rhoads, K.P., Wexler, A. S., 
Johnston, M.V., Jimenez, J.L., Jayne, J.T., Worsnop, D.R., Yourshaw, I., 
Seinfeld, J.H., and Flagan, R.C. An intercomparison of Particle Mass 
Spectrometers During the 1999 Atlanta Supersite Project. Journal of 
Geophysical Research-Atmospheres, in press, 2002. 

Li
ne

ar
 S

ca
le

Type 1: SPLAT-MS (Imre et al.)

Capillary

Nozzle

Aerodynamic
Lens

Size-
Selective

Inlet

Light
Scattering

Particle TOF 
-LS 

-Detection

Particle TOF
-Chemical
Detection

Pre-Selection

IR Laser

Impact on
Heated
Surface

Cryocollection
+ Slow 

Thermal
Desorption

Laser Desorption + Ionization

UV Laser
Of Vapor

Plume

Electron
Ionization

Chemical
Ionization

(Ion) Time-
Of-Flight

Quadrupole

Ion Trap

Courtesy of Dan Imre, Brookhaven National Laboratory, 2001. 



Type 1: PALMS (Murphy et al.)
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Courtesy of David Thomson, NOAA Aeronomy Laboratory, 2002.

Type 1: LAMPAS2 (Spengler et al.) 

A. Trimborn, K.-P. Hinz, and B. Spengler. Online Analysis of Atmospheric 
Particles with a Transportable Laser Mass Spectrometer. Aerosol Science and 
Technology 33:191-201, 2000.
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Type 1: AMS (Petrucci et al.)
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Courtesy of Joe Petrucci, University of Vermont, 2002.
http://www.uvm.edu/~gpetrucc/ams/amshome.html

Type 1: SMPS (Zachariah et al.)

R. Mahadevan, D. Lee, H. Sakurai, and M. R. Zachariah, Measurement of Condensed-Phase Reaction 
Kinetics in the Aerosol Phase Using Single Particle Mass Spectrometry, Accepted for Publication, J. 
Phys. Chem. A, 2002.
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Type 1: Particle Blaster (Reents et al.)
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Courtesy of Bill Reents, Bell Laboratories, 2002

Type 1: RTMS (Reilly et al.)
Courtesy of Peter Reilly, Oak Ridge National Lab, 2002

1. Reilly, P. T. A., Gieray, R. A., Whitten, W. B. , and 
Ramsey, J.M., Aerosol Sci. Technol. 33:135 (2000). 
2. Lazar, A. C., Reilly, P.T. A., Whitten, W. B. , and 
Ramsey, J. M., Environ. Sci. Technol. 33: 3993 (1999). 
3. Reilly, P. T. A., Gieray, R. A., Whitten, W. B. , and
Ramsey, J. M., Combust. Flame 122:90 (2000). 
4. Reilly, P. T. A.,Gieray, R. A., Whitten, W. B. , and 
Ramsey, J. M., J. Amer. Chem. Soc. 122:11596 (2000).
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L2RTAMS/MS of 
m/z 202; SRM 1648
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individual Urban Particulate Matter particlesindividual Urban Particulate Matter particles

Courtesy of Peter Reilly, Oak Ridge National Lab, 2002

Select +
Fragment

Type 1: Ion Trap vs. TOF-MS
• Advantages of Ion Trap

– Ability to do MS/MS
– A much greater tolerance of space charge effects
– A stable linear mass scale.
– Better mass resolution if needed.
– The ability to average part or all of the aerosol MS data without having to worry 

about shifting mass scales and peak broadening that occur due to space charge, 
digitizer jitter, uncertainty in the precise starting point of the ions and broad 
variations in the laser hit

– A lower pumping requirement due to the 10-3 Torr operating pressure. 
– A much smaller instrument package 
– A much greater facility for data handling, manipulation and storage

• In fairness to the TOF users, the disadvantages are:
– A limited dynamic mass range due to the change in trap depth as a function of mass
– An inability to detect species below 15 Da.
– Ion trap instrumentation is much more complex--not for the instrumentally 

challenged
– Trap manufacturers are not easily convinced to give you information to modify 

their instruments for your purposes

Peter Reilly, Oak
Ridge National

Lab, 2002
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Type 2: Two-Laser. Baer, Miller, et al.

Note: this approach was first demonstrated by Fergenson & Prather

Figure courtesy of Tomas Baer, Univ. North Carolina, 2002.

