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a  b  s  t  r  a  c  t

Particle  trapping  in the  nano  aerosol  mass  spectrometer  (NAMS)  is  investigated  through  a  combination
of  modeling  and  experimental  measurements  to understand  and  optimize  the  trapping  process.  In  the
NAMS,  charged  nanoparticles  pass  through  an  aerodynamic  lens,  digital  ion  guide  (DIG)  and  field  adjusting
lens  (FAL)  prior  to entering  a digital  ion  trap  (DIT)  where  they  are  captured  and  subsequently  analyzed.
The  DIT  is operated  with  a square  wave  potential  applied  to  the  ring  electrode.  SIMION  modeling  was
eywords:
uadrupole ion trap
article trapping
article mass spectrometer
nstrumentation

used  to  study  particle  motion  from  the  exit  aperture  of  the  DIG  into  the  DIT.  Several  parameters  were
characterized  including  particle  starting  position,  kinetic  energy,  trajectory  and  FAL design.  A new  FAL
assembly  was  designed  to  increase  the  number  of  trapped  particles.  The  new  design  was  found  to  increase
the rate  that ambient  particles  are  analyzed  by  over  an order  of  magnitude.  With  the  new  design,  an
ambient  aerosol  concentration  (dN/dlog  dm) of 1 × 103 cm−3 yields  approximately  2–3  particles  analyzed
per  minute.
IMION

. Introduction

Particles between about 1 and 50 nm in diameter (referred to as
anoparticles herein) are an important subset of ambient aerosol
hat have significant climate [1,2] and human health [3–5] impacts.
hemical composition measurements of ambient nanoparticles can
ssist research in these areas by providing insight into the sources
nd transformations of these particles in the atmosphere [6,7].
rom a chemical analysis perspective, this is a difficult task because
f the small amount of material involved. For example, a 25 nm unit
ensity particle has a mass of about 8 attograms (8 × 10−18 g).

We have developed a nano aerosol mass spectrometer (NAMS)
8,9] to sample and analyze individual, singly charged 10–30 nm
ia. particles from atmospheric pressure [10–12].  Chemical analy-
is is performed by irradiating individual particles with a tightly
ocused, high energy laser pulse. The laser radiation produces a
lasma that reaches the complete ionization limit, where the par-
icle is completely disintegrated into positively charged atomic
ons [13]. The method of sampling nanoparticles into this instru-

ent must meet two objectives. First, particles must be efficiently
ransmitted from atmospheric pressure into the vacuum. Second,
articles must be spatially constrained within the focal region
f the laser beam, preferably in a manner that can be used

or size-selection. To accomplish the first objective, particles are
ransmitted from atmospheric pressure into the vacuum through

 combination of aerodynamic and electrodynamic focusing

∗ Corresponding author. Tel.: +1 302 81 8014; fax: +1 302 831 6335.
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elements. To accomplish the second objective, an electrostatic lens
assembly is used to inject particles into an ion trap in a manner
that maximizes trapping [8].  The complete instrument employs (in
order of particle transit and analysis) an aerodynamic lens, a dig-
ital ion guide (DIG), a field adjusting lens (FAL), a digital ion trap
(DIT), and a Nd:YAG laser along with time-of-flight mass analyzer
for creating and analyzing atomic ions.

In order to maximize the rate at which particles are trapped
and analyzed by NAMS, a fundamental understanding is needed
of the trapping process and how the instrument design affects it,
especially as a function of particle size. In this work, SIMION® is
employed to model nanoparticle trapping. SIMION has been used
in many studies to model ion trapping in conventional mass spec-
trometers [14–17] and to model low m/z  ions in a digital ion trap
(DIT) [18]. We  apply the knowledge gained to the design, imple-
mentation and demonstration of an improved configuration for
NAMS for the trapping and subsequent mass spectrometric analysis
of nanoparticles.

