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bstract

A digital ion trap–reflectron time of flight mass spectrometer is described for airborne nanoparticle characterization. Charged particles sampled
nto this nanoaerosol mass spectrometer (NAMS) are captured in the ion trap and ablated with a high fluence laser pulse to reach the “complete
onization limit”. Atomic ions produced from the trapped particle(s) are mass analyzed by time of flight, and the elemental composition is determined
rom the relative signal intensities in the mass spectrum. The particle size range captured in the ion trap is selected by the frequency applied to the
ing electrode. Size selection is based on the mass normalized particle diameter, defined as the diameter of a spherical particle with unit density that
as the same mass as the particle being analyzed. For the current instrument configuration, ring electrode frequencies between 5 and 140 kHz allow
elective trapping of particles with a mass normalized diameter between 7 and 25 nm with a geometric standard deviation of about 1.1. The particle
etection efficiency, defined as the fraction of charged particles entering the mass spectrometer that are subsequently captured and analyzed, is
etween l × l0−4 and 3 × l0−4 over this size range. The effective particle density can be determined from simultaneous measurement of the mobility
nd mass normalized diameters. Test nanoparticles composed of sucrose, polyethylene glycol, polypropylene glycol, sodium chloride, ammonium

ulfate and copper(II) chloride are investigated. In most cases, the measured elemental compositions match the expected elemental compositions
ithin ±5% or less and the measured compositions do not change with particle size. The one exception is copper chloride, which does not yield a
ell-developed plasma when it is irradiated by the laser pulse.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Airborne particles in the 1–100 nm diameter range have been
eferred to as “ultrafine” particles if they are a side product of
atural or anthropogenic activities, or “nanoparticles” if they are
ynthesized for nanotechnological applications. Increasingly,
he term “nanoparticle” is used for both types of particles. Parti-
les at the low end of the size range have a similar dimension to
ndividual macromolecules, while particles at the high end of the
ize range may be individual particles that have grown in size by
ondensation of nonvolatile material or aggregation of smaller

articles. Chemical characterization of airborne nanoparticles
s important as they may have significant impacts on human
ealth and global climate [1–3], but it is also difficult because of

∗ Corresponding author. Tel.: +1 302 831 8014; fax: +1 302 831 6335.
E-mail address: mvj@udel.edu (M.V. Johnston).
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he small mass involved. For example, a single 10 nm diameter
article contains on the order of 10−18 g and the number con-
entration in ambient air ranges from 102 to 105 particles/cm3.

On-line, real-time characterization of the size and composi-
ion of airborne nanoparticles presents two significant analytical
hallenges: (1) efficient sampling of particles in a size-selective
anner and (2) sensitive detection and analysis of the small mass

nvolved. Recently, we described a nanoaerosol mass spectrom-
ter (NAMS) capable of meeting these challenges [4]. Charged
articles enter the mass spectrometer through an aerodynamic
nlet and are transmitted through an ion guide with the aid of
tatic and dynamic electric fields. The particles subsequently
nter a quadrupole ion trap where they are captured and focused
o the center of the trap. A high energy pulsed laser beam is

lso focused to the center of the trap to disintegrate the captured
article(s) into multiply charged atomic ions. The ions are mass
nalyzed by time of flight. The method was demonstrated with
articles and macromolecules in a specific sub-10-nm size range.

mailto:mvj@udel.edu
dx.doi.org/10.1016/j.ijms.2006.07.001
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ig. 1. Schematic of the nanoaerosol mass spectrometer. Components A–L are
enoted by a black dot.

We report here continued development of the NAMS for
anoparticle analysis. In particular, the sinusoidal potential
pplied to the ring electrode of the ion trap is replaced by a
ectangular (square wave) potential. This so-called “digital ion
rap” (DIT) has advantages of simplicity and versatility relative
o a conventional sinusoidal quadrupole ion trap (QIT). Time
arying potentials are generated with off-the-shelf components
ithout the need to design a custom sinusoidal power supply.
djusting the amplitude, frequency and constant potential offset

re straightforward, making it easy to manipulate the size range
f particles that are captured.

