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Single particle aerosol mass spectrometry (SPAMS), an analytical technique for measuring the size
and composition of individual micron-scale particles, is capable of analyzing atmospheric pollutants and
bioaerosols much more efficiently and with more detail than conventional methods which require the
collection of particles onto filters for analysis in the laboratory. Despite SPAMS’ demonstrated capabilities,
the primary mechanisms of ionization are not fully understood, which creates challenges in optimizing and
interpreting SPAMS signals. In this paper, we present a well-stirred reactor model for the reactions involved
with the laser-induced vaporization and ionization of an individual particle. The SPAMS conditions
modeled in this paper include a 248 nm laser which is pulsed for 8 ns to vaporize and ionize each particle
in vacuum. The ionization of 1 pum, spherical Al particles was studied by approximating them with a 0-
dimensional plasma chemistry model. The primary mechanism of absorption of the 248 nm photons was
pressure-broadened direct photoexcitation to Al(y?’D). Atoms in this highly excited state then undergo
superelastic collisions with electrons, heating the electrons and populating the lower energy excited states.
We found that the primary ionization mechanism is electron impact ionization of various excited state Al
atoms, especially Al(y?D). Because the gas expands rapidly into vacuum, its temperature decreases rapidly.
The rate of three-body recombination (e- + ¢ + Al* — Al + ¢°) increases at low temperature, and most of
the electrons and ions produced recombine within several us of the laser pulse. The importance of the direct
photoexcitation indicates that the relative peak heights of different elements in SPAMS mass spectra may
be sensitive to the available photoexcitation transitions. The effects of laser intensity, particle diameter, and
expansion dynamics are also discussed.
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I. Introduction

Single particle aerosol mass spectrometry (SPAMS) is a sensitive technique for determining the
sizes and chemical compositions of individual aerosol particles. The technique is particularly useful for
measurements in the atmosphere, where particles can influence precipitation or produce negative health
impacts [1, 2]. Mass spectrometry has provided critical data for many recent insights related to atmospheric
aerosols [2]. By ionizing one particle at a time, SPAMS can provide a mass spectrum and size for each
particle, rather than an average over many particles. This information is valuable because the particles in
the atmosphere come from a variety of sources, both natural and anthropogenic. SPAMS has therefore been
used in many recent studies of atmospheric particles. (Though several devices with various designs have
been developed and given unique names, for simplicity we refer to any device that performs single particle
aerosol mass spectrometry as a SPAMS system.) For example, Yang ef al. used SPAMS to analyze the
particles present in an urban tunnel [3]. With an artificial neural network, the particles were divided into
categories and attributed to different sources such as coal combustion and vehicle exhaust. Ault ef al. used
SPAMS to characterize atmospheric particles in the Sierra Nevada mountains in the United States which
are critical to precipitation and to California’s water supply [4]. Because single particle spectra were
obtained, it was possible to attribute a fraction of the particles to dust originating in Asia.

Though many SPAMS systems have been developed and used, the quantitative interpretation of
the spectra has been limited by the lack of a validated model of the ionization process. For example, a linear
response between signal strength and concentration would be ideal but has not always been observed [5,
6]. To understand the opportunities and limitations for quantitative analysis, the ionization mechanisms
must be better understood. Understanding the primary mechanisms of ionization will also enable more
informed design choices for SPAMS systems. Reducing the size and weight of SPAMS systems would
make them more practical to test acrosols on a vehicle or aircraft [7]. Testing in the field would eliminate
the impact of storage and filter interactions on the particle chemistry [8].

Several authors have discussed the ionization mechanisms in SPAMS devices which rely on laser
desorption ionization. Reinard and Johnston used covariance mapping in a SPAMS system to investigate
the ionization mechanisms [9]. With a 193 nm laser and particles 50-220 nm in size with varying
compositions, the authors concluded that the atoms and molecules first formed cations, free electrons and
neutrals, then electron attachment gave rise to anions. When expansion occurs more rapidly, fewer anions
are formed and there is less charge exchange amongst the positive ions. Reducing charge exchange is
desirable because it preserves the signal from less energetically favorable ions (i.e. ions with a higher
ionization energy).

Murphy summarized the design guidelines for SPAMS devices, including a discussion of the
ionization mechanisms [7]. Though it is unclear what the primary ionization mechanisms are, some
explanations were eliminated. The review asserts that it does not appear to be single photon ionization,
resonance enhanced multiphoton ionization (REMPI), “plasma formation” (though it is not clear which
microscopic ionization process this refers to), or thermal ionization. Murphy concluded that the more likely
ionization mechanisms involve photoionization of excited states or multiphoton ionization, which may be
enhanced by clusters. Oh et al. discussed the potential ionization mechanisms for 532 nm ionization laser
and concluded that electron impact ionization is most likely the dominant ionization mechanism, with
electron heating through inverse Bremsstrahlung [10].

Though SPAMS is the technology of interest in this study, laser vaporization and ionization have
also been used and modeled for many other applications. In laser-induced breakdown spectroscopy (LIBS),
typically one or two laser pulses are used to ionize solid or liquid samples [11]. The resulting optical
emission spectra are analyzed to determine the chemical composition of the sample. This analysis is often
simpler if the plasma is in local thermodynamic equilibrium (LTE) while the spectrum is collected. In LIBS,
spectra are typically taken several hundred ns after the laser pulse, after the continuum emission has
decreased. Though LIBS typically uses a higher laser energy than a SPAMS system, and often achieves
multiply ionized species, many of the investigations and modeling techniques are also useful in this
application. One critical difference is that SPAMS systems typically ionize samples in vacuum, whereas in
LIBS the background pressure is usually much higher.
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Several experimental studies provide some background on expected temperatures and behaviors in
these systems. Shakeel et al. measured the electron temperature and density of a Ge plasma produced in a
LIBS system with a 1064 nm laser [12]. Electron temperatures of 6,500 to 14,000 K were observed, and
electron densities were typically near 8 x 10'7 cm=. When the background gas pressure was reduced (as
low as 6 Torr), the plasma was able to expand faster, resulting in a lower temperature. Shaikh et al. also
measured the electron temperature and density of an Al LIBS plasma at several laser wavelengths [13]. At
1064 nm most of the energy deposition was due to inverse Bremsstrahlung, while at shorter wavelengths
such as 355 nm, most of the energy was deposited by photoionization of electronically excited Al atoms.
As aresult, the electron temperature was higher for a 1064 nm laser, but the electron density was larger for
a 355 nm laser. Lu et al. performed experimental measurements of electron temperature and density
(assuming LTE) in an Al plasma produced with a 248 nm laser [14]. The laser intensity was similar to that
of the SPAMS device studied here, and the electron temperature was lower for a lower background pressure
(as low as 10 Torr) because the Al could expand more rapidly.

