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Abstract

There has been speculation that several commonly observed anomalies in time-resolved laser-induced incandescence (TiRe-
LII) measurement data may be caused by bremsstrahlung emission from a laser-induced plasma, a phenomenon known to
occur at higher fluences typical of laser-induced breakdown spectroscopy. This paper presents the first theoretical framework
to investigate a laser-induced plasma formation under LII measurement conditions, and explores how this plasma may affect
time-resolved spectral intensity measurements. At fluences greater than 0.8 J/cm?, the absorption cross-section of the laser-
energized nanoparticle is enhanced due to inverse bremsstrahlung absorption, and bremsstrahlung emission results in an
overestimation of the nanoparticle temperature due to the corruption of the incandescence signal. Under these conditions,
neutral bremsstrahlung emission is more prevalent than electron—ion bremsstrahlung due to the weak nature of the induced
plasma. Nevertheless, the current model does not predict laser-induced plasma phenomena below ~0.5 J/cm?, typical of

low-fluence TiRe-LII measurements.

1 Introduction

Nanoparticles play increasingly important roles in materials
science due to their customizable electromagnetic, chemical,
and transport properties, which depend strongly on nanopar-
ticle size and shape, and can differ significantly from those
of the bulk materials. Large-scale nanoparticle production
often takes place in gas-phase reactors and, consequently,
there is a growing demand for reliable and robust in situ
diagnostics to control nanoparticle production [1, 2]. At the
same time, there is an emerging awareness of the adverse
effects that nanoparticles have on both human health [3] and
the environment [4], which also presents a need for measur-
ing aerosolized nanoparticles.

Time-resolved laser-induced incandescence (TiRe-LII)
can be used to identify both the size and volume fraction of
aerosolized nanoparticles [5—7]. In this procedure, a laser
pulse heats the nanoparticles in a sample volume of aero-
sol, and the resulting spectral intensity is measured as the
nanoparticles return to the ambient gas temperature. The
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spectral intensity data are connected to the unknown nano-
particle volume fraction and size distribution via two cou-
pled submodels: the spectroscopic submodel, which relates
the observed spectral incandescence with an instantaneous
temperature of the nanoparticle ensemble; and the heat
transfer submodel that relates the temperature decay to the
nanoparticle size distribution and other attributes.

Initially, TiRe-LII was developed to determine the pri-
mary particle size and volume fraction of soot [8, 9], and
has matured into a reliable mainstay combustion diagnostic.
Increasingly, however, this technique is applied to measure
non-carbonaceous nanoparticles, including metal [2, 10-17]
and metal oxides [18, 19]. In all these scenarios, obtain-
ing robust volume fraction and size estimates from TiRe-
LII data relies on the accuracy of the measurement model.
Unfortunately, candidate LIl measurement models presented
in the literature (including those summarized in Ref. [20])
are unable to explain several commonly observed phenom-
ena in the experimental data, including: (1) “anomalous
cooling”, particularly pronounced in LIl measurements on
low-temperature aerosols, in which the nanoparticles appear
to cool faster than can be explained via the conduction and
sublimation/evaporation submodels [11, 21, 22]; (2) a higher
absorption cross-section of some metallic nanoparticles at
the laser wavelength compared to Mie/Drude predictions
[11]; and (3) a temporary augmentation of extinction during
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and shortly after the laser pulse as a function of laser fluence
in combined LII/line-of-sight-absorption (LOSA) measure-
ments [23]. Most of these phenomena have been observed
over a wide range of fluences, typically starting at around
0.1 J/cm®.

