Journal of the Korean Physical Society, Vol. 49, No. 1, July 2006, pp. 370~375
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In this article, we raise several important concerns which should be considered for the develop-
ment of a single-particle mass spectrometer (SPMS). They are related to the performance and the
characteristics of the components of that machine, i.e., aerosol collimation, laser ionization, and ion
kinetic effects. We attempted to address those concerns through visualizations of the aerosol beam
with light scattering, molecular dynamics simulations to elucidate the mechanism for energetic-ion
formation, and a new conceptual design of ion optics. As such, we offer guidance for the devel-
opment of a SPMS that will be capable of simultaneously analyzing the size and the elemental

composition of a single nanoparticle.
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I. INTRODUCTION

Together with increasing interest in nanoparticle tech-
nology including novel synthesis and applications of par-
ticles, an ideal tool capable of characterizing physical
and chemical phenomena occurring at the nanoparti-
cle level is required more and more every year because
single-particle analysis directly gives an insight into what
happens inside the particle during the synthesis or re-
action [1]. Single-particle mass spectroscopy (SPMS)
may be the closest candidate to an ideal tool. Con-
ventional SPMS, described elsewhere [2], has been used
historically for characterization of coarse-mode particles
(>200 nm) in the environment. The SPMS has been
called differently as aerosol mass spectroscopy (AMS) or
laser desorption-ionization mass spectroscopy (LDIMS).
As AMS or LDIMS employs light scattering for sizing
particles, as well as triggering the ionizing laser, the mea-
surable size of particles is limited to sizes larger than 200
nm. This has hindered the use of that machine to the
accumulation- or nuclei-mode particles that are more im-
portant in a study of health effects in environment tech-
nology. Also, the power of a conventional laser installed
on the AMS may appear to be insufficient for complete
ionization of a particle because the mass spectra consist
of only positive and negative molecular ions. The differ-
ent polarities of such ions facilitate rapid recombination
and charge transfer from ions with larger ionization po-
tentials (IP) to those with less IP [1]. This yields some
bias in the composition of the particle. For this reason,
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the majority of research has reported qualitative, rather
than quantitative, assignment of the elements composing
an environmental particle rather than quantification.

More recently, we proposed the possibility of using a
much stronger laser pulse seemed to solve the problem of
insufficient laser power as a high-power laser pulse tears
a particle into its constituent atoms and subsequently
ionize them. If the beam energy is strong enough to take
an electron out of the components with a high electron
affinity, we will observe only positive-ion mass spectra.
As positive ions are not likely to collide with each other
frequently, we may avoid charge transfer. Reents and
Ge [3] claimed that the observation of multiply charged
ion peaks might be the sign of such a case and showed
that the stoichiometric ratio got closer to the theoreti-
cal value. As we observed the same thing and affirmed
complete ionization, we thought the sum of the signal in-
tensities in the mass spectrum should be proportional to
total number of atoms (volume) of a particle, but we saw
that the former increased with a half power of the lat-
ter. The nonlinearity was attributed to size-dependent
ion losses while they traveled from the laser focus to the
detecting position. With the correlation between mass
spectrum and the particle size, we eventually mimicked
the size distribution of particles nicely [4].

We demonstrated that a SPMS with the capability of
simultaneously measuring the sizes and the compositions
of particles could be used to elucidate various nanoscale
phenomena, for example, the solid-state reaction kinetics
inside a nanoparticle [1], size-resolved surface reaction
kinetics [5], and the origins of environmental particles
[6]. Hence, the usefulness of the SPMS is obvious. How-
ever, we point out here that the key correlation, the so-
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Fig. 1. Schematic of a single-particle mass spectrometer.
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II. EXPERIMENT
0
Our single-particle mass spectrometer consists of an 0 10 20 30 40 50
aerodynamic inlet, a source region for particle-to-ion con- m/z

version with a free firing high powered Nd:YAG laser,
a linear time-of-flight (TOF) tube, and a multichannel
plate detector (MCP), as shown in Fig. 1. An aerody-
namic lens inlet is employed to separate particles from
the carrier gas and collimate them so that they can be
injected without traveling losses through differentially
pumped chambers to the ionization region. As config-
ured, the positive ions formed from a particle by multi-
photon laser ionization are accelerated along the ~1-m-
long linear TOF tube and are detected with the MCP.
Fig. 2 shows an example of the mass spectrum of a NaCl
nanoparticle generated by spray drying. A more detailed

Fig. 2. Mass spectrum of a single NaCl particle.

explanation of the instrumentation and nanoparticle gen-
eration is given elsewhere [1].

III. DESIGN POINTS

There are two design points for development of the ad-
vanced SPMS. The first is, as expected, related to aero-



Fig. 3. Simulations of particle trajectories.

dynamic lens inlet for focusing aerosols, and the second
is how to prevent ion loss.