Morel et al. modeled Al plasma formation in a LIBS system using a 0-dimensional approach, where
the plasma is approximated as a well-stirred reactor. They expanded upon this work using a multi-region
model [15, 16]. They showed that for ns laser pulses, inverse Bremsstrahlung caused heating of the electrons
resulting in electron-impact excitation and ionization. For ultrafast laser pulses however, inverse
Bremsstrahlung was not significant, and the electron temperature tends to be equal to the gas temperature.
However, ultrafast laser pulses have also been explored for SPAMS, and Zawadowicz ef al. argued that the
ionization mechanisms may be similar to that of nanosecond pulses [17]. Colonna et al. modeled the
expansion of a titanium LIBS plasma into oxygen with a reactive 1-dimensional fluid model and showed
that the expansion dynamics were sensitive to the background pressure [18]. Colonna et al. later
demonstrated a significant vibrational nonequilibrium in two-dimensional fluid modeling of a LIBS plasma
expanding into nitrogen [19].

In this paper, a new model describing the evolution of neutral and charged species encountered in
a SPAMS system is presented. The model is applied to spherical Al particles 0.4 — 8 um in diameter exposed
to an 8 mJ, 8 ns pulse from 248 nm laser. The non-equilibrium plasma dynamics are modeled using a two-
temperature 0-dimensional plasma chemistry model. Focusing on pure Al particles enables more detailed
modeling than would be possible with more chemically complex particles and provides insights on
measurements of harmful metal-containing atmospheric particles [20]. The device and model descriptions
appear in Sec. II. The modeling results are discussed in Sec. III, including the chemistry and ionization
mechanisms. The effect of laser energy, particle diameter, and expansion rate are also discussed.
Concluding remarks and implications for SPAMS design appear in Sec. IV. An improved understanding of
the ionization processes in SPAMS on this model system will enable more informed design choices that
could improve the size, weight and power requirements for use in the field, as well as more accurate
interpretation of SPAMS data.

I1. Model Description

A. SPAMS Setup



Though this work is focused on modeling, the conditions selected are based on those of the SPAMS
3.0 Instrument by Livermore Instruments, Inc., shown schematically in Fig. 1. A SPAMS 3.0 consists of
an aerodynamic lens system which focuses particles into a stream which is directed into a vacuum chamber
(~10 Torr during operation). A continuous wave 405 nm laser is used to monitor this stream and triggers
an ionization laser to fire (after a 3 ps delay) when a particle with a diameter greater than 100 nm passes
through it. Once the laser is triggered, an 8 mJ, 248 nm pulse ionizes the particle, and the resulting ions are
collected by opposing time-of-flight mass spectrometers. The laser pulse has a full-width half maximum
(FWHM) duration of 8 ns, and the beam size was focused to 1 mm by 0.5 mm where it intersects the particle
flight path. These parameters resulted in a peak laser intensity of 1.9 x 10¥ W/cm? and a fluence of 1.6
J/em?,

B. Global Modeling

To quantify the excitation and ionization dynamics, a O-dimensional, well-stirred reactor approach
was used to represent the plasma. The control volume is the volume containing the Al vapor which was
vaporized from the particle, and irtxilss approximated as spherical. The density of electrons is calculated by

dn, RHS LHS A ne dV
dt = Z (ae,j —ae,j )Rj—vre'diff—va#(l)

where n, is the number density of] electrons. The first term on the right-hand side accounts for reactions
within the control volume, and the second term accounts for diffusion losses of electrons as they escape the
control volume into the surrounding vacuum. The third term accounts for expansion of the control volume
as a function of time. aff $ and aéy 5 are the product and reactant stoichiometric coefficients for electrons
in reaction j. V is the volume of the expanding particle material, and 4 is the surface area of the control

volume. d—z is based on an estimate of expansion dynamics to be described in Sec. B.2. For simplicity, we
have not noted the time-dependence explicitly in this model description, but all variables on the right-hand
side of Eq. 1 are time-dependent, except the stoichiometric coefficients (e.g. Ri(2), A(t), I, (?)). R; is the

rate for the single-directional reaction j calculated by the expression,
LHS

i

where £; is the reaction rate coefficient, which can be provided in Arrhenius form or result from integrating
a cross section over a Maxwellian distribution function. For example, for the reaction e+ Al > Al* + e +

Al Particles ° ®

[

{ ] .
Aerodynamic

° Lens

Negative , | N | Positive
Mass Spec. \l Mass Spec.
Sizing Laser

To Pump lonization
Laser
Figure 1. A simplified schematic of SPAMS 3.0 developed by Livermore Instruments, Inc. Particles

are introduced at atmospheric pressure, and the pressure decreases across the acrodynamic lens. Two
time-of-flight mass-spectrometers are used to collect the positive and negative ions.




e with a rate of &, afHS =2 and aéHS =1, and the first term in Eq. 1 would be (2 — 1)k;;n.ny;. The

assumption of a Maxwellian electron distribution is expected to be valid in the early timescales of expansion
when the collision rates are high, but its accuracy may decrease during the expansion. #; is the density of

reactant i. In the case of photoionization reactions,
LHS

R] = Gj¢ml_[ Tli,#(3)

L
Where o; is the cross section of reaction j and ¢ is the flux of photons. m = 1 for single-photon processes,

and m = 2 for two-photon processes. When m > 1, the units of the cross section are modified such that R;
has units of cm~s-!. The diffusion flux of electrons, I, 4 is calculated by

Ne 8knT eq)plasma
Fe,diff = == B eexp( - >#(4)

4 | mm, kgTe
where kg is Boltzmann’s constant, 7, is the electron temperature, m, is the electron mass, and e is the
elementary charge. The factor before the exponential in Eq. 4 represents the thermal flux of electrons into
the sheath of the expanding plasma, and the exponential represents the fraction of electrons with sufficient
energy to transit the sheath and escape the plasma [21]. @4, 1s the plasma potential, which is calculated
from the total space charge in the plasma volume:

species
Q . )y qin

L

i
q)plasma = V.#(5)

dmegr  4megr
where the sum is over all species, g; is the charge of species i in Coulombs, and r is the radius of the control
volume (assuming a spherical volume). While including diffusion of electrons has a minor impact in this
case, it enables the model to address the limit in which a low ion density may be insufficient to retain the
electrons.

The rate of change of the del)}?sqisties of other species has a similar form to that of electrons:

dn; n; dV
— RHS __ _LHS el
T = 2 (el —atf )R~ G o6
J

where n; refers to the number density of species i.