A laser-induced aerosol plasma could potentially explain
each of these observations. Anomalous cooling may be due
to corruption of spectral incandescence by bremsstrahl-
ung emission, which would be most pronounced at short
wavelengths, leading to an elevated pyrometric tempera-
ture lasting until the plasma dissipates [10, 21]. Enhanced
absorption of the laser pulse by metal nanoparticles could
be caused by inverse bremsstrahlung absorption, which may
also explain the increased extinction of the aerosol during
and shortly after the laser pulse in LII/LOSA measure-
ments. Also, while Saffaripour et al. [23] speculated that
the change in extinction they observed in their combined
LII/LOSA measurements on soot could be due to a change in
the optical properties of soot induced by laser heating, these
results could alternatively be explained (at least in part) by
plasma absorption. Laser-induced plasmas surrounding
nanoparticles have been observed in other scenarios, albeit
at higher fluences. For example, when carrying out laser-
induced breakdown spectroscopy (LIBS) measurements on
metal oxide nanoaerosols, Tse’s group [24, 25] discovered
a fluence regime, typically ~3 J/cm?, in which it is possi-
ble to break down the nanoparticle and not the enveloping
gas, based on the presence of atomic line emission from
the nanoparticle constituents and the absence of lines from
the gas constituents. They hypothesize that the laser pulse
induces a localized plasma that envelops and consumes the
nanoparticle, without affecting the gas. Evidence for plasma
formation at even lower fluences (~ 1 J/cm?) is provided by
Menser et al. [26], who observed spontaneous atomic emis-
sion from laser-heated silicon nanoparticles, lasting for
hundreds of nanoseconds after the laser pulse. This signal
comes from a sustained source of excited silicon atoms,
which implies the existence of laser-induced plasma. In
another study, Maffi et al. [19] investigated laser-induced
emission (LIE) from titania (TiO,) aerosolized nanoparticles
using a fluence of 0.6 J/cm?. Their results indicated that in
many cases, the radiation could not be purely presumed as
incandescence and the perturbations in the signal caused
by short-lived photoluminescence of titania and emission
of molecular bands should be considered as incandescence
signal contaminators.

The current work examines the physical phenomena that
may underlie laser-induced plasma formation in LII experi-
ments on metallic nanoparticles, and quantifies how it may
affect spectral intensity measurements. Metal nanoparticles
are chosen due to their importance in materials science, and
because their thermophysical properties are better known than
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those of soot. Specifically, we examine Si (which is metallic in
the liquid state), Fe, and Mo nanoparticles in argon, inspired
by recent LII experiments on these types of aerosols [11, 13,
14]. The different thermophysical properties of these nano-
particles, especially the boiling point, latent heat of vaporiza-
tion, and refractive index, enable a comparative analysis that
provides insight into the physics underlying this phenomenon.
The results show that plasma formation depends strongly on
the laser pulse fluence, nanoparticle material and size, and
ambient gas conditions. While plasma absorption and emis-
sion could explain both anomalous cooling and excessive
absorption phenomena for high-fluence LII experiments, the
current model is unable to justify some of the discrepancies
reported in the literature for low-fluence experiments. Sug-
gestions to improve the current plasma model are proposed
as future work.

2 TiRe-LIl measurement models

For an aerosol containing polydisperse nanoparticle sizes, the
spectral incandescence intensity, J; is modeled as

incand,A’
0 ﬂ.'dg
Jincand,l(t) = Cexpnp A p(dp)TQabs,/l(dp’ m)Ib,/{ [Tp([’d )] d(dp)’
ey
where C,,, is the experimental constant that accounts for

exp
the probe volume geometry, n,, is the nanoparticle number

density, 1, ; is blackbody radiation intensity at the nanopar-
ticle temperature Tp, dp is the instantaneous nanoparticle
diameter, m is the complex refractive index of the bulk nano-
particle material, A is the wavelength, and p(dp) is the nano-
particle size distribution. The nanoparticle volume fraction
in this work is taken to be fi, =2 ppm, and the corresponding
nanoparticle number density is found from n,= 6fV/ndp3. It
the nanoparticle sizes are approximated as monodisperse,
Eq. (1) simplifies to

d?
Jincand,i(l) = Cexpinanbs,i(dp* m)Ib,i [Tp(t’ d )] . (2)

While one may be tempted to model Q,,; using the
Rayleigh approximation since the nanoparticle sizes
(~10-100 nm) are usually smaller than the detection wave-
lengths (400—800 nm), for metallic nanoparticles the require-
ment that the phase-shift parameter, 27tdplm— 11/4, be much less
than unity is usually not satisfied, so O, ; must be calculated
using Lorentz—Mie theory [28]. The optical properties of met-
als can sometimes be described by the Drude model [28], or
from ellipsometry measurements carried out on bulk samples.

Equation (2) connects the observed spectral intensity to the
nanoparticle temperature, which is found by solving [5]



Plasma emission during time-resolved laser-induced incandescence measurements of aerosolized...

Page3of 14 159

wd?

T 3 dTP p
gdpppcpg = FOf(t)TQabs,A ~ Yevap [Tp(t)] ~ Ycond [Tp(t)] -

Grad [Tp(t)] ’ (3)

where p,, and ¢, are the density and specific heat of the
nanoparticle, respectively, F, the laser fluence, f(f) is the
laser temporal profile, and Geyyps Geong> aNd Gryq are the
evaporation, conduction, and radiation heat transfer rates,
respectively. In Eq. (3) Qs is the spectral absorption cross-
section evaluated at the laser wavelength. In most TiRe-LII
experiments evaporation and conduction heat transfer rates
are at least several orders-of-magnitude larger than radia-
tive cooling, and thus radiation is normally excluded from
Eq. (3) [5]. Moreover, this study is focused on nanoparticles
that undergo considerable evaporation during laser heating
and measurement times during and shortly after the laser
pulse, and, since gey,, >> geong under these circumstances,
conductive cooling is also excluded from this analysis.