The stability criteria for ion motion in a periodic rectangular
otential was investigated in the early 1970s by Richards et al.
5]. More recently, Ding et al. [6–8] have extended this work
o the development of a DIT in which externally generated ions
rom an atmospheric pressure source are injected into the trap
nd mass analyzed. Operating parameters for the DIT were stud-
ed with respect to both the efficiency of external ion trapping
nd the attainment of high resolving power during a mass scan.
n the NAMS instrument described here, the DIT serves only
ne function—to trap charged particles that can be thought of
s very high m/z (megadalton) ions. Mass analysis is performed
eparately by ejecting (low m/z) atomic/molecular ions from the
rap into a time of flight (TOF) mass analyzer. As will be shown,
n addition to simplicity of operation, the DIT–TOF combination
rovides a relatively wide particle size range for size-selective
rapping and analysis.
. Experimental methods

The general design of the instrument is similar to our previous
ork [4] although several modifications have been made. Fig. 1

l
C
e

able 1
ypical operating conditions for NAMS

omponenta Operating condition

0 V
140 kHz, 800 Vp-p sinusoidal
−2 V
0 to −200 V
−2 V accumulation; +1300 V pulse extraction
4–150 kHz; −508/+504 V square wave

a Components are identified in Fig. 1.
tified in the text. Trapped particles are irradiated in the center of the ion trap,

hows the configuration used in this work. Table 1 summarizes
he operating conditions for the components identified in Fig. 1.
rior to entering the mass spectrometer, the aerosol is brought

o an equilibrium charge distribution with a radioactive neutral-
zer (NRD LLC, Grand Island, NY). About 5% of the particles
eceive a single charge of the desired polarity (positive). Most of
he remaining particles are uncharged; no multiply charged par-
icles are generated in the size range studied here. The aerosol
nters the mass spectrometer through a flow limiting orifice at
2 cm3/min and is focused through an aerodynamic lens/nozzle
ssembly designed for transmitting particles under 30 nm in
iameter (“nanoparticle lens A” in ref. [9]). The pressure inside
he aerodynamic lens assembly is 3 Torr. After exiting the nozzle,
he particle beam traverses a 6 mm long differentially pumped
egion held at ∼7 × l0−3 mbar by a turbomolecular pump. At
he end of this region is a quadrupole ion guide (B) consisting of
our cylindrical rods (10 mm diameter, 12 cm length, ro = 4 mm)
ounded by two 1 mm diameter apertures. An argon gas leak
nto the ion guide maintains a pressure of ∼2.5 × l0−2 mbar. The
ntrance aperture (A) is held at ground and the exit aperture at
2 V (C). The sinusoidal potential applied to the rods (140 kHz;

00 Vp-p) is provided by a custom-built power supply (Pacific
orthwest National Laboratory, Richland, WA). Focusing lens D

4 mm diameter, 5 mm wide) is positioned 1.25 mm after the exit
perture of the ion guide and 12 mm before the entrance aper-
ure to the quadrupole ion guide. The optimum voltage applied
o this lens changes with particle size, from about −40 V in the
0 nm region to −200 V in the 20 nm region.
The quadrupole ion trap–reflectron time of flight mass ana-
yzer is similar to the standard design provided by R.M. Jordan
o. (Grass Valley, CA). The particle beam enters through one
nd cap (E) and ions produced by laser irradiation are accel-

Componenta Operating condition

G −2 V accumulation; −500 V pulse extraction
H −1160 V
I −1200 V
J −1200 V
K −175 V
L +510 V
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rated into the reflectron time of flight mass analyzer through
he opposite end cap (G). The laser beam enters and exits
hrough openings drilled in the ring electrode (F). The ion
rap (ro = 10 mm; zo = 7.1 mm) is maintained at as high a pres-
ure as possible (∼10−4 mbar measured at the gauge; pressure
n the trap is expected to be at least an order of magnitude
igher) with an argon gas leak through a pulsed valve with a
esponse time of 2 ms (Series 9, Parker Hannifin Corporation,
airfield, NJ). The valve remains open during the particle accu-
ulation time period and closes 30 ms before the laser fires.
his sequence maximizes the pressure during particle accumu-

ation and provides a significantly lower pressure during ion
xtraction.