A two-temperature model is used throughout, where the electrons have their own temperature, 7,
while all other neutrals and ions are assumed to share the common gas temperature, 7,. Both 7, and 7, are
determined using their own energy equation. For the electron energy equation,

3 3
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where Popnic 1s the power density transferred to electrons by Ohmic heating due to the oscillating electric
field of the laser. 4e,; is the change in electron energy from reaction j, and y= 5/3, for isentropic expansion
of the electron gas. The Ohmic heating is calculated by

ezneElzaservrzn
> >y #(8)
zme (wlaser + Vm)
where E,,., s the time-dependent magnitude of electric field of the laser, w,,., is the angular frequency of
the laser, and v, is the momentum transfer collision frequency, calculated from the elastic scattering cross
section using the method from Surendra et al. [22]. The electric field of the laser is calculated from the

photon flux
hw
Elgser = —laser (f)-#(g)
«/ TEYC

where £ is Planck’s constant and c is the speed of light. The laser intensity was Gaussian in time with an 8
ns FWHM, resulting in a photon flux, ¢:

Ponrmic =
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Figure 2. The cross section for photoexcitation of Al to Al(y?D) as a function of photon wavelength.
The laser wavelength is indicated with the dashed vertical line.
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The energy equation for gas species is

d(ik NT > (Ek NT )
2B _ \rxns 2 B av
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N is the total number density of all heavy species. —- as a function of time is based on an estimate of

expansion dynamics to be described in Sec. B.2. The final terms in Eqgs. 7 and 10 represent the loss of
thermal energy due to isentropic expansion. Though no work is being done in this expansion, the thermal
energy is being converted to directed flow of the gas. We consider this conversion of thermal energy to
flow as work because it can no longer contribute to the collisionality of the gas.

B.1. Reaction Mechanism

The reaction mechanism used in the global model is presented in Table 1. Six electronic excited
states are included in this mechanism. Terms with multiple levels due to spin-orbit coupling are grouped
into a single species. In calculating cross sections, the transition between levels having the largest cross
section is assumed to dominate (when there are multiple levels this will be the allowed transition). The
electron impact ionization cross section originates from experimental data, but the electron impact
excitation cross sections are estimated using general formulae [23]. Each superelastic collision cross section
is calculated from the corresponding excitation cross section by detailed balance [24].

Radiative relaxation is included for states that emit, except for those that have resonant reabsorption
by the ground state. By removing radiation reactions which emit to the ground state (e.g. Al(4%S) — Al) we
are assuming that radiation is reabsorbed and that the plasma is optically thick. It is expected that this is
accurate early in time as the density of Al is high and becomes less accurate as the plasma expands.

Direct photoexcitation is included for excitation of the ground state to Al(y?’D). While the laser
wavelength is certainly not on resonance with this transition — 257 nm transition compared to a 248 nm
laser — significant pressure broadening can cause the absorption cross section to be significant. The
pressure-broadened photoexcitation cross section is shown in Fig. 2. As the density of Al increases from
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10'8 to 10%! cm, the cross section at the laser wavelength increases from 4 x 102! to 2 x 108 cm?. This
pressure broadening (resonance broadening) was calculated by Eq. 15 from Ref. [25], and Doppler
broadening is negligible in comparison. In this model, as the Al density increases above 10?! cm, the cross
section broadens so much that its value at 248 nm begins to decrease. In reality, as the density approaches
that of solid Al (6 x 10?2 cm™), the Al begins to behave more like a solid, with electron energy levels that
differ from that of the Al atoms. Those effects would likely significantly impact the earliest timescales, but,
for simplicity, we have neglected them here. The effects of broadening in SPAMS have been observed
experimentally using tunable lasers [20].

For each reaction, a change in electron energy (Aggjecron) and gas energy (Aggy,s) is required, which
is used in Eqgs. 7 and 11. This approach accounts for the effect of each reaction on electron and neutral
energy balance, depending on the type of reaction. For example, when an electron excites Al(3?D) to
Al(4?P), 0.064 eV of energy is lost from the electrons (A&gectron = -0.064 eV). If this Al(4?P) then emits a
photon (Aggieciron = Ages= 0 €V), that energy which was stored in the excited state is lost from the system as
radiation.

Table 1. Reaction Mechanism Used in the Global Model
Reaction Rate Coefficient? Atgieron (€V)  Aggy (eV)  Reference
Electron impact excitation

e + Al > Al(42S) + ¢ c -3.143 0 [23]
e +Al—> AI(3*P) + e c -3.598 0 [23]
e +Al—> Al(3’D) + e c -4.021 0 [23]
e + Al - Al(4°P) + & o -4.085 0 [23]
e+ Al —> Al(5%S) + e c -4.673 0 [23]
e +Al - Al(y’D) + & c -4.827 0 [23]
e + Al(4°S) - Al(3°D) + & c -0.878 0 [23]
e + Al(4°S) - Al(4°P) + & c -0.942 0 [23]
e + Al(4%S) - Al(5%S) + e o -1.53 0 [23]
e + Al(42S) —> Al(y?D) + e c -1.684 0 [23]
e + Al(32D) — Al(4°P) + & o -0.064 0 [23]
e + Al(3°D) > Al(5%S) + e c -0.652 0 [23]
e + Al(3°D) —» Al(y’D) + & o -0.806 0 [23]
e + Al(4°P) »> Al(52S) + & c -0.588 0 [23]
e + Al(4°P) - Al(y’D) + & o -0.742 0 [23]
e + Al(5%S) —> Al(y’D) + e o -0.154 0 [23]
Superelastic
e+ Al(4’S) > Al + ¢ c 3.143 0 b
e +Al(3*P) > Al + e o 3.598 0 b
e +Al(3’D) > Al + e o 4.021 0 b
e+ Al(4°P) > Al+ e c 4.085 0 b
e+ Al(5%S) > Al +e o 4.673 0 b
e+ Al(y’D) > Al + ¢ c 4.827 0 b
e + Al(3°D) —> Al(4°S) + e c 0.878 0 b
e + Al(4°P) —> Al(4°S) + & o 0.942 0 b
e + Al(5°S) - Al(4%S) + e o 1.53 0 b
e + Al(y?D) — Al(42S) + & o 1.684 0 b
e + Al(4°P) »> AI(3°D) + & c 0.064 0 b
e + Al(5%S) »> AI(3°D) + & o 0.652 0 b