Evaporation also affects the mass and diameter of the nano-
particle through

dmp Gevap

@ - "™ aH, @

where m, is the molecular mass of the evaporated species
and AH, is the latent heat of vaporization. The time-varying
nanoparticle diameter is then

om,,(1) 3
d,(1) = {—ﬁpp o (t)} | )

Because the diameters of the nanoparticles involved in LII
measurements are smaller than the mean free path of the bath
gas (> 1 um), evaporation occurs in the free-molecular (Knud-
sen) regime [14]

ny,
Gevap = TIN] AH,, = ndﬁVT“‘AHV, (©)
where N!” is the number flux of evaporated molecules from
nanoparticle surface,

1/2

N,,(t) — nVVV — l pV [SkBTp] /
v 4 4 kgT, [ 7m, (7

———

and n, and v, are the number density (in molecules/m?)
and mean thermal speed of the evaporated species, p, is
the vapor partial pressure of the evaporated species, ky is
Boltzmann’s constant, and m, is the molecule mass of the
evaporated species. In Eq. (7), p,, is estimated from the
Clausius—Clapeyron equation

AH(T, - T*)
—] ; (®)

Py =P cxp [ RT, T
where p” and 7" are the reference pressure and temperature,
respectively, and R is the universal gas constant [29, 30].

3 Initial electron generation mechanisms

Plasma formation starts from a small number of “trigger
electrons”, which accelerate in the presence of the oscillat-
ing E-M wave and produce more electrons through impact
ionization, thereby initiating an “electron cascade”. Trigger
electrons can potentially arise from two primary candidate
sources for an aerosol: (1) the molecules in the gas phase
surrounding the nanoparticle, including both evaporated
nanoparticle molecules and bath gas molecules; and (2) the
metallic nanoparticle itself. The interaction of the laser pulse
with the gas-phase molecules can release initial electrons
due to multiphoton ionization (MPI), while electrons can be
emitted by the nanoparticle through plasmonic decay pho-
toemission [31], thermionic emission [32], and thermally-
assisted photoemission [33]. We consider the plausibility of
each scenario below.

3.1 Trigger electrons from the gas-phase

A molecule having an ionization potential of J; , can be
directly ionized by a photon l'1av1ng a ?arger energy e,= hv
However, several photons with energies below the atomic
ionization potential can also ionize the molecule via MPT if
they interact with the molecule in a timescale shorter than
the relaxation time of the valence electron. The ionization
rates for both the evaporated species and bath gas molecules
are proportional to /" [34]

Wapr = ompr (4, Jion) I, )
where [ is the pulse intensity, oy;p; is the MPI cross-section
of each species, and N is the number of photons simultane-
ously required to ionize each species,

J. J
My = int <ﬂ + 1> = int <ﬂ + 1).
e, hv

While MPI is a viable source of trigger electrons in
LIBS experiments carried out at higher fluences [35], the

10)
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laser intensities and pulse durations typical of LII experi-
ments are insufficient to ionize the metal vapors. Moreover,
experiments on bulk silicon irradiated by a 1064-nm laser
pulse with intensities up to 10’ W/cm?, far higher than those
typical of LII measurements, showed no evidence of MPI-
generated electrons [36], and, since the ionization energy
of the bath gas molecules exceed those of evaporated metal
atoms (e.g., Ar has a first ionization energy of 15.57 eV [37]
while that of Si is 8.15 eV [38]), this result would appear to
immediately disallow MPI as a candidate source of trigger
electrons in LII experiments.