Type 2: “Gentle” VUV Ionization

D. Craig Sykes, Ephraim Woods, III, Geoffrey D. Smith, 
Tomas Baer, and Roger E. Miller. Thermal Vaporization-
Vacuum Ultraviolet Laser Ionization Time-of-Flight 
Mass Spectrometry of Single Aerosol Particles. Anal. 
Chem.2002, 74,2048-2052.



Type 2: IR vs. Thermal vaporization

D. Craig Sykes, Ephraim Woods, III, Geoffrey D. Smith, Tomas Baer, and Roger E. Miller. Thermal Vaporization-Vacuum Ultraviolet Laser
Ionization Time-of-Flight Mass Spectrometry of Single Aerosol Particles. Anal. Chem.2002, 74,2048-2052.

Type 2: Depth profiling with CO2 laser

Woods, Smith, Miller, and Baer, Anal. Chem. 47 1642-1649 (2002 )



Type 1 + 2 vs. 3 + 4: 
Ensemble vs. Single Particle Analysis

“Internally Mixed”

??

“Externally Mixed”

For example: 17% of the mass is organics, 83% is sulfate

• Single Particle Instruments DIRECTLY detect the mixing state
• Ensemble Averaging Instruments can only answer the mixing
question indirectly, and with lower precision

Implementations: “Clusters” of Designs
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Types 3 + 4: Thermal Vaporization

Type 3: Aerodyne AMS

Jayne et al., Aerosol Science and Technology 33:1-2(49-70), 2000.
Jimenez et al., Journal of Geophysical Research, in press, 2002.
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Type 3: AMS: Information Obtained

Dual Operating Modes

Spectrometer is Scanned
(0-300 amu)

Spectrometer Setting is Fixed  
(small subset of 0-300 amu)

Alternate between both modes 
Record time series of size distributions and mass loadings 

Size Distribution
(limited composition info)

Average Composition
(no size info)
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Mass

(t3) Aerodyne AMS UsersAAAR’02: 5D on Wed



Type 3: ACMS (Schreiner et al.)
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Courtesy of Jochen Schreiner
Max Plank Institute fur KernPhysik
http://www.mpi-hd.mpg.de/mauersberger/schreiner/index.htm

Type 3: PBTDMS (Ziemann et al.)

Capillary

Nozzle

Aerodynamic
Lens

Size-
Selective

Inlet

Light
Scattering

Particle TOF 
-LS 

-Detection

Particle TOF
-Chemical
Detection

Pre-Selection

IR Laser

Impact on
Heated
Surface

Cryocollection
+ Slow 

Thermal
Desorption

Laser Desorption + Ionization

UV Laser
Of Vapor

Plume

Electron
Ionization

Chemical
Ionization

(Ion) Time-
Of-Flight

Quadrupole

Ion TrapHerbert J. Tobias and Paul J. Ziemann. 
Compound Identification in Organic 
Aerosols Using Temperature-Programmed 
Thermal Desorption Particle Beam Mass 
Spectrometry. Anal. Chem.1999, 71, 3428-
3435.



Type 3: PBTDMS Thermograms (Ziemann et al.)

Herbert J. Tobias and Paul J. Ziemann. 
Compound Identification in Organic 
Aerosols Using Temperature-Programmed 
Thermal Desorption Particle Beam Mass 
Spectrometry. Anal. Chem.1999, 71, 3428-
3435.

Instrument SchematicInstrument Schematic

triple quadrupole mass spectrometer

1600 l/s turbopump

900 l/s turbopump 900 l/s turbopump

linear actuator

collection
wire (NiCr)

aerosol
inlet

wire sheath inlet

ion source
(Am241) collision cell

aerosol charger

aerosol size classifier
(differential mobility analyzer)

ambient
aerosol

aerosol counter
(condensation nucleus counter)

exhaust

calibration aerosols
(electrospray aerosol generator)

Adaptation of a electrostatic 
precipitator and thermal 

desorption probe to a trace gas 
chemical ionization mass 
spectrometer (PTR-MS)
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Courtesy of Jim Smith, NCAR
http://www.acd.ucar.edu/~jimsmith/POP

Type 4: Thermal Desorption Chemical Ionization 
Mass Spectrometry (TDCIMS)



Courtesy of Jim Smith, NCAR
http://www.acd.ucar.edu/~jimsmith/POP
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Type 4: TDCIMS: Schematic of Source Region

Blue arrows:  ultrapure N2 Green arrows: normal N2

Type 4: TDCIMS: Gas Flow in Source

• Ultra pure N2 sheath flow isolates 
wire from sampled particles and 
gas

• Some contamination of the wire 
from gases is inevitable, so we 
periodically collect “background 
spectra” with no particles being 
collected (as above).