e + Al(y’D) - Al(3?°D) + ¢ c 0.806 0 b
e + Al(5%S) —> Al(4*P) + e c 0.588 0 b
e + Al(y’D) — Al(4?P) + ¢ c 0.742 0 b
e + Al(y’D) > Al(5%S) + ¢ c 0.154 0 b
Electron impact ionization
e+Al—> Al"+e +e c -5.985 0 [26]
e +AI4S) > Al +e +¢e c -2.842 0 [23]
e +AI3*P) > Al" +e + ¢ c -2.388 0 [23]
e +Al3’D) > Al te +e o -1.976 0 [23]
e +AI4P) > Al' +e +e c -1.901 0 [23]
e +AISS) > Al +e +e c -1.313 0 [23]
e +Al(y’D) > Al +e +e c -1.171 0 [23]
Elastic
e+Al—>e +Al c elastic elastic [27]
e +Al* > e + Al* c elastic elastic cd
e+ Al > e + Al c elastic elastic [24]
Penning ionization
Al* + Al* > Al + Al'+ e 1.89x10-19T,03 e 0 [28]¢
Recombination
e +Al" > Al Kgrf 0 0 [29]
e +Al" > Al kpgr® 0 0 [30]
ect+tAl'te > Al+e krpr 0 0 [31]
Quenching
Al* + Al > Al + Al 5%10-10T 9 0 h [32]¢
Radiation
Al(4°P) — Al(3’D) 7.10x10? s 0 0 [33]
Al(5%S) — Al(4°P) 6.00x10° s°! 0 0 [33]
Al(y*D) — Al(4°P) 9.89x10° 57! 0 0 [33]
Photon reactions
hv +hv + Al > Al" + ¢ 8.27x108 cm*s 4.015 0 [15]
hv+e + Al > e + Al 1.76x10-3¥T, 03 cm® 5.00 0 [15]
hv+e + Al" > e + Al* 2.51x1037T, 93 cm? 5.00 0 [15]
hv + Al(42S) —» Al" + ¢ 3.15x108 cm? 2.158 0 [34, 35]
hv + Al(3*P) —» Al* + ¢ 2.04x10'% cm? 2.613 0 [34, 35]
hv + Al(3°D) — Al* + ¢ 1.25%10-1% cm? 3.036 0 [34, 35]
hv + Al(4°P) —> Al + ¢ 1.16x1018 cm? 3.099 0 [34, 35]
hv + A1(5%S) —> Al + ¢ 4.58x10"" cm? 3.688 0 [34, 35]
hv + Al(y’D) — Al* + ¢ 3.35%10°" cm? 3.842 0 [34, 35]
hv + Al —» Al(y’D) o(Al) 0 0 k

(a) T and T, are in K. Rates are in units of cm?/s for 2-body reactions and cm%/s for 3-body reactions
except where indicated otherwise.




(b) Cross sections for superelastic collisions are obtained by detailed balance of the excitation cross
sections.

(c) Al* refers to Al(42S), Al(34P), Al(3°D), Al(4°P), Al(5%S), and Al(y*D)

(d) Cross section for elastic collisions with excited states is assumed to be the same as elastic
collisions with the ground state.

(e) For each combination of excited states, the change in electron energy is determined by adding the
excitation energy of the excited states and subtracting the ionization potential. This ranges from 0.3-
3.7eV.

(f) Radiative recombination.

(g) Dielectronic recombination.

(h) The gas heating as a result of collisional quenching is assumed to be the excitation energy of the
excited state.

(1) Rate estimated to be on the order of that of N,* quenching.

(j) This rate for inverse Bremsstrahlung ignores stimulated emission.

(k) Based on pressure broadening of transition to state at Al(y?D), see Fig. 2.

B.2. Expansion into Vacuum
The expansion speed of the gas into the surrounding vacuum is assumed to take the form

v(t) = voo(l —exp ( — ;))#(12)
Voo = 3"‘197"‘)#(13)
map

where v(?) is the speed of the expansion at time ¢, v,, is the expansion speed at infinite time, and 7 is the
characteristic timescale of the expansion, which is assumed to be 10 ns except where indicated. The value
of v,,is approximated by assuming that all the initial thermal energy (3kgT(/2) is converted to kinetic energy
(mpv,,2/2). Ty is the initial temperature, which is assumed to be 2,000 K, and m,, is the atomic mass of Al.
(The value of T, had a very minor impact on the results.) This approach does not account for additional
energy deposited in the plasma after vaporization (e.g., inverse Bremsstrahlung heats electrons, elastic
collisions then heat the background gas) or any losses of thermal energy due to the generation of excited
states or ions.

Eq. 12 is a highly simplified approach, which is a functional form that was selected because it
captures the expected qualitative behavior without causing negative (unphysical) temperatures at long
timescales. Eq. 12 is used to calculate the values of V and dV/dt used in Egs. 1, 5-7, and 11 by assuming a
spherical plume. By using Eq. 12, the phase change is approximated as a particle that is instantaneously
and uniformly vaporized at #,, and then allowed to expand. The lack of available data on the expansion
dynamics in these particular conditions is a primary source of uncertainty in this model, and an important
topic for future work. The expansion is consistent with the order of magnitude observed by Cabalo where
in a SPAMS system with two laser pulses, expansion to ~10-3 m occurs in ~10¢ s after the first laser pulse
[36]. The selected value of v, would be expected to cause a variation in the collection time of at least 10
9-10-® s which is consistent with experimental observations (though there are other processes which also
contribute to broadening of time-of-flight peaks in spectra). However, even the order of magnitude of the
timescale, 7, is not well known, and therefore the sensitivity of the results to this parameter is discussed in
Sec. III, Part E. The assumed expansion dynamics are shown in Fig. 3. lon-ion repulsion is not included
because the plasma is quasineutral.

B.3. Initial Conditions and Numerical Parameters

We assume that the system transitions to a state describable by a global model (i.e., a gas) at the
peak laser intensity, which corresponds to # = 0 s. In reality, this transition is continuous and will vary
depending on location within the particle, particle size, and laser intensity. The initial conditions for the
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Figure 3. The assumed expansion dynamics of the vaporized Al volume. =0 s corresponds to the
time of the maximum laser intensity. (a) The speed assumed by Eq. 12 for an expansion timescale, T,
of 10 ns. The expansion rate exponentially approaches the speed at which all thermal energy has been

converted into kinetic energy of the expansion (Eq. 13). (b) The radius as a function of time in the

base case assuming the expansion rate in Eq. 12.

plasma simulation are T, = T, = 2,000 K with a total density of heavy species that is equivalent to the density
of solid aluminum. Ground state Al and its excited states are Boltzmann distributed according to the gas
temperature.