However, some metallic nanoparticles act as “antennas”
in the presence of an oscillating E-M field due to plasmonic
effects, which causes high-intensity near-field regions to
form in the vicinity of the nanoparticle [39, 40]. In such
cases, a molecule located within the near-field region may
encounter a much higher intensity field compared to one
that is further away. This phenomenon has been exploited
to reduce the fluence threshold needed to produce a laser-
induced plasma surrounding gold nanoparticles in water
[41, 42]. The near-field electric/magnetic spatial intensity
profile is given by nyp(r) = E(r)/E,, where E; is the inci-
dent-field electrical intensity, and E(r) is the electric field in
the vicinity of the nanoparticle. This quantity can be read-
ily found using Mie theory [41, 43, 44] for isolated nano-
spheres. Figure 1a shows nyg(r) contours for a 30-nm liquid
silicon nanoparticle, and maximum field enhancements for
Fe, Mo, Si and Ag nanoparticles are plotted in Fig. 1b as a
function of nanoparticle size. Incorporating these near-field
enhancements into Eq. (9), using pulses up to 5 J/cm? with
a 10-ns top-hat pulse (/ <5 x 108 W/cm?), and assuming that
evaporated atoms remain within the enhanced region during
the entire laser pulse duration resulted in an insignificant
amount of MPI ionization. Therefore, MPI ionization can
be discounted as a candidate source of trigger electrons in
1064 nm LII experiments for Fe, Mo, Ag, and Si nanopar-
ticles. This conclusion may not hold at a shorter excitation

(a)

K-vector

wavelength, for example, 532 nm, due to the higher photon
energy.

3.2 Trigger electrons from the nanoparticle

Electron emission from the nanoparticle may also be
enhanced through plasmonics. Following plasmon excita-
tion due to light absorption, electromagnetic decay occurs
on a femtosecond time scale, either radiatively through
photon re-emission or non-radiatively by emitting hot elec-
trons [45]. In the non-radiative process, surface plasmons
first decay into single-electron excited states. This may
be followed by photoemission if the electron exceeds the
work function of the material, which specifies the energy
needed for an electron to escape the metallic surface. Elec-
tron emission may originate from the conduction band,
and, in the case of noble plasmonic metals, the valence
bands (e.g., d-band) [46—48]. Plasmonic decay has been
used extensively for enhancing the efficiency of photovol-
taics using noble metals nanoparticles such as Au and Ag
[49-51]. However, our analysis of Fe, Mo and Si nano-
particles between 10 and 100 nm, irradiated by 1064 nm
pulse, did not exhibit any plasmonic decay photoemission.
Nevertheless, this phenomenon could be a contributing
factor for trigger electron emission in LII experiments on
Ag nanoparticles (e.g., Refs. [11, 52]), which is an ongo-
ing field of investigation.

Thermionic emission [32] represents another candidate
source of trigger electrons from the nanoparticle. It arises
from the fact that electron energies within a metal obey
a Boltzmann distribution, and a fraction will thus have
an energy exceeding the work function. The rate of elec-
tron emission Jy;, is governed by the Richardson-Dushman
equation [32]

.M=Ag%m[_ (11)

W -,
kT, |’
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Fig. 1 a Near-field enhancement around a 30-nm silicon nanoparticle interacting with 1064-nm incident wavelength. b Maximum near-field pro-

file as a function of nanoparticle size for different nanoparticles
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where A =7.503 x 10° electrons/(nm?” s K?), W is the work
function, and kg is Boltzmann constant. The ionization
potential, @, depends on the spontaneous charge of the
nanoparticle N, and its size according to [53]

N2(1)e?

P = frend,®

sgn(N,), 12)

where g is the vacuum permittivity and sgn(/N,) is the sign
of the nanoparticle accumulated charge. Thermionic emis-
sion has been included in some LII models, but only in the
context of how it affects nanoparticle cooling [54, 55].

The number flux of ionized atoms evaporated from the
nanoparticle surface can be found from the Saha-Langmuir
equation, which is derived assuming local thermal equilib-
rium across the phase interface of the nanoparticle [32]. The
ratio of the number density of evaporated ionized species 1,
to neutrals n is
m_Z%X[4M+W+®1

kT, ’ (13)

where Z, and Z, are associated partition functions. In the
case of silicon nanoparticles at 4000 K (a typical peak LII
temperature) these are 5.6 and 9.1, respectively [56], and W,
is the ionization potential. Ion emission will change the ioni-
zation potential, @, and consequently augment the electron
emission rate, Jy,.