The potential applied to the ring electrode is provided by
high speed, high voltage pulser (Model PVX-4150, Directed
nergy, Inc., Ft. Collins, CO) driven by a square wave genera-

or (Model DS345, Stanford Research Systems, Sunnyvale, CA)
nd two high voltage power supplies (Model SL300, Spellman,
auppauge, NY). Normally, amplitudes of +504 and −508 V

re used, giving a “float” potential of −2 V. The maximum volt-
ge that can be applied to the electrode without breakdown is
50 V. The frequency is varied from about 4 to 150 kHz. Higher
requencies are difficult to generate with large amplitudes owing
o the capacitance of the ion trap and connecting cable (80 pF
otal). During particle accumulation, both end caps are kept at

2 V. Just before the laser fires, end cap E is pulsed to +1300 V
nd end cap G to −500 V, each with a duration of 20 �s. The
aser pulse coincides with the positive voltage of the square wave
pplied to the ring electrode (i.e., +504 V).

Ions produced by the laser pulse exit the end cap, pass through
ocusing lens H (−1160 V) and into the flight tube I (1 m length,
oated at −1200 V). The potentials applied to the reflectron at

he rear end of the flight tube are typically −1200 V (J), −175 V
K) and +510 V (L), although proportionally lower voltages for

and L are sometimes used. The effect of reflectron voltage on
he mass spectrum is discussed below. The flight tube is differ-
ntially pumped to achieve a base pressure of 10−6 mbar.

Trapped particles are ablated with a Nd:YAG laser at 532 nm
Model CFR 400, Big Sky Lasers, Bozeman, MT). The laser
adiation is focused with a 75 mm f.l. lens to an approximate
iameter of 0.5 mm and the pulse energy inside the ion trap is
60 mJ. The laser is triggered by the square wave that generates
he ring electrode potential. The laser is normally pulsed around
Hz. For example, if the ring electrode frequency is 40 kHz,

he laser is fired once every 13,333 cycles. If a constant laser
epetition rate is desired, then the division rate must change with
he ring electrode frequency. A particle is considered “hit” and
he mass spectrum saved when the ion signal in the m/z range of
nterest increases above a threshold level. Fig. 2 shows a timing
iagram for the laser pulse and potentials E, F and G.

Particles are produced from aqueous solutions of analyte
sing an electrospray aerosol generator (Model 3480, TSI, Inc.,
horeview, MN). If the solute is nonconducting, then ammonium

cetate is added to achieve an adequate conductivity. Particle
ize distributions and number concentrations are measured with
scanning mobility particle sizer (nanoSMPS–TSI, Inc., Shore-
iew, MN).

d
d
s
p

ig. 2. Timing diagram for the laser pulse and voltages E–G. The float potential
or voltages E–G is −2 V.

. Results and discussion

.1. Particle trapping

In our previous work [4], we showed that particles could be
ize selectively captured in the ion trap. In that work, changing
he particle size was difficult owing to the electronics used to
enerate the sinusoidal potential for the ring electrode. As will
e shown below, changing the frequency and/or amplitude of
he ring electrode potential is straightforward with the digital
on trap. Investigating the size selectivity of particle trapping
equires the use of a scanning mobility particle sizer (SMPS) to
easure and/or select the particle size produced from the elec-

rospray particle generator. The SMPS selects particles on the
asis of mobility diameter, dm. In contrast, the ion trap selects
articles on the basis of m/z where z = l for the size range of inter-
st. To relate the two, we define the mass normalized diameter,
mn, which is the diameter of a spherical particle with unit den-
ity (1 g/cm3) that contains the same mass as the particle being
elected by the SMPS:

mn = ρ1/3
p dm (1)