1. Aerosol Focusing with an Aerodynamic Lens

As the particles are focused tightly more and more,
we get more chance for the laser pulse to hit the par-
ticles. This is very important, especially for studying
environment aerosols, because the current hitting effi-
ciency is not sufficient for dilute samples (<10* #/cc).
Thus, we have been attempting to increase the focusing
performance by testing several designs of the lens. As a
first step, we simulated the aerosol trajectories with Flu-
ent and confirmed that the aerosol particles are indeed
focused as seen in Fig. 3. The smallest particles with
diameters of 1 nm show gas-like behavior, i.e., expan-
sion and contraction before and after each orifice, which
is due to their light mass, whereas the heavier particles
deviate from the gas stream line, begin to move toward
the centerline, and eventually form a very narrow par-
ticle beam. The contraction ratio of an aerosol beam
with respect to the inner diameter of the original tube
improves from 5.7 % to 0.8 % (1.5 mm to 0.2 mm) as the
tested particle size increases from 1 nm to 1 pum, respec-
tively. It is notable that the heavy particles are tugged
to the orifice walls due to excessive inertia. When the
transmission efficiency (TE) of particles is defined as the
ratio of the number of particles before entering the whole
lens to that of particles passing through the final nozzle,
we find that the TE decreases from 95 % to 56 % when
the particle size increases from 1 nm to 1 gm. One may
predict the particle-size distribution from the frequency
at each bin of signal intensities in a set of analyzed data.
But one has to take into account the size-dependent TE
prior to doing so. In other words, one should correct
some bias of the distribution toward larger sizes by di-
viding the frequency by the corresponding TE. The ideal
inlet should focus all differently sized particles with no
loss. Note that the simulation was made without consid-
eration of particle diffusion.

To verify the focusing performance, we used light scat-
tering to visualize the aerosol beam. Fig. 4 obviously
shows that the aerosol beam is quite tightly focused.
The beam of small particles is broaden at 22 cm down-
stream of the inlet end while larger particles are more
collimated at the same position, but with greater loss.
The measured aerosol beam diameter is 0.8 mm, which
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Fig. 4. Photograph of a particle beam.

lies reasonably within the predicted range (0.2~1.5 mm).
Note that as the predictions were made without consid-
eration of Brownian diffusion of particles [7], the simu-
lation should give a lower limit on the beam diameter.
Also, regarding the strong size-dependency of the scat-
tered light intensity, the visualization should be domi-
nated by larger particles. That is why the aerosol beam
is a little bit larger than the prediction. In the future,
we will attempt to reduce the beam size more by using
electrical charging and an Einzel lens.

2. Origin of the Kinetic Effects of Positive Ions

As addressed shortly in the Introduction, we raised, for
the first time, the size-dependent ion loss being mainly
due to the size-dependency of energetic-ion formation [4].
In this section, a molecular dynamic simulation is used
to figure out what happened. We postulate that positive
ions generated by a nanosecond high-power laser pulse
form a spherical ion cloud, which has often been adopted
for the breathing sphere model [8]. The spherically sym-
metric system makes the calculation much simple.

It has been observed that very energetic positive ions
up to 1 MeV are formed when a femto-second laser pulse
deposits a gas cluster [8,9]. The dynamics and maximum
kinetic energy of the ions were predicted qualitatively
well by Ditmire et al.’s nanoplasma model [8]. Note that
the femto-second laser pulse had an extremely large in-
tensity (>10'5 W/cm? at least), which implies that, even
at the beginning of the pulse, enough electrons exist for
collisional ionization in a spherical plasma cloud. Col-
lision ionization increases the electron density rapidly,
often up to more than critical value. The highly dense
electrons in a nanoplasma ball are heated resonantly by
the surrounding laser field, leading to a very rapid ex-
pansion of the plasma ball. Tunneling, collision-induced
ionization, and subsequent nanoplasma resonance with
the pulse seem very likely to be accepted by the research
community.

In contrast, the majority of nanosecond lasers used
for the SPMS have a much lower intensity, typically
less than 10! W/cm?2. This intensity seems to be in-
sufficient to supply electrons via particle ionization to
such a high density. Therefore, resonance heating of
the plasma ball may not occurs, in turn, the above-
mentioned hydrodynamic expansion may not be the case.
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Fig. 5. Spherical coordinate system for an ion cloud.

Indeed, single-photon or multi-photon ionization of clus-
ters or gas molecules with nanosecond laser pulse at
low-to-moderate intensities has been studied, and the
photofragmentation [10] and Coulomb explosion [11] dy-
namics have been proposed as the corresponding mech-
anism. The kinetic energy (KE) of the ions at those in-
tensities was revealed to be much less than in the former
case.

Together with contradictions in the mechanism,
whether the cluster can be treated as a plasma or not
has given rise to a controversy. For example, classical
dynamics simulations including the Coulomb field of the
ions indicate that the electrons are quickly removed at
the beginning of the interaction even from large clusters
[12]. That makes the nanoplasma model [8] question-
able. Note that all the above discussions are only for
gas clusters, not nanoparticles. There are no available
experimental data for nanoparticles. Are we between a
nanoplasma ball and a positive ion cloud, or hydrody-
namic and Coulombic expansion? Unfortunately, we are
not currently in a position to answer that question. Re-
garding our conditions, for ionization of a nanoparticle
by a long (5 ns) much weaker (~10° W /cm?) laser pulse,
the condition should lie between the above two cases and
seems likely to be closer to the Coulombic expansion.