2. Experimental

2.1. Experimental measurements with NAMS

A schematic of the NAMS is shown in Fig. 1. From right to left
(direction of charged particle and atomic ion motion as indicated
in the figure), the instrument consists of an aerodynamic lens inlet,

a digital ion guide (DIG), a digital ion trap (DIT), and a reflectron
time-of-flight (TOF) mass analyzer. A full description of the NAMS
is given elsewhere [9].  Below, we  describe only those aspects of the
instrument that relate directly to this study.

dx.doi.org/10.1016/j.ijms.2011.12.011
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:mvj@udel.edu
dx.doi.org/10.1016/j.ijms.2011.12.011
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Fig. 1. A schematic of the nano aerosol mas

Test aerosols used in this study were generated with an Elec-
rospray Aerosol Generator (model 3480, TSI Inc., Minnesota). This
nit electrosprays analyte solutions (typically 0.2%, w/w, in 0.02 M
mmonium acetate buffer) in the presence of a radioactive source
o neutralize the primary droplets and minimize Raleigh breakup
s the solvent evaporates. This results in an aerosol whose size
istribution can be adjusted within the 10–30 nm size range (size
istribution depends primarily on the analyte concentration of the
lectrosprayed solution), and each particle has either zero or one
harge. The aerosol is sent through a unipolar charger [19] which
ncreases the fraction of particles having a single positive charge
20]. The particle size distribution is monitored and specific par-
icle sizes are selected for experiments requiring a monodisperse
istribution with a Scanning Mobility Particle Sizer (SMPS; Electro-
tatic Classifier, model 3080, Condensation Particle Counter, model
025a, TSI, Inc., St. Paul, Minnesota), which also helps pull the
erosol through the unipolar charger to the NAMS inlet. With the
MPS, particle size is measured and/or selected on the basis of
obility diameter (dm).
Instrument performance was also assessed through ambient

erosol measurements. Data are presented for two  measurement
ampaigns: Pasadena, California in May–June 2010 using the
old” NAMS design (128,761 ambient particles analyzed); Hyytiälä,
inland in March–April 2011 using the “new” NAMS design (93,951
mbient particles analyzed).

Aerosol passing across the NAMS inlet is sampled through a 0.1-
m-dia. flow limiting orifice into the aerodynamic lens similar

o the design of Wang et al. [8],  which is maintained at a sub-
mbient pressure of 1.5 torr. Particles exiting the lens traverse a
6-mm field-free, differentially pumped region and pass through

 1-mm-dia. entrance aperture to the DIG. The DIG consists of four
ylindrical rods with square wave potentials applied to them. The
ods are configured similar to a quadrupole ion guide, that is the
wo opposing rods have a waveform that is 180◦ phase-shifted from
he other two. The frequency of the square wave potential is fixed at
0 kHz with amplitudes of −500/+500 V. The dynamic electric field
roduced by these rods is sufficient to focus singly charged particles

n the targeted size range of 10–30 nm dia. toward the centerline of
he DIG. Particles exit the DIG through a 1-mm-dia. aperture that
ermits differential pumping. Argon gas is leaked into the DIG to
ollisionally cool the particles as they traverse this region, both to
ssist the focusing effect of the DIG and to increase the probabil-
ty of trapping further downstream in the DIT. As discussed later,
articles exiting the aerodynamic lens are much too energetic to

e efficiently trapped, and must be translationally cooled prior to
ntering the DIT. As particles exit the DIG, they pass through the
o-called field adjusting lens (FAL) [18]. This lens is slightly differ-
nt in form and function than that described by Ding et al. [18] for a
trometer (NAMS) with the “old” FAL design.

conventional DIT mass spectrometer. For the NAMS, this lens serves
to manipulate the particle trajectory into the DIT.

The DIT consists of two  end caps and a ring electrode in a con-
figuration similar to that of a conventional quadrupole ion trap
(r0 = 10 mm,  z0 = 7.1 mm).  A square wave potential is continuously
applied to the ring electrode, which operates at an amplitude of
−507 V/+504 V with a variable frequency based on the particle size
being analyzed. In the work presented here, a frequency of 10 kHz
is used. As discussed previously, the DIT traps particles over a
size range based on the mass normalized diameter (dmn), which
is defined as the diameter of a spherical particle with unit den-
sity that has the same mass as the particle being trapped. Eq. (1)
shows the relationship between the mobility diameter (dm) and
mass normalized diameter (dmn) for spherical particles:

dmn = dm

(
�

�0

)1/3
(1)

where dm is the mobility diameter, dmn is the mass normalized
diameter, � is the particle density and the reference density is
assumed to be 1 g/cm3.