here ρp is the effective density of the particle being analyzed. If
here are no internal voids in the particle, the particle is spherical
nd the nanoparticle structure is the same as the structure of a
ulk sample, then ρp is given by the bulk density. If the particle
s nonspherical, then ρp in Eq. (1) will be smaller than the bulk
ensity. In the work described below, sucrose test particles are
haracterized. The shape is assumed to be spherical [10] and
he density equal to the bulk value (1.58 g/cm3). Particles with

m between 8.5 and 21.5 nm are analyzed, which corresponds to
mn between 9.9 and 25.0 nm. In addition, a mixture of bovine
erum albumin monomers and dimers is characterized. These
articles have an average dm of 7.1 nm, and based on the effective
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ensities reported by Kaufman et al. [11], dmn is about the same
s dm.

The stability criteria for ion motion in a DIT are similar
hough not identical to those for a conventional QIT [6,7]. Under
onditions where az = 0, qz must be less than 0.712 for stable
otion in the DIT:

z = 4eV

mr2
o(2πf )2 = (6 × 10−3)eV

π3d3
mnr

2
of

2 ≤ 0.712 (2)

here ro is the trap radius, V and f are the amplitude and fre-
uency of the ring electrode potential, the particle is assumed to
ave a single positive charge, and MKS units are used through-
ut. Eq. (2) suggests for a given amplitude and frequency, all
article diameters will be trapped above the minimum diame-
er for which qz = 0.712. However, one also has to consider the
seudopotential well depth in the trap that is established by the
ing electrode potential. For qz < 0.3, the pseudopotential well
epth of a digital ion trap (Dz) is given by:

z ≈ 0.206(qzV ) (3)

here V is the ring electrode amplitude [7]. For given values of
o, V and f, Eqs. (2) and (3) show that as the particle diameter
ncreases and qz decreases, the well depth decreases. Eventually,
he well becomes so shallow that particles can no longer be
onfined to the center of the trap for laser irradiation and analysis.
herefore, there is a finite size range over which particles are

rapped. For given values of qz and V, Dz for the DIT is greater
han that for the QIT, which suggests that the DIT will be more
ffective in trapping large (high m/z) particles.

In the present work, particle trapping is indirectly studied by
easurement of the particle detection efficiency (DE), defined as

he fraction of charged particles entering the mass spectrometer
hat are detected and analyzed:

E = HR

VN
(4)

here HR is the observed hit rate (particles detected and ana-
yzed per minute), V the flow rate of aerosol into the mass
pectrometer (cm3/min) and N is the number concentration
particles/cm3) measured with the SMPS. DE is a combination of
everal factors including the transmission efficiency of particles
rom atmospheric pressure to the DIT, the trapping efficiency of
articles in the DIT and the probability that when a particle is
rradiated by the pulse laser a measurable ion signal is produced.

The role that the quadrupole ion guide plays in efficiently
ransmitting particles to the DIT was investigated by comparing
he DE obtained under various operating conditions. The gas
ressure in the ion guide plays an important role as the DE
enerally increases with increasing gas pressure, and the effect
s more pronounced for large particles. If the electric field is
urned off, i.e., the rods B in Fig. 1 are grounded, then the DE
s much lower and the magnitude depends on particle size. For
2 nm (dmn) particles, removing the sinusoidal potential from

he rods decreases DE by a factor of 100; for 18 nm particles,
he decrease is a factor of 35; for 22 nm particles, the decrease is
factor of 6; and for 28–32 nm particles, the decrease is a factor
f 4.

w
t
h
t
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We rationalize these observations in the following way. The
on guide is designed to thermalize and electrodynamically
ocus ca. 10 nm particles [4]. These particles require the greatest
mount of focusing because they are light and tend to follow the
as streamlines. The quadrupole ion guide keeps them online so
hat they are efficiently transmitted to the ion trap. As the particle
ize (and mass) increases, the particles are more likely to remain
nline in a collimated beam owing to an increasing aerodynamic
ocusing effect (and less Brownian motion) in the aerodynamic
ens system. At the same time, the electrodynamic focusing in
he quadrupole ion guide becomes less effective because the
seudopotential well becomes very shallow. The net effect for
arge particles is only a slight enhancement of the DE when the
inusoidal potential is applied, but the overall DE remains high
see below) because of improved aerodynamic focusing. The
eed for a buffer gas in the ion guide for all particle sizes indi-
ates that ion trapping is facilitated by a reduction of the particle
elocity, although complete thermalization is not necessary.