The initial electron and ion densities are set to be the minimum of 10!! cm? and 1/V,, where ¥V} is
the initial volume, and the electron density that would occur thermally. In the base case this is limited by
1/V, (i.e., one electron in the initial volume), which is n, = n; = 7 x 10'2 cm3. This is equivalent to an
ionization fraction of 1 x 10-1°, In the base case, the total initial excitation fraction is 6 x 10-.

In these conditions, it is unlikely that the laser will vaporize the entire particle. The initial volume
in the global model was determined by the amount of material that would be vaporized during the first half
of the laser pulse (before the laser reaches its maximum intensity at # = 0 s), which was calculated as follows.
The energy required to vaporize Al was determined from the integral of the temperature dependent specific
heat [37], and the heats of vaporization [38] and fusion [39]. The amount of energy required to vaporize
room temperature Al is 1.2 x 10* J/g. The energy deposited in the particle by the laser was calculated by

Egep=(1— p248)ﬂrpartlcle£ph0t0nf p(t)dt #(14)

where pyys 1s the reflectance of the particle at 248 nm, 7,4 18 the solid particle radius, &,0, 1s the laser
photon energy (4.999 eV) and ¢ is the laser photon flux. In reality, the vaporization is likely to occur as a
vaporization front, in which the laser deposits its energy in a layer several nm thick [40, 41]. At room
temperature the reflectivity of aluminum is 92% for 248 nm [40], but above the melting temperature, there
are less data available and estimates range from 20-90% [42]. A reflectance of 60% was used in this work
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[43]. Based on Eq. 14, the laser energy deposited by the start time for the global model (the first half of the
laser pulse) is 4 nJ. Based on the 1.2 x 10* J/g required for vaporization, this energy can vaporize
approximately 1.3 x 10-13 cm? of Al. A few aspects of the model require an area (e.g., diffusion losses and
the maximum number of photons which may be absorbed). Although the cloud of Al vapor is not likely to
be spherical throughout the expansion, for simplicity it is approximated as spherical where an area is
required. The initial radius of the plume based on the spherical assumption is 310 nm.

The system of equations described in Egs. 1-10 were integrated using the odeint library in Python.
odeint uses adaptive internal timesteps and implicit methods when the problem becomes stiff. The timesteps
at which the solution was requested from odeint were distributed logarithmically beginning with a timestep
of 10" s and increasing to 6 x 10 by the end of the simulation at 10~ s. A typical runtime on a single
processor is 30 minutes.

II1. Modeling Ionization of an Al Particle

In this section, the results for the base case, which is a 1 um particle and an 8 mJ laser pulse, are
discussed in detail in Parts A and B. Then the effect of varying the laser intensity is discussed in Part C, the
effect of particle diameter is discussed in Part D, and the effect of the characteristic timescale of expansion
is discussed in Part E.

A. Non-equilibrium Plasma Chemistry

The density and number of atoms, ions, and electrons of each of the species are shown over time
in Fig. 4. The density of Al begins at the solid density of 6 x 10?2 cm™ and decreases rapidly as the particle
expands, reaching 8 x 10" cm= by 1 us. The number of atoms, ions, and electrons (the number density
multiplied by the plasma volume) is plotted in Fig. 4b to better illustrate how the excitation and ionization
fraction vary in time. By the end of the simulation the plasma has expanded to several cm in diameter. The
gas temperature, electron temperature, and the photon flux are shown in Fig. 5 with an inset showing the
low temperatures that occur at longer timescales.

The Al(y?D) state is initially the most abundant excited state because it can be excited directly by
the laser from the ground state. Al(y?D) is also the excited state with the largest excitation energy included
in the model. As the electron density increases in the first few ns, superelastic collisions between electrons
and Al(y’D) begin to populate lower excited states. These superelastic collisions also increase the electron
temperature (7,), which then enables a variety of other reactions, including electron impact excitation of
the ground state and ionization of excited states. In general, the increased electron density allows for more
transfer of energy between different excitation/ionization states. This leads to an increase in the number of
atoms in each of the other excited states between 1 and 4.5 ns. Despite this, at this laser intensity, the ground
state is not significantly depleted, and the excitation fraction does not exceed 0.7% for all species. At 4.2
ns, the electron temperature reaches a local maximum of 7,100 K (0.6 ¢V) and then decreases rapidly to
5,300 K (0.5 eV) by 10 ns. (Higher electron temperatures briefly occur in the early timescales of the
simulation, but few electrons are present at the time, so the impact on excitation and ionization is
negligible). As the laser intensity decreases significantly, and the pressure broadening becomes less
significant, the Al(y?D) state is not repopulated as rapidly. After 4.5 ns, the number of excited state atoms
decreases due to radiation (for Al(5%S) and Al(y?D)) and collisional quenching (for all excited states). By
approximately 40 ns, the excited state densities cease to change significantly. This occurs because the
expansion into vacuum has caused the densities and temperatures to decrease, so the collision frequency
decreases, and the quenching rate ceases to be significant.

For the first 6 ns, A1(3*P) is the least abundant excited state. Because this state involves exciting an
electron from a different orbital than any of the other states, it is not populated by superelastic collisions
from higher excited states; it is only generated by inelastic collisions of electrons with the ground state.
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Figure 4. (a) The density of each species as a function of time in the base case. (b) The number of
particles (electrons, ions, and atoms) plotted over the same time period (the density times the plasma
volume). The electron density is indicated with a dashed line. It deviates from the ion density by 15%

by 107 s. The photon flux (¢) is Gaussian in time with an 8 ns FWHM. ¢ = 0 is defined as the
maximum laser intensity.

The electron temperature (7,) and the gas temperature (7,) both continue to decrease until the end
of the simulation due to the isentropic expansion. The inset in Fig. 5 shows T, as low as 0.2 K and 7, as
low as 1073 K. In reality, more complex behavior would likely dominate in the vacuum limit. Ultracold
plasmas are known to have an additional electron heating mechanisms (disorder-induced heating) that, for
simplicity, is not included here. When the neutral collision frequency decreases sufficiently, the gas
temperature ceases to be isotropic and may not continue to decrease [44, 45].

The number of ions reaches a maximum of 1 x 107 (ionization fraction of 0.1%) at 6 ns and then
slowly decreases due to the recombination rate exceeding the ionization rate. The details of the ionization
mechanisms will be discussed in Part B. The difference in the number of electrons and ions is negligible
for the majority of the simulation, although the number of electrons is 15% lower than the number of ions
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Figure 5. The electron temperature (7;) and gas temperature (7,) as a function of time in the base case.
The photon flux (¢) is Gaussian in time with an 8 ns FWHM and is shown for reference.

at the end of the simulation. This difference occurs because electrons are allowed to diffuse out of the
plasma volume (see Eq. 4). The diffusion of electrons is a relatively small effect because the positive charge
is sufficient to retain most of the electrons.