A pulsed valve attached directly to the DIT supplies argon gas
to this region in a manner that maximizes the DIT pressure dur-
ing the trapping period while maintaining an average pressure of
∼1–3 × 10−4 mbar in the differentially pumped chamber surround-
ing the DIT. Argon collisionally cools the particles to increase the
probability of trapping and to focus them to the center of the DIT.
Particle trapping occurs over a 250 ms  time period. At the end of
this period, a Nd:YAG laser (model CFR400, Big Sky Lasers, Billings,
Montana) operating at ∼200 mJ/pulse, is fired and the laser radia-
tion is tightly focused to the center of the DIT. The laser radiation
interacts with the trapped particle to form a plasma that disinte-
grates the particle into positively charged atomic ions. Immediately
before the laser fires, the end caps are pulsed to +1300 V and −500 V
(front to back in the direction of particle and ion motion inside the
DIT) to extract the atomic ions into the TOF drift tube (R. M.  Jordan
Co., Inc., Grass Valley, California). The ion extraction period is timed
to coincide with the +504 V portion of the square wave potential
applied to the ring electrode.

2.2. Modeling particle motion through the NAMS

In this study, particle motion from the exit aperture of the DIG
through the FAL and into the DIT is explicitly modeled. Particle

motion through the aerodynamic lens and DIG is not modeled.
Instead, the net effect of these components is incorporated into
the model through the selection of starting conditions for parti-
cles leaving the exit aperture of the DIG. The range of starting
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onditions is sufficiently broad that it encompasses all likely values
or particles exiting the DIG.

A model built with SIMION® (Scientific Instrument Services, Inc.,
ingoes, New Jersey) is summarized in Fig. 2a, which includes the
IT (electrodes I, II, and III), the FAL electrode (IV), and exit aperture

rom the DIG (V). The dimensions of the model in Fig. 2a match what
e will refer to as the “old” design of the NAMS reported previously.

ig. 2b shows a different (“new”) design that will be discussed later.
ser programs were employed to apply a square wave potential to

he ring electrode (II in Fig. 2a) and adjustable, static potentials to
he other electrodes. The exit aperture from the DIG (V in Fig. 2a)
as held at ground. The program also modeled collisional cooling

hroughout the simulation using the hard sphere method devel-
ped by Manura [21]. This model utilizes the mean free path to
alculate a collision probability and then to randomize the colli-
ion factor, which is a number from 1 to 0, 1 being a direct hit and

 being a “rear-end” collision. This model is expected to be more
ccurate at the (low) pressure of our DIT than the viscous cooling
ethod. For all simulations, the argon pressure was assumed to

e 1 × 10−3 mbar inside the DIT and 1 × 10−4 mbar outside the DIT.
hese pressures are based on the average pressure measured out-
ide the DIT and the expected pressure inside the trap is based on
onductance calculations. The pressures do not take into account
he pulsed nature of the argon flow, which is impossible to simulate
ccurately.

For all simulations, unless otherwise noted, 106 25 nm particles
tarted at the DIG exit aperture with initial conditions that were
ystematically varied: particle starting position, angular trajectory
ith respect to the Z-axis (centerline of the trap assembly), initial

inetic energy, time of birth, trap frequency and pressure. The time
f birth (TOB) is used to model the “phase” of the ring electrode
otential that the particle experiences when it enters into the trap
ssembly. The beginning of the positive cycle of the ring electrode
otential corresponds to a TOB = 0. In order for a particle to be con-
idered trapped it must have a lifetime of over 10 ms  in the DIT, that
s to say it must not leave the simulation region or strike an elec-
rode. While this time period is smaller than the full trapping period
f the NAMS (250 ms), it is long enough to distinguish particles with
ow kinetic energies (low velocities) within the assembly that are
ot trapped from particles that appear to be captured within the
IT. Each simulation was performed in triplicate.