Simulations of ion trapping in a QIT by Quarmby and Yost
12] show that the probability of trapping externally generated
ons is strongly dependent on the radio frequency phase at the
ime of ion injection. Furthermore, the optimum value of qz
ppears to decrease with increasing m/z, approximately 0.2 for
00 m/z and 0.07 for 1500 m/z. Similar effects are observed in a
IT. Simulations by Ding et al. [6] show that when an ion enters

he trap at a proper time point (phase) in the square wave cycle,
he secular motion of the ion with respect to changes in the ring
otential keeps it confined in the trap. Ion motion in the trap is
ot stable in that the ion could exit the trap through the entrance
perture. However, if the ion has a sufficient radial velocity, it
akes many cycles of motion before the ion “finds” the entrance
perture. During this time, collisional cooling brings the kinetic
nergy below Dz so that stable motion is achieved and the ion is
ocused to the center of the trap. Because the potential remains
igh for a longer portion of a square wave cycle than a sinusoidal
ycle and Dz for a given qz and V is larger for a DIT than a QIT,
he probability that an ion can be confined in DIT is apparently
reater than that in a QIT. Based on their simulations, Ding et
l. conclude that “the DIT with a trapping voltage of only 1 kV
as, in many respects, equivalent analytical performance to an
.f. trap with a trapping voltage of 16 kV” [7]. We hypothesize
hat the ability of large particles to be trapped in the NAMS is a
eflection of these unique characteristics of the DIT.

The above explanation for efficient trapping of large parti-
les is consistent with the particle size dependence of lens D in
ig. 1. Ding et al. [6,7] find that the insertion of a field adjust-

ng (FA) electrode just upstream of the DIT greatly increases
he efficiency of ion trapping. Optimum trapping occurs when
he square wave potential is in the positive half of the cycle
nd a negative potential is applied to the FA electrode. The net
ffect of the two opposite polarity potentials is a relatively flat
otential gradient in the vicinity of the entrance aperture to the
IT. This allows ions with a kinetic energy below the square

ave potential to enter the trap and then be reflected by back

oward the entrance by the square wave potential. If the ion
as a sufficient radial velocity, it does not reflect straight back
o the entrance aperture and becomes confined in the trap. We
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Fig. 3. (a) Optimum frequency (fopt) for the ring electrode potential vs. mass nor-
malized diameter (dmn); (b) qz for the optimum frequency vs. dmn; (c) detection
efficiency at the optimum frequency vs. dmn.
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uggest that a similar phenomenon occurs for particle trapping
n NAMS, where lens D serves the role of the FA electrode.
fficient trapping is observed only when a negative potential is
pplied to lens D and the magnitude of the optimum potential
ncreases with increasing particle size. While ion confinement
nd subsequent collisional cooling provides a reasonable expla-
ation for the ability of NAMS to trap relatively large particles,
onfirmation will require detailed modeling studies. It should be
oted that alternative trapping mechanisms, for example inelas-
ic particle bounce off a wall inside the trap, cannot be ruled out
t this stage.

Fig. 3a shows a plot of ring electrode frequency versus dmn
or the test particles. The square wave amplitude is held con-
tant (+504 and −508 V) and the frequency is varied until the
aximum DE is found. The optimum frequency (fopt) is then

lotted versus dmn. Fig. 3b shows the qz values for optimum
article trapping determined from the experimentally measured
ptimum frequencies. The optimum qz tends to increase with
ncreasing particle size. This result is not unexpected as a larger
alue of qz will give a deeper pseudopotential well depth (Eq.
3)). The well depths corresponding to these values of qz vary
rom ∼2 V for the lower sizes to ∼9 V for the larger sizes.