Though experimental measurements of the electron density in these exact conditions are not
available, in similar conditions in a Cu plasma produced by 1064 nm laser ablation of a flat target, electron
densities of 6 x 107 cm™ were observed via Stark broadening [46]. This density is very similar to the
maximum electron density of 9 x 10'7 cm™ calculated in this case, although the conditions and the likely
ionization mechanisms are quite different.

In order to better understand how the laser energy is coupled to the particle, the primary reactions
that result in the absorption of the 248 nm photons are plotted in Fig. 6. The reaction rates (with units of
cms ') are multiplied by the plasma volume to determine the total number of photons absorbed per second.
This quantity will be referred to as the global rate. Throughout the simulation, the primary mechanism of
photon absorption from the laser is direct photoexcitation at a highly pressure-broadened transition:

hv + Al > Al(y?D). (15)

The cross section of this absorption at 248 nm has a maximum at an Al density of 1 x 10?! cm= (2% of the
density of solid Al). Above this density, the pressure broadening assumption used in the calculation of the
cross section may cease to be accurate as molecular orbitals become relevant. During the first 4 ns of the
simulation, even though the laser energy is decreasing, the number of photons absorbed increases. The
decreasing density of Al in this initial expansion leads to a larger photoabsorption cross section for
photoexcitation. The photoabsorption cross section reaches a maximum at an Al density of 1 x 10?! cm3,
which occurs at 4 ns in this simulation. As the particle plume expands further, the Al density decreases, the
pressure broadening decreases, and the direct photoexcitation cross section decreases.

All other photon absorption processes have a global rate that is at least an order of magnitude lower
than that of direct photoexcitation. Two-photon ionization is more common early in time but decreases
quickly because its global rate scales with ¢, where ¢ is the photon flux. The fact that two-photon ionization
is monotonically decreasing is a result of selecting the start of the global model at the maximum laser
intensity. As the excitation fraction increases, photoionzation of excited states (hv + Al* — Al* + ¢)
becomes significant. The global rate of inverse Bremsstrahlung with neutrals (hv + e+ Al - Al + ¢) is
several orders of magnitude below the other processes. This differs from previous models of LIBS plasmas
in which this mechanism was a dominant heating mechanism, and this difference is in part due to the shorter
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Figure 6. The primary photoabsorption mechanisms in the base case. The global rate refers to the
volumetric rate (R;) multiplied by the plasma volume (7). Al* refers to the sum over all excited states.

wavelength used here [15, 16]. The contribution of inverse Bremsstrahlung with ions is essentially
negligible here compared to the other photon absorption processes. The importance of pressure-broadened
photoexcitation described here has been observed experimentally; when slightly varying the laser
wavelength in a SPAMS device near resonant absorption lines for several metals, the number of metal ions
in the spectra changed significantly [20].

B. Ionization and Recombination Mechanisms

A critical question for understanding and improving SPAMS devices is: How are the ions
produced? A related question is: How many ions survive to be collected? The first question can be answered
by a discussion of the data in Fig. 7. The ionization rates (cm=s') have been multiplied by the plasma
volume in order to calculate the number of ions which are produced per second. The main sources of
ionization, grouped into categories, are shown in Fig. 7a on a log-scale. More detail on the specific reactions
that are most important are shown in Fig. 7b.

The dominant reaction for the production of ions (by 2 orders of magnitude) is electron impact
ionization of excited states, e + Al* — Al* + e+ ¢". The global rate of this interaction reaches a maximum
at 4 ns. This maximum is slightly earlier than the maximum 7, and the maximum number of excited Al
atoms, because this global reaction rate increases with density. Electron impact ionization of Al(y?D) is the
dominant ion-producing reaction in this simulation. Although it is not the most abundant excited state at 4
ns, it has the lowest threshold energy for ionization (1.171 eV). The ionization frequencies of other excited
states are lower by at least a factor of 4. Because these reactions require at least 1.171 eV of electron energy
(the threshold to ionize Al(y’D)), they are highly sensitive to 7,. The total global reaction rate decreases
from 1 x 10" s to 7 x 10 s! from 4 to 10 ns. In this period the densities have decreased by 2 orders of
magnitude due to expansion, which would account for a reduction in the global reaction rate by the same
factor. The excited state populations decrease due to quenching and radiation, which accounts for an
additional order of magnitude decrease in global rate. 7, decreases from 7,100 K (0.6 eV) to 5,300 K (0.5
eV), which accounts for approximately an additional factor of 2 decrease in the global rate.

Electron impact ionization of the ground state has a much higher threshold energy (5.985 eV), and
therefore has a much lower rate, despite the ground state having a density several orders of magnitude
higher than the excited states. Two-photon ionization is the dominant ionization mechanism at the shortest
timescales (1071% s), before the excited state densities have become significant, but overall does not produce
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Figure 7. Ionization mechanisms of a 1 pum Al particle with an 8 mJ laser. (a) The main sources of
ionization, grouped into categories. Al* refers to all excited states of Al included in the model. “MPI”
refers to multiphoton ionization, which in this case is limited to two-photon ionization. (b) The
primary sources of ions, for the four most significant ionization reactions, with each reaction labeled
by its reactants. Note that the y-axis is on a logarithmic scale in (a) and a linear scale and in (b).

a significant fraction of the ions. All of the excited states have enough energy that they can be directly
ionized by the laser, and this process produces a number of ions that is comparable to electron impact
ionization of the ground state. Penning ionization (Al* + Al* — Al* + e + ¢’) is the least significant process
considered here.

In this model, the electron energy distribution function is assumed to be Maxwellian, but this can
be violated in low temperature plasmas. Often, the distribution function is depleted above the threshold for
inelastic processes (in this case 3.143 eV for excitation of Al). However, because electron impact ionization
and excitation of the ground state (rates which would be most sensitive to these non-Maxwellian effects)
provide relatively minor contributions to the production of ions and excited states, this deviation is less
likely to critically impact the results discussed here.
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This includes superelastic collisions (“Superelastic’), photoionization, multiphoton ionization
(“MPI”), Ohmic heating, Penning ionization, and inverse Bremsstrahlung radiation (“IB”).
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Because electron impact of excited states are the most important ionization processes, and because
they are sensitive to 7, the causes of electron heating processes are also important to understand. The most
significant heating processes are plotted in Fig. 8. The heating rate due to (net) superelastic collisions is
two orders of magnitude larger than any other heating rate. The net superelastic heating rate subtracts the
electron energy losses due to the reverse reactions (electron impact excitation). At equilibrium the forward
and reverse rates would balance, and the net superelastic heating rate would be zero. In photoionization
reactions where the photon energy is in excess of the energy required for ionization (photoionization of
excited states and multiphoton ionization), the electrons receive that excess energy. These processes are the
next most significant for electron heating.