. Results and discussion

Particles entering the NAMS are carried from atmospheric pres-
ure into the partial vacuum of the aerodynamic lens. The pressure
ifferential across the flow limiting orifice has the effect of acceler-
ting particles into the lens assembly. A relaxation chamber at the
eginning of the lens assembly allows the particles to collide with
as molecules to reduce their velocities back to a thermal distri-
ution, while the remaining lens elements focus particles toward
he centerline of the aerosol flow. A similar acceleration occurs as
articles exit the lens assembly toward the digital ion guide (DIG).
he purpose of the DIG is two-fold. First, collisions between par-
icles and argon atoms in the DIG decrease the particle velocities
oward a thermal distribution. Second, the electric field within the
IG serves to focus (charged) particles toward the centerline of the
erosol flow.

Wang et al. [22,23] have estimated the mean velocities (and
inetic energies) of nanoparticles exiting an aerodynamic lens
ssembly similar to ours. The kinetic energies are particle size
ependent, with larger particles acquiring larger kinetic energies.

he kinetic energies determined by Wang et al. are used as the
tarting point for our simulations. Mean free path calculations
llow determination of the amount of translational cooling that
hese particles experience as they transit through the DIG. When
rnal of Mass Spectrometry 311 (2012) 64– 71

combined with the initial kinetic energies of Wang et al., they pro-
vide an estimate of the kinetic energies of particles exiting the DIG
aperture (electrode V in Fig. 2a). The calculated kinetic energies
range from 8 eV for 10 nm particles to 440 eV for 25 nm particles.
While these estimates are helpful, they are not accurate because
particle motion is complex inside the aerodynamic lens and DIG.
Therefore, the simulations below were performed with particle
kinetic energies up to 1000 eV which was  considered more than
adequate to encompass the entire distribution of energies.

Particles entering the DIT experience a decelerating potential
caused by the positive cycle of the ring electrode potential. The
electric field experienced by the particles is fine-tuned by the FAL
voltage to maximize the probability of particle trapping. The FAL
(electrode IV in Fig. 2a) is an essential portion of the NAMS which
enables the trapping of large particles. Without this electrode, par-
ticles would not be trapped. In the NAMS, the FAL primarily acts as
an Einzel lens and serves to focus particles as they enter into the
DIT, giving them an acceptable trajectory for trapping. The stability
criterion for trapping ions (or in our case charged particles) in a DIT
has been discussed by Ding et al. [18]. Charged particles can adopt
stable trajectories in the trap when qz ≤ 0.712:

qz = 4 eV

mr2
o (2�f )2

≤ 0.712 (2)

where ro is the trap radius, V and f are the amplitude and frequency
of the square wave potential applied to the ring electrode, m is
the mass of the particle and e is the charge of the particle. Eq. (2)
gives the lower particle size limit for trapping. For example, for a
trap frequency of 10 kHz, the small particle size (dmn) cutoff for
trapping is approximately 16 nm,  because at this size qz ≈ 0.7. Eq.
(2) shows that qz decreases as the particle size increases, implying
that infinitely large particles can be trapped. However, the pseudo-
potential well depth that is created within the trap must be taken
into account. For a DIT, the pseudo-potential well depth (Dz) is given
by

Dz ≈ 0.206(qzV) (3)

where qz and V are defined above. As the particle size increases and
qz decreases, there comes a point where the particle can no longer
be trapped because its kinetic energy exceeds the potential well
depth. The largest kinetic energy of a charged particle that can be
trapped is given by [24]

KE = 1
2

mv2 < Dz + Ecooling (4)

where KE is the kinetic energy of a particle entering the DIT and
Ecooling is the amount of energy the particle loses inside the DIT
through collisions with argon gas. Note that KE increases and
Ecooling decreases as the particle size increases. Eqs. (2) and (4)
define the effective particle size range that can be trapped. If the
particle is too small, it does not meet the stability criterion of Eq.
(2).  If the particle is too large, it does not meet the kinetic energy
criterion of Eq. (4).

Fig. 3a shows the values of qz and Dz vs. mass normalized diam-
eter (dmn) for a 10 kHz trap frequency. The shaded area is the
approximate size range where particles have been shown exper-
imentally to be analyzed by NAMS when using a ring electrode
potential of −507 V/+504 V and a frequency of 10 kHz. The mini-
mum  Dz in Fig. 3a roughly matches the KE of particles that can be
trapped.