Fig. 3c shows a plot of the optimized DE (determined at
opt) versus dmn. DE appears to increase slightly with increasing
article size. However, it should be noted that DE is a difficult
arameter to quantify because it is strongly dependent on several
henomena: (1) the threshold signal level chosen to determine
hen a particle is “hit” while eliminating “background” triggers;

2) the pulse to pulse stability of the laser, since the absolute
ignal intensity can vary an order of magnitude with small vari-
tions in the laser energy; (3) fluctuations in the buffer gas flow
o the ion guide and trap; (4) fluctuations in the particle num-
er concentration and/or size distribution from the electrospray
enerator (a major factor in this work); and (5) particle counting
tatistics, which can be unfavorable if the number concentra-
ion at the desired particle size is low. In unfavorable situations,
epeat measurements of DE can vary by 50% or more. There-
ore, it is not surprising that significant scatter is observed in the
lots of Fig. 3.

Fig. 4 shows plots of DE versus particle size for three dif-
erent frequencies. The geometric standard deviations for the
hree plots are close to 1.1 with perhaps a slight increase with
ncreasing particle size.

.2. Particle analysis

The laser fluence that irradiates trapped particles is high
nough to reach the so-called “complete ionization limit”
13–16]. In this limit, a laser induced plasma is formed and the
article is thought to be completely disintegrated into positively
harged atomic ions and electrons. However, when the particle
ize is small and the ion current from the disintegrated particle
s low, “background” signal from processes such as ionization

f background gas with electrons from the plasma and/or resid-
al laser radiation striking a metal surface becomes a significant
ortion of the total ion current [4]. Note that electrons move
way from the disintegrated particle much faster than atomic
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Fig. 4. Detection efficiency vs. normalized particle diameter (dmn) for three
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Fig. 5. (a) Averaged mass spectrum (100 individual particle spectra) of sucrose
particles (dmn = 9 nm; f = 100 kHz) taken with reflector potential L of +510 V; (b)
averaged mass spectrum (100 individual particle spectra) of the same sucrose
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ifferent ring electrode frequencies. These plots correspond to geometric stan-
ard deviations of approximately 1.06 for 90 kHz, 1.09 for 23 kHz and 1.13 for
4 kHz.

ons, so it is possible for electron ionization of the background
as to occur without electron–ion recombination in the plasma.
ndeed, we find that the background signal is larger when a par-
icle is irradiated to produce a plasma than when no particle is
n the laser beam path when the laser beam fires. This suggests
hat electrons from the plasma do play a role in ionization of
ackground species.

With the digital ion trap, the ring electrode potential is fixed
+504 V) during the laser pulse and subsequent ion extraction
rom the trap. In contrast, the ring electrode potential in our
revious work was sinusoidal and changed over this time period.
s a result, the resolution and intensity of the time of flight

pectrum with the sinusoidal potential is strongly dependent on
he timing of the laser pulse during the sinusoidal cycle, and
pectral calibration was sensitive to jitter or drift in this timing.
he digital ion trap overcomes these problems since the ring
lectrode potential is fixed. Fig. 5a and b show the averaged
ass spectra (average of 100 individual particle spectra) for

mn ∼9 nm (f = 100 kHz) sucrose particles. Fig. 5a was obtained
ith a reflector potential (L in Fig. 1) of +510 V, a value just

bove the acceleration potential. The acceleration potential is
ssentially given by the ring electrode potential (i.e., +504 V)
ince particles are irradiated in the center of the ion trap. In this
pectrum, ions from the trapped particle(s) are C2+ (6 m/z), C3+

4 m/z), C4+ (3 m/z), O2+ (8 m/z), O3+ (5.3 m/z), O4+ (4 m/z) and
+ (1 m/z). Background ions include C+ (12 m/z), CH+ (13 m/z),
2O+ (18 m/z), N2