The second important question in this system is: How many ions survive?. Based on Fig. 4b, the
number of ions decreases by almost 2 orders of magnitude from its maximum value over 10 ps. The
recombination rate of ions in comparison to the global ionization rate is shown in Fig. 9. Three-body
recombination results in 5 orders of magnitude more recombination reactions than two-body (dielectronic
or radiative) recombination. The three-body reaction rate increases as 7, decreases. Most recombination
rates are proportional to 7,2, which can result in unphysically large rates at low temperatures. The rate of
three-body recombination in the low temperature limit is still not well understood, but we use the method
of Hahn to apply some conceptual limits to this rate depending on the plasma density [31]. This method
refines the choice of the principal quantum number above which thermal ionization is assumed to occur,
which is used in the derivation of three-body recombination rates, based on the plasma density and
temperature. The volume integrated recombination rate (n2n;krggV), reaches a maximum value of 1 x
10'® s at 3.8 ns. At this point the rate of ionization is only 0.4% larger than that of recombination. The
reaction rate increases significantly as 7, approaches 0.2 K at 107 s in this model, but because the plasma
is rapidly expanding and the densities are decreasing, the volume integrated recombination rate decreases.
Approximately 2 x 10° ions are produced in the base case, but most are lost to recombination, leaving only
2 x 10° ions at 10~ s. These results are very sensitive to the recombination rate. This model does not include
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Figure 9. The global reaction rate for each recombination reaction compared with the total ionization

rate (dashed) as a function of time. Recombination processes include three-body recombination, e +

Al + e — Al + e (“TBR”), dielectronic recombination (“DR”), and radiative recombination (“RR”).
The total number of Al* ions (dotted) is plotted on the right axis.

the effects of an externally applied electric field, but this is the subject of future work. We expect that at
some timescale (likely ps) the electrons and ions would be separated by this applied field, and
recombination would be halted.

C. Laser Intensity

To illustrate the effect of the laser power, the intensity of the laser was varied from 6 to 12 mJ for
a 1 um Al particle. The simulation still begins at the maximum laser intensity, but when the laser energy is
higher, a greater amount of Al has been ablated. Therefore, the initial plasma volume is larger. Under these
assumptions, the number of Al atoms that are vaporized increases from 6 x 10° for 6 mJ to 1 x 10'° for 12
mJ. The initial temperature was held constant at 2,000 K.
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laser energy. (b) The time-integrated, relative contribution of each reaction to the production of Al*.

The total number of ions produced increases approximately linearly with laser energy, as shown
in Fig. 10a. The comparison is made at 1 us, which is the timescale of collection of ions in SPAMS systems.
The total number of ions increases by nearly a factor of two from 5.5 x 103 to 11 x 10° as the laser energy
doubles. This simple proportionality is unexpected. We would expect that doubling the laser energy leads
to double the ablated aluminum, but also that due to the higher photon flux, the excitation fraction would
be larger and each ablated Al atom would have a higher probability of being ionized, due to increases in
the rates of various electron heating and ionization processes. The maximum value of 7, for ¢ > 10-10 s is
also shown in Fig. 10a. (In each simulation there is a period of even higher 7, at much shorter timescales, ¢
< 102 s, but it is too brief to produce significant ionization or excitation and is therefore ignored in this
analysis.) The maximum value of 7, for > 10-'° s changes negligibly with the laser intensity, which is also
unexpected. Although the energy deposited in the plasma increases with laser energy, this energy is
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deposited into a larger number of electrons, and the excitation fraction is higher, so the energy lost to
electron impact excitation and ionization also increases.

The total number of ionizations, which are the time- and volume-integrated rates, are shown in Fig.
10b. These values scale more as expected. Electron impact ionization of excited states is still the dominant
ionization mechanism for all of the laser energies studied here. The number of ionizations by this process
increases from 1 x 10% to 7 x 10°as the laser energy doubles. This factor of 7 increase is the combined effect
of the increase in the total number of atoms (by a factor of 2), the increased excitation fraction (by 25%),
and the increased ionization fraction (by 15%) with only a slight increase in temperature. Because the
ionization fraction increases, there is a commensurate increase in the three-body recombination rate, which
scales as n,2n4.. This increased recombination indicates that a factor of 7 increase in ionizations can still
only lead to a factor of 2 increase in the number of ions that survive to us timescales.

The two-photon ionization rate scales with the laser intensity squared, and therefore increases with
a greater slope (on a log scale) than the other reactions. In this range, it still contributes more than two
orders of magnitude fewer than other processes.
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D. Particle Diameter

For a SPAMS system to perform well in a real environment, it must be able to produce ions
efficiently across a range of particle sizes. The results for various particle diameters, 400 nm to 8 um are
shown in Fig. 11. The laser intensity was the same for each simulation (8§ mJ in a 1 mm by 0.5 mm beam),
so particles with a larger cross-sectional area can absorb more light. Therefore, the number of vaporized
atoms increased from 1 x 10? to 5 x 10! as a spherical Al particle increases from 400 nm to 8 um in physical
diameter, as shown in Fig. 11a. Despite a factor of 500 increase in the number of Al atoms vaporized, the
number of ions only varies by approximately a factor of 3 over this range of sizes. The maximum value of
T, decreases from 7,200 to 5,600 K with increasing particle diameter.

For smaller diameter particles, the Al vapor cloud is optically thin for the entire simulation.
However, for a diameter of 2 um or more, the plasma absorbs every incident photon. Recall that the rates
of reaction that use the photon flux do not account for attenuation (i.e., they assume the flux is uniform),
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Figure 11. (a) The number of Al* ions at 1 ps, the total number of vaporized atoms, and the maximum
value of T, for > 10-1° s as a function of particle diameter from 0.4 to 8 um. (b) The time-integrated,
relative contribution of each reaction to the production of Al* as a function of particle diameter.



but the rates are limited by enforcing the total number of absorbed photons cannot exceed the total number
of incident photons. This limit was reached for particles of 2 um or more. In this volume-averaged
simulation, as the particle diameter is increased above 2 pum, roughly the same amount of energy is
deposited in a larger volume. This leads to lower temperatures, ionization fractions, and excitation fractions.
In the end, this reduces the total number of ions produced for larger particles, however the overall accuracy
of the model in this optically-thick limit comes into question.