3.1. Particle trapping simulations
Fig. 3a shows that it is possible to trap particles over a specific
size range (dmn). This size range can be shifted to higher or lower
dmn by decreasing or increasing the frequency of the square wave
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Fig. 2. SIMION models for (a) the old design and (b) the new design of the FAL. In each design, I, II and III represent the end caps and ring electrode of the DIT; IV represents
the  FAL; and the electrode to the far right represents the exit aperture from the DIG. Field lines show ∼42 V increments for 0 V applied to the DIG exit aperture, −500 V
applied  to the FAL, −2 V applied to the DIT end caps and −500 V applied to the DIT ring electrode. Trajectories for 200 representative particles showing focusing and loss
characteristics of the old (c) and new (d) designs.

Fig. 3. (a) Dz and qz vs. particle size for the DIT in the NAMS. The shaded region represents the approximate size range of particles that can be trapped with a DIT ring electrode
potential of −507 V/+504 V and frequency of 10 kHz. (b) Kinetic energy vs. FAL potential for 25 and 15 nm dia. trapped particles (old design) and 25 nm dia. particles (new
design).  Ring electrode frequencies are 10 and 13 kHz respectively for 25 and 15 nm dia. particles.
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pplied to the ring electrode. Whether or not particle trapping is
robable depends on the characteristics of particles exiting the DIG.
he parameters investigated include the initial kinetic energy (KE),
osition, trajectory, and time of birth (TOB). Each of these is dis-
ussed below.

.1.1. Initial particle kinetic energy
As particles exit the aerodynamic lens they are imparted a KE

hat is based in their mass. When they subsequently traverse the
IG they are cooled by the argon bath gas. Mean free path cal-
ulations were used to estimate the KE of particles exiting the
uide in both the old and new designs. Because of the inaccuracy of
hese calculations, these values of particle kinetic energy were NOT
sed in subsequent modeling. However, the values calculated using
FP  calculations illustrate two general concepts: (1) kinetic energy

ncreases with particle size due to the decreased amount of colli-
ion cooling received in the guide and (2) particles can have a wide
ange of kinetic energies as they exit the guide. Instead of restricting
article energies to those calculated, simulations of particle motion
fter the DIG were performed by varying the particle initial kinetic
nergy over a very wide range from 0 to 1000 eV to encompass a
uch wider range than suggested by MFP  calculations.
The field adjusting lens (FAL) potential was varied from 0 to

1000 V to determine its relationship to particle kinetic energy and
he probability of trapping. As shown in Fig. 3b, there is a strong
elationship among the three. For a given initial kinetic energy, a
pecific FAL voltage is required for trapping. Simulations for 15 and
5 nm (dmn) particles (Fig. 3b, old design) show that the FAL voltage
equired for trapping is the same for both particle sizes for a given
inetic energy. In this regard, the FAL voltage can be considered
ndependent of particle size. However, different particle sizes have
ifferent initial kinetic energies, so in practice a different FAL volt-
ge is required for each particle size. The observation that the FAL
oltage depends only on kinetic energy suggests that its main effect
s to modify where particles are focused in the DIT so that they can
e trapped. This effect is illustrated in Fig. 2c where a subset of the
article trajectories is shown (200 out of 106 particles). The subset
f particles in Fig. 2c and d has the same range of starting con-
itions as described in Section 2 (KE, starting position, trajectory)
nd the FAL voltage was −500 V. It is clear that particles are focused
y the FAL potential as they transit this region. Given that the FAL
eems to act much like an Einzel lens (Fig. 2c) and we  assume that
here is an ideal focal point for a given dmn, this focal point will
e dependent on particle kinetic energy and FAL potential. While
ig. 3a suggests that particles can be trapped inside the DIT over a
ide range of sizes, the FAL dependence in Fig. 3b suggests that in
ractice the size range will be narrowed owing to the manner in
hich particles are injected into the DIT.