+ (28 m/z), and Ar+ (40 m/z) among others.
Changing the reflector potential L allows the kinetic energy

istribution of the ions in Fig. 5a to be investigated. It is found
hat the energy distribution is much different for ions from the
article and background. Fig. 5b shows the mass spectrum of
he same sucrose particles when the reflector potential (L) is

ecreased to +380 V. The background ions are completely elim-
nated and ions from the particle show only a slight decrease in
ntensity, suggesting that these ions have a substantial kinetic
nergy deficit. Both spectra in Fig. 5 were taken with the inter-

t
i
n
e

articles taken with a reflector potential L of +380 V. The inset of ‘b’ shows
n expansion of the multiply charged ion region. The reflector potential K was
230 V for both spectra.

ediate reflector potential (K in Fig. 1) of −230 V, which is the
alue for optimum ion focusing with L = +380 V. Therefore, the
eak widths are much narrower in Fig. 5b than in Fig. 5a.

Fig. 6 summarizes the dependence of several particle and
ackground ions on reflector potential. A kinetic energy deficit
s observed for all ions, although the magnitude is greater for ions
roduced from the particle. The deficit is most readily explained
y shielding of the ions from the electric field gradient by the
aser induced plasma. Shielded ions that are initially travel-
ng in the direction of the flight tube (i.e., in the direction of
nd cap G) receive less acceleration from the electric field and
herefore acquire an energy deficit. Shielded ions that are ini-
ially traveling in the opposite direction (i.e., toward end cap E)
ould receive excess kinetic energy and are not detected with
he range of reflector voltages used in this experiment. Shielded
ons that are initially traveling toward the ring electrode receive
o energy deficit or excess. Background ions exhibit a smaller
nergy deficit presumably because they are formed from lower
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Fig. 6. Relative intensity (average of 100 individual particle spectra) vs. reflector
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sities of the carbon and oxygen ions are different. The measured
mole ratios are consistently within +5% of the expected values.

Fig. 7 shows the mass spectra of three inorganic particle com-
positions, sodium chloride, ammonium nitrate and copper(II)
otential L for several ions from the particle (8, 6 and 1 m/z) and background (40,
6 and 12 m/z). The particles are the same as in Fig. 4. The reflector potential K
as −230 V for all experiments.

inetic energy precursors and/or they are formed at a later time
fter the laser pulse when there is less opportunity for shielding
rom the acceleration potential.

While the ion dynamics in the laser induced plasma are com-
lex and not all ions from the particle are necessarily detected,
he elemental composition of the particle calculated from the

ass spectrum is remarkably unaffected by the reflector poten-
ials chosen. The procedure for determining the elemental com-
osition was discussed in detail in our previous work [4]. Briefly,
he carbon to oxygen mole ratio is determined by averaging the
ompositions determined from each charge state (+2 to +4) after
econvolution of the C3+ and O4+ contributions to the signal at 4
/z. The measured carbon to oxygen mole ratios are independent
f reflector potential across the range studied in Fig. 6. The mea-
urements give an average of 1.1 ± 0.1, which matches the ratio
xpected from the molecular formula (C12H22O11). As noted
n our previous work, the carbon to hydrogen signal intensity
atio does not accurately reflect the mole ratio. For the reflector
oltages in Fig. 6, the measured signal intensity ratio decreases
rom 0.74 at +350 V to 0.30 at +550 V.

The ability to determine the oxygen content of organic par-

icles is further demonstrated in Table 2 where the expected
nd measured carbon to oxygen ratios for sucrose, polyethy-
ene glycol (PEG) and polypropylene glycol (PPG) particles are

able 2
easured and expected mole ratios for several particle compositions

omposition Mole ratio Measured Expected

ucrose C:O 1.06 ± 0.03 1.09
olyethylene glycol C:O 1.93 ± 0.04 2.00a

olypropylene glycol C:O 2.60 ± 0.04 2.62a

odium chloride Na:Cl 1.02 ± 0.07 1.00
mmonium sulfate (S + O):N 2.50 ± 0.09 2.50

ange of particle diameters (dmn) is 10–25 nm.
a Expected mole ratios include contribution of end groups.