The primary ionization processes are shown in Fig. 11b. The number of multiphoton ionization
events increases as the particle diameter increases from 0.4 to 2 um as a direct result of the increased number
of Al atoms, since the laser intensity is the same in each case. The other ionization mechanisms have more
complex dependences on particle diameter. Electron impact ionization of excited states is still the dominant
ionization mechanism for all diameters. There is a local maximum in the number of ionizations by this
process at 4-5 um. Above this value, the decreasing 7, and excitation fraction overcome the influence of
the larger total plasma volume.

The decrease in the total number of ions produced from 2 to 8 um is likely overestimated by the
volume-averaged approximation used here. As the plasma volume increases to become optically thick, the
excitation fraction and ionization fraction would become more nonuniform. The side of the Al vapor cloud
on which the laser is incident would have a locally higher T,, excitation fraction, and ionization fraction.
This nonuniformity may result in a greater number of total ionizations than we have predicted in this model,
though it may be counteracted to some extent by a higher recombination rate.

E. Expansion Rate

The characteristic time of expansion into vacuum, 7, is unknown in this set of conditions, and an
arbitrary value of 10 ns was chosen. This value appears to be reasonable based on comparisons with the
expansion rates inferred by experiments of Cabalo et al. [36]. To illustrate the impact of this selection,
results using multiple values of : 1 ns, 10 ns, and 100 ns are shown in Fig. 12. Rapid expansion reduces
the role of collisions in multiple ways: (1) the densities of all particles decrease as they spread out during
the expansion with densities scaling as 1/#°, where r is the plume radius, and (2) the isentropic expansion
results in more cooling (the last term in Egs. 5 and 7), which causes a corresponding decrease in the collision
rate.

As shown in Fig. 12a, a more rapid expansion (7= 1 ns) results in a greater maximum number of
ions by approximately a factor of 3. The maximum value of 7, is slightly higher and occurs earlier in time
than in the base case (1.5 ns rather than 4 ns). However, T, decreases more rapidly due to the isentropic
expansion. The maximum value of 7, is much lower than in the base case because with lower densities
there is less quenching of excited states which are the main cause of gas heating. There is also less energy
transfer from electrons to gas heating by elastic collisions because of these lower densities.

In the case of slower expansion, with T = 100 ns, the maximum number of ions is only 3 x 103,
compared to 1 x 107 in the base case. Only 3 x 103 of these survive until 10 us. For expansion that occurs
at timescales much slower than the laser pulse duration, quenching rapidly depletes excited states, reducing
the electron heating rate and the ionization fraction. In much of this simulation, 7, > 7. In this case, the
reaction mechanism has some limitations because excitation by heavy species (Al + Al - Al + Al*) may
become important but has not been included. Electron impact ionization of excited states (e” + Al* — Al*
+ e + ) is still the main source of ions, regardless of expansion rate.

IV. Conclusions

21



Number of lons

8000

7000

6000

5000

4000

3000

Temperature (K)

2000

1000

Time (s)

Figure 12. The effect of the characteristic expansion time, 7, on the simulation results. (a) The number
of Al ions at as a function of time forz= 1, 10, and 100 ns. (b) 7, and T,for =1, 10, and 100 ns.

In this study, a laser-produced Al plasma in vacuum was investigated using a 0-dimensional plasma
chemistry model. A 248 nm laser with a pulse duration of 8 ns and a peak intensity of 1.9 x 108 W/cm? was
assumed to vaporize and ionize a portion of the particle. In all of the conditions considered here, the primary
ionization mechanism was electron impact ionization of excited states. The main photon absorption
mechanism was direct photoexcitation by the laser to Al(y?D), which was made possible by pressure
broadening despite being off-resonance. The population of Al(y?D) then underwent superelastic collisions
with electrons, redistributing the energy to other excited states and heating the electrons. These hot electrons
subsequently ionize Al(y?’D) and the other excited states. The other processes considered, including
photoionization of excited states, multi-photon ionization, and Penning ionization, were generally less
significant than electron impact ionization of excited states by more than an order of magnitude. The excess
Al(y?*D) may be observable by time-resolved optical emission spectroscopy of the plasma. The electron
temperature reached approximately 7,000 K, while the gas temperature reached 4,000 K. The electron and
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gas temperatures decreased rapidly as the plasma expanded into vacuum. Most of the ions which were
produced recombine by three-body recombination in the ps following the laser pulse.

Increasing the laser energy resulted in an approximately proportional increase in the total number
of ions. Although many more ions are produced as the laser energy increases, the three-body recombination
rate is also higher. As the particle size was increased, more Al atoms were vaporized, but this only resulted
in more ion production when the plasma was still optically thin. When the plasma became optically thick
to the laser light, fewer ions were produced.

Based on this study, there are several important areas of future work for better understanding
ionization processes in SPAMS systems:

1. A better understanding of the timescales of expansion into vacuum would greatly improve the
accuracy of these calculations.

2. The impact of an applied electric field, which is often used to collect the ions, but has not been
included here, may have a significant impact on the electron temperature and decrease the three-
body recombination rate.

3. Incorporation of a more realistic vaporization rate (rather than the instantaneous vaporization
assumed in this work).

4. Investigation of the accuracy of the standard recombination rates near the limit of vacuum
expansion and at low temperatures.

5. The effect of non-uniform heating and energy deposition by the laser, especially at early timescales
where the plasma is more optically thick.

Overall, these results indicate that most of the ions recombine before they would be collected. In
the design of these devices, rather than focusing on producing more ions, it may be more useful to prioritize
preventing recombination. This could be done with higher collecting fields, faster expansion (potentially
by tailoring laser pulses), or multiple laser pulses.

In an ideal circumstance, the number of ions collected in a SPAMS system would be proportional
to the number of atoms (or molecules) of a given type in a particle, and the detection and digitization of
those signals would be linear. Based on our results, the primary photon absorption mechanism in the gas
phase in this system is pressure-broadened photoexcitation. This depends on a nearby transition (within a
few nm), which varies significantly depending on the elements present in the plume. The fact that electron
impact reactions with excited states dominate the ionization mechanisms means that any atom may be
ionized, depending on its ionization energy. However, since the excited states contribute most to ionization
by several orders of magnitude, the probability for direct photoexcitation of each chemical element (or
molecule) in the particle must be considered as even more important than the ionization potential when
interpreting data from single particle aerosol mass spectrometers that utilize ultraviolet ionization lasers.
This problem may be exacerbated in SPAMS systems which have a separate laser for vaporization (usually
infrared) than for ablation, because pressure-broadening is not as significant. The impact of potential
resonant absorption, which more efficiently absorbs laser energy should also be considered in more detailed
calibrations [6]. Alternative ionization methods, such as electron beams could also be considered to avoid
this effect.
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