Courtesy of Jim Smith, NCAR
http://www.acd.ucar.edu/~jimsmith/POP
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Type 4: TDCIMS: Step 1 – Particle Collection

• Sample air with charged particles 
enters electrostatic precipitator

• Collection filament is biased at a ca. 4 
Kvolts with respect to chamber walls.

• Particles cross flow streamlines to 
collect on metal filament

• After a few minutes, wire is inserted 
into ion source for sample analysis

Courtesy of Jim Smith, NCAR
http://www.acd.ucar.edu/~jimsmith/POP
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Type 4: TDCIMS: Step 2 – Sample Desorption and Analysis

• Wire momentarily heated at 
temperatures up to 300 °C to 
desorb sample

• Neutral compounds are ionized 
using chemical ionization, 
e.g.: H3O+ + NH3 → NH4

+ + H2O 
• Reagent ions are created by α

particles emitted from the source, 
generating mostly H3O+, O2

- and 
CO3

-

• Ionized analyte injected into a 
quadrupole mass spectrometer for 
analysis

Courtesy of Jim Smith, NCAR
http://www.acd.ucar.edu/~jimsmith/POP
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Type 4: SI-CIMS (Wennberg et al.)
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Dr. Karena McKinney of Caltech preparing the SI-CIMS on the ER-2

Courtesy of Paul Wennberg
Caltech
http://www.gps.caltech.edu/~wennberg/cims.html

Type 4: APCI-MS (Hoffman et al.)
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Courtesy of Thorsten Hoffmann, Institute of 
Spectrochemistry, Dortmund, Germany



Comparison of Commercial Instruments
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Aerodyne AMS TSI 3800
(Type 3) (Type 1)

INFORMATION OBTAINED
Single Particle Information? Only one m/z Yes

Quantitative Size Information? Yes Yes

Quantitative Single Particle Composition? Yes, but only one m/z Very difficult, except when 
matrix does not change

Quantitative Ensemble Composition? Yes (Single Cal. Fact.) Very difficult, except when 
matrix does not change

Detection of SO4, NH4, NO3, Organics Yes Yes
Detection of Refractory Material (dust…) No Yes

Ability to Perform MS/MS No No
Sensitivity (µg/m3) ~0.01 < 0.001

PARTICLE SIZE RANGE
Lower Size Limit (nm) 40 300
Upper Size Limit (nm) ~2000 10,000

Relative Transmission Efficiency vs. Size ~100% (50-600 nm), 
decaying to ~0 at 2,000 nm as D^3

SPECIFICATIONS
Weight (kg) 230 360

Power Consumption (W) 600 >= 4000
Line Voltage Needed (V) 110 or 220 220 only
Instrument Volume (m3) 0.65 1.73

Operated in the field (ground sites)? Yes Yes
Operated in Aircraft? Yes No

Perform in Vibrating Environment? Yes
Disclaimer: this comparison represents my opinion (not that of AAAR) on the state of both commercial
 instruments as of Oct. 2002. Both instruments are "moving targets" in that they are constantly being improved.
Talk to representatives of both companies about how THEIR instrument matches YOUR application.
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Aerodyne AMS TSI 3800
(Type 3) (Type 1)

INFORMATION OBTAINED
Single Particle Information? Only one m/z Yes

Quantitative Size Information? Yes Yes

Quantitative Single Particle Composition? Yes, but only one m/z Very difficult, except when 
matrix does not change

Quantitative Ensemble Composition? Yes (Single Cal. Fact.) Very difficult, except when 
matrix does not change

Detection of SO4, NH4, NO3, Organics Yes Yes
Detection of Refractory Material (dust…) No Yes

Ability to Perform MS/MS No No
Sensitivity (µg/m3) ~0.01 < 0.001

PARTICLE SIZE RANGE
Lower Size Limit (nm) 40 300
Upper Size Limit (nm) ~2000 10,000

Relative Transmission Efficiency vs. Size ~100% (50-600 nm), 
decaying to ~0 at 2,000 nm as D^3

SPECIFICATIONS
Weight (kg) 230 360

Power Consumption (W) 600 >= 4000
Line Voltage Needed (V) 110 or 220 220 only
Instrument Volume (m3) 0.65 1.73

Operated in the field (ground sites)? Yes Yes
Operated in Aircraft? Yes No

Perform in Vibrating Environment? Yes
Disclaimer: this comparison represents my opinion (not that of AAAR) on the state of both commercial
 instruments as of Oct. 2002. Both instruments are "moving targets" in that they are constantly being improved.
Talk to representatives of both companies about how THEIR instrument matches YOUR application.