We, therefore, choose the simplest model, the main as-
sumption of which is as follows. Particles are completely
ionized [4] to yield positive ions which form a spherical
cloud. The interaction of each pair of ions is depicted by
Coulomb repulsion. Fig. 5 shows the coordinate system.
In the figure, R; and R; denote the radial position vec-
tors of the i*" and the j** ions. First, we derive the force
vector exerted on the i*” ion by the j** ion by differenti-
ating the corresponding Coulombic potential; then, the
total potential of ¢ by all j ions is given by
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Fig. 6. Total energy conservation during the molecular
dynamic simulation.
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The total potential energy of the cloud is obtained by
integrating the above U;:
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This is the first explicit expression for the size depen-
dency of the potential energy of ions. The potential en-
ergy is completely converted into kinetic energy after suf-
ficient time, which is confirmed in Fig. 6. The equation
obviously shows that a larger particle or ion cloud leads
to a higher potential and kinetic energy. The mean ki-
netic energy of the ions (the second equation in Eq. (2))
is proportional to the surface area of the original parti-
cle. Surprisingly, the previous experiment showed a 1.6*"
power for the R dependence, which was pretty close to
the second power of R in Eq. (2). That proximity sup-
ports our model that the energetic ion may form through
Coulombic repulsion. Eventually, we obtain the radial
distribution of ion kinetic energy, as well as force on and
velocity of the ions. Tons at the surface move fastest due
to the largest repulsion potentials. Those ions will be
detected with the lowest efficiency, resulting in an un-
derestimate of the surface atoms. This implies that if
core-shell-shaped particles are of interest, the measured
composition can be biased toward the core. To prevent
this, we need to design new kinetic-energy-independent

ion optics.

(3R* —17) (1)

3. Development of Ion-loss-free Ion Optics

The conventional ion optics in the source region con-
sist of one repelling plate, two flat grids, and two pairs of
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Fig. 7. Ion trajectories at different kinetic energies of the
ions: (a) 10 eV, (b) 50 eV, (c) 100 eV, and (d) 200 eV.
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Fig. 8. Ion focusing with an Einzel lens: (a) 100 eV, (b)
150 eV, and (c) 200 eV.

ion-manipulating plates, as seen in Fig. 1. The ion ma-
nipulators are not often used. Fig. 7 shows typical ion
trajectories in the present design of the SPMS. As the ki-
netic energy increases, the ions are moving outward from
the centerline of the TOF tube, implying such ions are
terminated at the inner wall of the tube and not detected.
According to the molecular dynamics simulation results,
ion loss from larger particles gets bigger. Intuitively, we
are aware that diverging ion trajectories are compressed
more if the configuration of the repelling plate is bent
like s concave plane. We confirmed that ions trajectories
become more compressed as the curvature of the plate is
increased.

Secondly, we employ an Einzel lens consisting of three
cylindrical tubes, as seen in Fig. 8. The first and the
third tubes are electrically grounded while the central
tube, which is equidistant from the first and the third
ones, is held at a positive voltage (500 V in the simula-
tion for Fig. 8). The incident ions are first decelerated
and then accelerated. At the same time, they begin to
move to the centerline of the TOF tube. Thus, the ion
beam can be focused by using this lens system without
imparting any net acceleration to the ions. However,
note that the extent of focusing depends on the initial
kinetic energy of the incident ions. Ions moving slower
are even overfocused. Also note that the performance
of the Einzel lens becomes maximized for ions that are
parallel with the tube’s center line. If the ions are ap-
proaching the centerline at an angle, the overfocusing
becomes worse at the same speed. There is no voltage

Journal of the Korean Physical Society, Vol. 49, No. 1, July 2006

Fig. 9. Optimum design of ion optics displayed with a
TOF tube.

condition for which all ions are focused uniformly.

We notice that for better performance, the ion trajec-
tories should be parallel to the axis of the Einzel lens
before entering the lens. As ions moving away from the
repelling plates are radially diverging, a series of the two
elements are used together, as seen in Fig. 9. All ions
with kinetic energies of 0 to 200 eV are successfully con-
verged to the MCP detector. This means that the new
SPMS is the only one that guarantees 100 % detection
efficiency of ions with no ion loss over a wide range of
kinetic energies [13].

IV. CONCLUSIONS

In this paper, we pointed out two design points which
should be kept in mind for design of a novel single-
particle mass spectrometer. Theoretical and experimen-
tal results for the aerodynamic lens inlet showed that the
inlet was able to collimate aerosol nanoparticles and form
a tightly focused aerosol beam. Also, using a molecular
dynamics simulation, we asserted that energetic ion for-
mation caused by a nanosecond high-power laser pulse
was primarily due to Coulombic repulsion of positive
ions. Finally, for ions optics, we proposed a new de-
sign concept that is capable of 100 % detection of ions
having a wide range of kinetic energies.
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