.1.2. Initial particle position and trajectory
The particle starting position for the “old” design in Fig. 2a is lim-

ted by the 1 mm dia. exit aperture from the DIG. Simulations were
erformed by constraining the initial starting position to a random
ircular distribution with a 0.5 mm radius from the Z-axis (center-
ine of particle motion). For all simulations particles were started at
he same position along the Z-axis, at a point well outside the sim-
lation. “Starting position” defines each particle’s position in the
–y plane. The starting trajectory was allowed to vary in a cone dis-
ribution, also around the Z-axis with an angle up to 10◦. Together
hese variables illustrate how particle focusing in the DIG may  influ-
nce trapping further downstream. Varying these parameters in
he simulation had a substantial effect on particle trapping in the

IT. Fig. 4a details how the starting particle position determines
hether the particle is trapped. For these simulations, particles are

iven the representative range of energies (0 to −1000 V), start-
ng position and TOB (discussed in Section 3.1.3). A DIT potential
rnal of Mass Spectrometry 311 (2012) 64– 71

and frequency of 507 V/+504 V and 10 kHz, respectively, and a FAL
potential of −500 V were used. Shown in Fig. 4 are all trapped par-
ticles from this simulation. Particles cannot have starting positions
that are very close to or very far away from the Z-axis. Furthermore,
particles cannot have very large (greater than 7◦) or small (less than
1◦) diverging angles. Only particles having intermediate starting
positions and diverging angles are trapped. These results also high-
light the crucial role that the FAL plays in particle trapping – without
it, hardly any particles exiting the DIT aperture would have particle
trajectories that permit trapping. For the remainder of these simu-
lations, particle trajectory was confined to having diverging angles
less than 7◦, while particle starting position was allowed to have
the same range (circular distribution with a radius of 0.5 mm).

3.1.3. Particle time of birth (TOB)
The time at which a particle enters the DIT relative to the phase

of the ring electrode potential is another important consideration.
For this simulation, the particle TOB was allowed to vary from 1 to
150 �s, which encompassed 1.5 cycles of the ring electrode poten-
tial. The particle size was 25 nm,  the ring electrode potential and
frequency were −507 V/+504 V and 10 kHz, respectively, and the
FAL voltage was −500 V. Fig. 5a shows the kinetic energies of par-
ticles that were trapped as a function of TOB for the “old” design.
(A similar plot is shown in Fig. 5b for the “new” design that will be
discussed later). Superimposed in Fig. 5a is the ring electrode poten-
tial at the time each particle emerges from the DIG aperture. While
trapping is possible only over a narrow range of kinetic energies, a
clear relationship exists within this range between particle kinetic
energy and TOB. If a particle exits the DIG at the beginning of the
positive portion of the trap cycle, it is decelerated slightly less than
particles exiting the DIG later in the cycle. Interestingly, an overlap
in the region near the beginning/end of the trap cycle exists where
particles can have one of two  distinct kinetic energies and still be
trapped. The dependence in Fig. 5a represents a combination of sev-
eral factors including the potential barrier at the entrance of the DIT
caused by the positive cycle of the ring voltage, modification of the
potential barrier by the FAL voltage, and particle motion into and
within the DIT as the ring voltage changes polarity.

The plots in Figs. 4 and 5 have several implications for operation
of the NAMS. First, the particle kinetic energy must be matched with
the FAL potential. Second, for a given particle size, the distribution
of kinetic energies leaving the DIG must be narrow. Otherwise a
single FAL voltage will not allow all particles to be trapped. Third,
the entire trap cycle may  not be available for particle trapping since
the kinetic energy required changes with time point in the cycle.

3.2. A new trap assembly for NAMS

The SIMION model provided the opportunity to test other FAL
designs that could be incorporated into the existing instrument.
Several configurations were explored, and the one found to be most
promising is shown in Fig. 2b. The FAL in this design (electrode IV) is
only 2.5 mm wide (down from 5 mm)  and abutted against the trap
end cap of the DIT. An Einzel lens assembly is inserted between
the FAL and the DIG (electrodes V–VII). This design also includes a
larger DIG exit aperture diameter (2 mm).