$360k
~6-12 (?) deliveries*

*: Those are rumors, since
TSI considers this

Information confidential

$260k
~19 deliveries



Part 3: 
Quantification

Two Types of Quantification

• Particle size distribution
– Number
– Mass

• Species mass concentration
– Single particle (harder)
– Particle ensemble (easier)



Size Distribution Quantification I

JONATHAN  O . ALLEN , DAVID  P . FER GENSON , 
ERIC  E . GARD , LARA  S . HUGHES , BRADLEY  
D. MORRICAL ,‡MICHAEL  J . KLEEMAN , 
DEBORAH  S . GROSS , MARKUS E . GALLI , 
KIMBERLY A . PRATHER , AND GLEN  R . CASS. 
Particle Detection Efficiencies of Aerosol Time of Flight 
Mass Spectrometers under Ambient Sampling 
Conditions. Environ. Sci. Technol.2000, 34,211-217.

Nozzle
Inlet

Size Distribution Quantification II

Jayne, J.T., D.C. Leard, X. Zhang, P. Davidovits, K.A. Smith, 
C.E. Kolb, and D.R. Worsnop, Development of an aerosol mass 
spectrometer for size and composition. analysis of submicron 
particles, Aerosol Sci. Technol., 33, 49-70, 2000.

Aerodynamic
Lens Inlet



The Key to Mass Quantification
Limit 1: High local

Pressure => many collisions
Limit 2: Very Low Local
Pressure: no collisions

A
B

A+

B+

Neutrals        Ions

IPA > IPB

Extensive
Charge Transfer

No
Charge Transfer

(t1) LDI Laser Fluence vs. Quantification

• Note: this is a conceptual schematic. The processes are really more 
complex, and laser pulse energy (= fluence * duration), laser 
wavelength, and particle composition also play important roles

106 107        108         109         1010        1011 Laser
Fluence
(W/m2)

No 
Ionization

Increasingly Efficient 
Ionization

Increasing
Fragmentation

Charge Transfer

Complete
Ionization



Species Mass Concentration Quantification

• LDI Tradeoff: 
– can quantify chemistry if the whole particle is turned into atomic 

ions
• Very high laser fluences

– Lose molecular information
• LDI at moderate fluences

– Primary ions (+ electrons) formed
– Ion-molecule reactions: species that are easier to ionize steal the 

charge. Results in differences in ionization efficiencies of up to 
several orders of magnitude (2-6).

• Two – Step processes:
– separate vaporization and ionization
– So that mean free path of ions and evaporated molecules is large

=> no collisions
– Linear response

(t1) RSMS: Species Mass Quantification

P. T. A. Reilly*, A. C. Lazar, R. A. Gieray,W. B.Whitten,and J. M. Ramsey. The Elucidation of Charge-Transfer-Induced Matrix Effects in Environmental 
Aerosols Via Real-Time Aerosol Mass Spectral Analysis of Individual Airborne Particles. Aerosol Science and Technology 33:135] 152 2000



(t1) ATOFMS: Ambient Nitrate

• LDI can be much more quantifiable for the ensemble when 
matrix does not change

Don-Yuan Liu, Kimberly A. Prather*, and Susanne V. Hering. Variations in the Size and Chemical Composition of Nitrate-Containing Particles in Riverside, CA. 
Aerosol Science and Technology 33:71-86 2000.

Field-Based Approach to ATOFMS Sensitivity 
Calibration (NO3 and NH4)

• Idea: scale ensemble to 
collocated MOUDI data

• Particle (inverse) detection 
efficiency fit:

• Species (k) & Size-Dependent 
(inverse) sensitivity fit:

β~ - 3.2 
to - 4.7

δ ~ 2.4

P.V. Bhave, J.O. Allen, B.D. Morrical, D.P. Fergenson, G.R. Cass, and K.A. Prather.A 
Field-Based Aproach for Determining ATOFMS Instrument Sensitivities to NH4+ and 
NO3- in Size-Segregated Atmospheric Particles. Environmental Science and Technology, 
in press, 2002. 