F
s
(
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abulated for repetitive measurements using “standard” reflec-
or potentials (K = −175 V and L = +510 V). The spectra of PEG
nd PPG are similar to those Fig. 5 except that the relative inten-
ig. 7. Averaged mass spectra (100 individual particle spectra) of: (a)
odium chloride, dmn = 16 nm (f = 25 kHz), (b) ammonium sulfate, dmn = 20 nm
f = 15 kHz) and (c) copper(II) chloride, dmn ∼ 20 nm. The reflector potentials
or each spectrum were K = −175 V and L = +510 V.
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[13] W.D. Reents, Z. Ge, Aerosol Sci. Technol. 33 (2000) 122.
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hloride. All three spectra were obtained with the “standard”
eflector potentials. The mass spectra of sodium chloride and
mmonium nitrate particles (Fig. 7a and b) are similar in char-
cter, showing atomic ions up to the +6 charge state. From the
elative signal intensities of ions in the sodium chloride spec-
rum in Fig. 7a, the measured and expected ratios of Na:Cl agree
ithin a few percent (Table 2). The resolving power, illustrated
y the inset in Fig. 7a, is on the order of 320 at 11 m/z. The pres-
nce of a small amount of water and/or hydrocarbon impurity is
ndicated by multiply charged C and O ions as well as H+. From
he relative signal intensities of ions in the ammonium sulfate
pectrum in Fig. 7b, the (S + O):N atomic ratio is readily deter-
ined and also agrees closely with the expected ratio (Table 2).
s with sodium chloride, a small amount of hydrocarbon impu-

ity is indicated by the presence of C2+. The relative amounts
f S and O are not deconvoluted in this work owing to signal
verlap at 16, 8 and 5.3 m/z. The measured atomic ratios are
ndependent of dmn over the range studied, 10–25 nm. Note that
he absolute signal intensities in Figs. 5a, 7a and 7b increase
ith increasing particle size.
Copper(II) chloride shows very different behavior from the

ther two salts. No multiply charged ions are observed in
ig. 7c—only Cu+ and a small amount of Cl+ are detected. The
elative signal intensities do not match the expected ratio and
he absolute signal intensity is much less than that of compara-
ly sized sodium chloride or ammonium sulfate particles. This
pectrum is characteristic of a conventional laser ablation exper-
ment with a much lower laser fluence such that a laser induced
lasma is not formed and cationic species are preferentially ion-
zed. Evidently, plasma formation is quenched when this particle
omposition is irradiated. We have observed similar behavior for
0–100 nm diameter particles composed of iron and chromium
alts. (Wang, Chen and Johnston, unpublished work.) It is pos-
ible that the high density of electronic states of transition metal
toms and/or the presence of water molecules in the particle
issipate the energy introduced by laser irradiation and prevent
lasma formation.

The effective density of an aerosol can be determined if both
m and dmn are known (Eq. (1)). This determination is illus-
rated for sodium chloride particles that are size-selected with
he SMPS. Sodium chloride particles with dm = 20 nm are found
o have fopt = 12 kHz. Based on a polynomial fit of the data in
ig. 3a, this value of fopt corresponds to dmn = 25 nm. The den-
ity calculated from these values of dm and dmn is 2.0 g/cm3

bulk density of NaCl = 2.165 g/cm3). While the measured and

ulk values are close, additional experiments will be required to
ssess whether the small difference can be linked to a nonspher-
cal particle shape of the sodium chloride aerosol or if it simply
eflects of the accuracy/precision of the measurement.
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. Conclusion

The digital ion trap has several advantages for use with a
ime of flight mass analyzer to characterize nanoparticles. The
mplitude and frequency of the ring potential are easily manip-
lated, extraction of atomic ions from the ion trap into the time
f flight analyzer is easily optimized, and the reflector poten-
ial can be manipulated to remove background ions. The current
etup permits efficient trapping and analysis of particles with
ass normalized diameters between about 7 and 25 nm in diam-

ter. Extending the trapping range to larger and smaller particles
hould be possible through manipulation of the bath gas condi-
ions and potentials.
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