3.2.1. Simulations with the new design
Simulations were performed with the new FAL design using the

same particle starting positions, trajectories and range of kinetic
energies as before. The Einzel lens was held at −25 V and the FAL
voltage was varied and its effect on particle trapping was deter-

mined. As shown in Fig. 3b, the kinetic energies of trapped particles
with the new design are much lower for a given FAL voltage than
with the old design. Furthermore, Fig. 5b shows that the kinetic
energies of trapped particles are allowed to have a larger range
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ig. 4. For the “old” design: (a) starting positions of trapped particles as they exit 

rom  the Z-axis of trapped particles. For this simulation, 0.052% of the particles wer

f values; that is particles are less limited in their starting kinetic
nergies. Given a nominal particle TOB, there are several subsets
f energies which can be trapped. In practice, these characteristics
re advantageous since the range of kinetic energies that can be
rapped is larger in relation to the magnitude of the kinetic energy
nd changes less over the trap cycle.

Fig. 6 shows the starting conditions (position and trajectory) for
he new design. When compared with similar plots in Fig. 4, the new
esign is shown to encompass a wider range of starting parameters
hat permit trapping. Specifically, particles can be trapped across
he full range of starting positions even though the DIG aperture
s wider (Fig. 6a). The larger orifice diameter of the new design
rovides a 4× increase in the area of the particle beam exiting the
IG and potentially corresponds to a 4× increase in the number of
articles allowed to enter the DIT and be trapped.
Another benefit of the new design is a larger transmission
fficiency of particles from the DIG to the DIT. The transmission
fficiency is defined as the fraction of particles having the correct
inetic energy (but differing starting position, trajectory and TOB)

ig. 5. Initial kinetic energy (eV) of 25 nm dia. trapped particles as a function of TOB: (a)
0  kHz and the FAL voltage is −500 V. The dashed line indicates the ring electrode potent
IG and enter into the SIMION simulation and (b) starting trajectories and distance
ped.

that are able to pass from the DIG to the DIT. For the distribution
of starting conditions used in the simulation, about twice as many
particles become trapped with the new design (Figs. 4 and 6). This
increase in the simulated trapping efficiency should correspond to
an additional 2× increase in the number of particles trapped beyond
the increase discussed above for the larger DIG aperture.

When taken together, these simulations suggest that the new
design should provide almost an order of magnitude increase in
the number of particles trapped. A limitation of the simulations
is the inability of SIMION to model particle motion through the
aerodynamic lens and DIG, which determines the actual range of
starting conditions for particle trapping in the DIT. For this reason,
quantification of performance of the new design is made through
experimental measurements. These measurements are presented
in the following sections.
3.2.2. Particle trapping as a function of particle size
An important feature of the new design is that a single set of

conditions traps a wider range of particle sizes than the old design.

 old design and (b) new design. In each simulation, the ring electrode frequency is
ial at each time point.
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ig. 6. For the “new” design: (a) starting positions of trapped particles as they exit
rom  the Z-axis of trapped particles. For this simulation, 0.099% of the particles wer

his feature is illustrated in Fig. 7a where the measured detection
fficiency (fraction of particles sampled into the NAMS that give

 detected atomic ion current in the TOF analyzer) is plotted vs.
ass normalized diameter for both configurations using the same

et of conditions: FAL = −500 V, ring electrode frequency = 10 Hz.
n this experiment, the SMPS was used to select various mobility
iameters of sucrose particles; however Fig. 7a is plotted as a func-
ion of mass normalized diameter using Eq. (1).  It is important to
ote that the experimental parameters (trap frequency, FAL volt-
ge, pressures) chosen for Fig. 7a were those that worked best for
he old design (mass normalized diameter of 25 nm) and were not
ecessarily optimized for the new design.

In Fig. 7a, the detection efficiency (defined as the fraction of

articles entering the NAMS inlet that is subsequently analyzed) is
lotted vs. mass normalized diameter. The plots are similar for the
wo designs at small particle sizes, which is to be expected because

ig. 7. (a) Experimental measurement of the detection efficiency of size selected aeroso
b)  Plot of ambient aerosol concentration measured with SMPS (dN/dlog dm) vs. NAMS h
asadena, California using the old design and (ii) Hyytiälä, Finland using the new design. 

oth  measurements, FAL = −500 V, ring electrode frequency = 10 kHz, ring electrode poten
IG and enter into the SIMION simulation and (b) starting trajectories and distance
ped.