(t1) SP Elemental Quantification

William D. Reents and Zhaozhu Ge. Simultaneous Elemental Composition and 
Size Distributions of Submicron Particles in Real Time Using Laser Atomization 
& Ionization Mass Spectrometry. Aerosol Science and Technology 33:122-134, 
2000.

Every atom in the particle is 
ionized. Atomic composition 
can be calculated from the 
ion counts.

(t1) Single Particle Quantification: Reents et al.

William D. Reents, Jr. and Michael J. Schabel. Measurement of Individual Particle Atomic Composition by Aerosol Mass Spectrometry. Anal. Chem.2001, 73,5403-5414



(t1) Single Particle Quantification: Reents et al.

Solid Particles can be sized by “counting” the number of atoms.

(t1) Single Particle Quantification: Influence of Gas

Distribution of Elemental Compositions Determined for Pure 
NaCl Particles
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(t2) IR + VUV Lasers: Quantification

Ephraim Woods, III, Geoffrey D. Smith, Yury Dessiaterik, Tomas Baer, and Roger E. Miller. Quantitative Detection of Aromatic Compounds in Single Aerosol 
Particle Mass Spectrometry. Anal. Chem.2001, 73,2317-2322.

(t3) AMS: SO4 Mass Conc.

20

15

10

5

0

A
M

S
 M

as
s 

C
on

ce
nt

ra
tio

n 
/ 
µ

g/
m

3

2015105
PILS Mass Concentration / µg/m

3
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Atlanta 1999 New York City 2001
Jimenez et al. Drewnick et al.

R2=0.91

• A calibration factor (a single number for each species & the whole 
campaign) is determined by comparing to PILS semicontinuous instrument. 
This factor has been constant for all recent campaigns I am aware of.



(t3) AMS: Organic Mass Loading Comparisons

AMS vs. Filter
Filter: Karsten Bauman, GTech
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(t3) AMS: Total Mass Loading Comparisons
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(t3) TDPBMS (Ziemann et al.): Quantification

Herbert J. Tobias, Peter M. Kooiman, Kenneth S. 
Docherty, and Paul J. Ziemann. Real-Time Chemical 
Analysis of Aerosols Using a Thermal Desorption 
Particle Beam Mass Spectrometer. Aerosol Science & 
Technology, 33:1-2, 170 (2000).
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(t4) TD-CIMS: Quantification



Part 4: 
Applications

Applications (you name it!)
• Atmospheric aerosols

– Field: stratosphere, troposphere, urban areas
• Airplanes, balloons, trucks, ground

– Lab: 
• Gas-to-particle conversion
• Heterogeneous chemistry

– Aerosol Sources
• Car & truck engines, incinerators, jet engines, cigarettes
• Help design control technology

– Health effects
• Industrial aerosols

– Semiconductor manufacturing
– Nanoparticle fabrication
– Pharmaceutical aerosols



(t1) PALMS on Nose of WB-57

David S. Thomson*,Mike E. Schein, and Daniel 
M.Murphy. Particle Analysis by Laser Mass 
Spectrometry: WB-57F Instrument Overview. Aerosol 
Science and Technology 33:153-169 2000.

Several common types of positive ion spectra in the 
stratosphere. The most common type contained iron, 
magnesium, and other metals as well as sulfate (A). About half 
of the stratospheric spectra had a large Fe peak. Between 
20 and 40% of the spectra obtained more than 2 km above the 
tropopause showed little Fe, Hg, K, or other metals (B). Some 
organic material and NO+ was almost always present. Some 
particles contained mercury (C), usually with a distinctive 
pattern of other peaks including a large C+ peak and a peak at 
m/z = 127 that is presumed to be I+. These spectra were 
obtained within minutes of each other in an otherwise fairly 
homogeneous air mass at 19 km

Upper tropospheric aerosols often contained more 
organic material than sulfate

(t1) PALMS: Stratospheric Aerosols 
Murphy et al. (1998) Science, 282, 1664



(t1) PALMS: Elements in Particles Above 5 km

D. M. Murphy*, D. S. Thomson, M. J. Mahoney. In-Situ Measurements of Organics, Meteoritic Material, Mercury, and Other Elements in Aerosols from 5 to 19 km. 
Science 282: 1664-1668, 1998.

(A) Positive-ion mass spectrum of a 2.1-µm-diameter sea-salt particle 
acquired at Long Beach, California, on 24 September 1996 at 20:21 
PST. The significant signal for the Na2Cl+ ion indicates that the particle 
is largely unreacted. (B) Positive-ion mass spectrum of a 1.9-µm-
diameter sea-salt particle acquired at Long Beach on 24 September 
1996 at 08:01 PST. Na+ and K+ are clearly present, as in (A); however, 
the Na2Cl+ cluster peak is undetectable, and a peak due to Na2NO3

+ is 
now present. 

A strong diurnal trend in chloride replacement by nitrate on sea-salt 
particles. The solid curves represent the average intensity of chloride (or 
chloride marker) in the particles, and the dashed line indicates the average 
intensity of nitrate (or nitrate maker) in the particles. (A) The particles 
analyzed by the ATOFMS, (B) model calculations.

Gard et al. (1998) Science, 279, 1184

(t1) ATOFMS: Observation of Heterogeneous Chemistry



(t1) ATOFMS: Size-Resolved Chemistry in INDOEX 

Guazzotti et al. (1998) JGR, 106, 28607

•Sea salt and dust particles were 
major contributors in size range 1-
2.5 mm

•For smallest particles (0.2-1 mm), 
carbon-containing particles 
dominated

•Moving South (a) to North (d), 
carbon-containing particles increase.

(t1) RSMS-II: Particle Types 
vs. Size, Time, Wind

Denis J. Phares, Kevin P. Rhoads, Murray V. Johnston, Anthony S. Wexler. Size-resolved ultrafine particle composition analysis Part 2: Houston.
JGR special issue on the 1999 Atlanta Supersite Experiment, in press.



(t1) RSMS-II: Particle Types 
vs. Size, Time, Wind

Denis J. Phares, Kevin P. Rhoads, Murray V. Johnston, Anthony S. Wexler. Size-resolved ultrafine particle composition analysis Part 2: Houston.
JGR special issue on the 1999 Atlanta Supersite Experiment, in press.

(t1) SPMS: Nanoparticle Chemical Kinetics

• Kinetics of thermal 
decomposition of metal 
nitrates in aerosol phase.

• Reaction carried out in 
furnace.

• Compared to traditional 
thermogravimetric 
analysis, observed 
significantly greater rates.

• The aerosol method is not 
prone to biases due to heat 
and mass transport.  The 
thermogravimetric method 
is known to have such 
biases.

Arrhenius Plot

R. Mahadevan, D. Lee, H. Sakurai, and M. R. Zachariah, Measurement of Condensed-Phase Reaction 
Kinetics in the Aerosol Phase Using Single Particle Mass Spectrometry, Accepted for Publication, J. 
Phys. Chem. A, 2002.
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(t3) AMS: Ambient Sampling
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(t3) AMS: Time and Size Separation in Houston
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(t3) AMS: Twin Otter Flights in ACE-Asia
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(t3) AMS: Sulfate Layers during ACE-Asia

Bahreini, Jimenez et al. Talk 5D4 on Wed.

ACE-Asia- RF9-2001/04/14

Carmichael et al. 
2002

Carmichael et al. 
2002
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(t3) AMS: Internally Mixed Aerosols
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SO2 - Sulfate Plume July 22, 2002
Ohio Valley Pollution?
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(t3) AMS: Ohio Valley 
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Courtesy of Aerodyne Research.

Emission factors can be determined while chasing individual vehicles on road
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Part 5: 
The Future

My Take on Near Future of Aerosol MS

• Technique is still in its infancy
• Inlets: improved and “tuned” aerodynamic lenses
• Thermal vaporization + EI + Time-of-Flight MS
• Chemical ionization
• Commercial Single Particle Elemental Composition
• Aerosol MS will be commonplace: e.g. at least one in each field 

study site / airplane…
• Commercial instruments will be used by non-specialists thanks to 

software & hardware improvements
– Like evolution of DMA in the last 10-20 years
– Price will still be limiting factor

• Custom-built instruments will be specialized for problems that 
the commercial instruments don’t do well

• Bioterrorism developments?



Challenges Ahead
• Detection bias due to particle shape 

– Worse for instruments with small collection angles 
(generally laser-based)

• Quantitative detection of H2O
• Evaporation / condensation artifacts
• Improved quantification
• Quantitative detection of dust, soot, trace metals
• Organic molecular information
• Ultrafine particles
• Miniaturization
• Data analysis techniques & software!
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