the design change should have no effect on the high qz cutoff for
stable motion in the trap (Eq. (2)). The plots differ substantially at
large particle sizes, with the new design extending to much larger
sizes. The reason for this difference can be understood based on
Eq. (4). The new design traps lower kinetic energy particles than
the old design (Fig. 3a). This means that large particles, which have
intrinsically higher kinetic energies exiting the DIG than small par-
ticles, are better able to meet the trapping criterion in Eq. (4) with
the new design in part because the longer DIG yields lower particle
kinetic energies. The extended particle size range of the new design
is potentially quite useful for ambient measurements of polydis-
perse aerosol since a wider range of particle diameters is trapped,
and therefore a greater number of particles will be analyzed when

the particle concentration is low. This is important because when
the particle concentration is low, the number of particles analyzed
is also low and there is a large uncertainty in the measured chemical

l at a single set of instrumental parameters for the (i) “old” and (ii) “new” designs.
it rate (particles analyzed per minute) for representative three day periods in (i)

The values in brackets indicate standard deviations for the slope and intercept. For
tial = −507 V/+504 V. For the Hyytiälä, the Einzel lens potential was −25 V.
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omposition. The wider size range of the new design combined with
ts improved transmission and trapping characteristics should per-

it  many more particles to be analyzed in a given time period and
hereby reduce the measurement uncertainty.

.3. Improved performance for ambient particle analysis

To show the effect of the new design on particle analysis, NAMS
ata from two measurement campaigns are compared. These cam-
aigns represent the last use of the “old” NAMS design (Pasadena,
alifornia in spring 2010) and the first use the “new” NAMS design
Hyytiälä, Finland in spring 2011). For these two  campaigns, the
AMS hit rate (defined as particles analyzed in a 1-min time
eriod) is plotted vs. the aerosol concentration measured with
MPS (dN/dlog dm) averaged over the appropriate mobility diam-
ter range (nominally 20–25 nm)  for the same 1-min time period.
ig. 7b shows the combined results for three representative days
uring each campaign. Each dataset is fit by a linear regression
o give the analysis rate (defined as the slope of the regression
ine) for the corresponding NAMS configuration. The new config-
ration is found to give a 23-fold increase in analysis rate. The

ndividual data points vary widely (especially at low particle con-
entrations) and there are several reasons for this variation. (1)
MPS measures mobility diameter while NAMS traps particles
ased on mass-normalized diameter. If the particle composition
hanges significantly from one time period to the next, then the
orresponding density change will alter the relationship between
he two measurements (Eq. (1)). (2) Poorly controlled conditions
nside the instrument trailer such as temperature and mechanical
ibration can cause laser position to be altered slightly, changing
he NAMS hit rate. (3) The uncertainty associated with counting
tatistics is significant when a small number of particles is ana-
yzed in a given time period. (4) The total particle concentration
n Pasadena (integrated over all sizes) was so large that the hit
ate included a background contribution from untrapped particles
hat were randomly hit as they passed through the DIT. Despite
hese complications, Fig. 7b clearly shows the benefit of the new
esign. The increase in analysis rate is especially useful when
erforming ambient particle analysis in a remote location such
s Hyytiälä where the aerosol concentrations are more than an
rder of magnitude lower than in an urban environment such as
asadena.

. Conclusions

Nanoparticles acquire a significant amount of kinetic energy
hen they move from atmospheric pressure into the vacuum of

 mass spectrometer. If a particle is to meet the kinetic energy cri-
erion for trapping, then much of this energy must be removed.
njecting a charged particle into the trap requires the insertion of a
eld adjusting lens (FAL) upstream of the trap. The particle kinetic
nergy and FAL voltage required for trapping are strongly corre-
ated with each other, and their magnitudes are strongly dependent
n the design of the FAL assembly. The particle transmission effi-
iency into the trap and the size range of particles able to be trapped
ith a single set of conditions both can be maximized with a proper
esign of the FAL assembly. An optimized FAL design has been

ncorporated into the nano aerosol mass spectrometer (NAMS)

hich is shown to increase the particle analysis rate by over an

rder of magnitude. With the new NAMS design, an ambient aerosol
oncentration (dN/dlog dm) of 1 × 103 will yield approximately 2–3
articles analyzed per minute.
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