The accumulated number of electrons emitted by the
nanoparticle is limited by ionization potential growth due
to positive charge build-up of the nanoparticle, cf. Equa-
tion (12). As an example, Mitrani et al. [55] predicted that
approximately 25 accumulative electrons would be emitted
from a 32-nm-diameter graphite nanoparticle during an LII

with ion emission %
(a) 2500 3

/ Fo =2 Jlem?y
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2 A 15
[@) A
o 1000 |
=
7 1
E 500
3 I 0.5
o
<

0 0

0 10 20 30 40 50
Time [ns]

Ratio of accumulative emitted ions to total

measurement, which would likely be inadequate to initi-
ate a plasma. However, most metallic nanoparticles have
significantly higher evaporation rates compared to carbo-
naceous nanoparticles, resulting in more ion emission via
the Saha-Langmuir equation. Ion emission reduces the
positive charge potential and induces more electron emis-
sion from the nanoparticle. This assumption is valid for the
case of a low ion density accumulation in the vicinity of
the nanoparticle so that the emission of ions does not affect
the Richardson—-Dushman equation [32]. The emission of
thermal electrons strongly depends on the rate of atom and
ion evaporation, which, in turn, depends on absorption effi-
ciency of the nanoparticle as well as the enthalpy of vapori-
zation and atomic mass.

Accumulative thermionic electron emission from a
40-nm-diameter Si nanoparticle is shown in Fig. 2a for
different fluences. The accumulative electron emission
increases at high fluences due to higher temperatures and
evaporation rates, which collectively result in a greater rate
of ion emission from the nanoparticle. Also, the ratio of the
total number of emitted ions to the total emitted molecules
(taken to be single Si atoms [57]) is less than 2.5% as shown
in Fig. 2a. If the effect of ion emission on the nanoparticle
charge state is neglected, on the other hand, only 12 elec-
trons are emitted. Low electron emission, in this case, is
due to the positive charge built-up that halts the emission of
thermal electrons early during the pulse, as shown in Fig. 2b.
This analysis suggests that, for low melting-point metals,
thermionic emission is the most likely candidate source of
trigger electrons.

Finally, thermally assisted multiphoton photoelectric
emission [33, 58, 59] arises from the fact that the work
function drops by increasing the plasmon electron energy
over the Fermi level due to the elevated temperature of the

without ion emission

(b)
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Fig.2 Accumulative electron emission, and ratio of emitted ions to total evaporated species, from a Si nanoparticle during a 20-ns top-hat laser
pulse for three different fluences with: a the influence of ion emission on the charge state of the nanoparticle; and b neglecting this effect
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material. This, in turn, increases the probability of multipho-
ton ionization from the nanoparticle. During a laser pulse
lasting on the order of nanoseconds, one would expect elec-
trons emitted through thermally assisted multiphoton photo-
electric emission to precede thermionic emission, since the
former scenario can occur at lower temperatures. Modeling
this phenomenon requires several empirically-derived coef-
ficients [60], which, to the best knowledge of the authors,
are unavailable for liquid Fe, Mo, and Si. Accordingly, this
phenomenon is excluded from this study.

4 Laser-induced aerosol plasma generation

A plasma forms when trigger electrons accelerate in the
presence of the oscillating E-M field of the laser and col-
lide with the bath gas molecules and evaporated nano-
particle neutrals and ions. The number density of neutral
bath gas molecules far exceeds the evaporated nanoparticle
atoms in LII experiments, so one may expect that the pri-
mary interaction between the E—-M wave and the plasma is
via inverse neutral bremsstrahlung absorption as the elec-
trons scatter from the neutral bath gas species. Further
ions and electrons are generated from the interaction of
electrons with metallic evaporated molecules via impact
ionization of the evaporated molecules. Some of the free
electrons combine with the ions to produce neutrals.

The initial 100 ns of plasma formation and growth is
called the “early plasma” problem [61]. The character-
istic time constant for gas-phase collisional processes is
much longer than those governing processes that control
transport across the nanoparticle phase boundary. Accord-
ingly, local thermal equilibrium (LTE), which underlies
both the Saha equation, describing the ionization states of
gas-phase species, and Boltzmann kinetic theory, which
governs the distribution of atomic energy levels [61], is
unlikely to hold. Instead, empirical relations are used to
model the initial breakdown event [62]. Unfortunately,
the few models reported in the literature apply to lower
laser wavelengths and higher pulse intensities compared to
those used in LII experiments, which result in significantly
higher MPI-driven electron emission [62—64]. Therefore,
we must derive empirical electron growth equations appro-
priate to LII experiments [65].

In order to simplify the analysis, electron and
ion growth models neglect electron diffusion and

1
3

o

6

172 6 m 1/2n Hn.(r,t
Ee—i,/l(Tpl,I‘,ﬂ,l)z—6<z> 2e < > 21D

co’m? \ky ) 221/ %(r)
/

recombination. Moreover, the electron impact ionization
rate is assumed to be sufficiently high to ionize all the
evaporated species. The net effect of these assumptions
and simplifications is to provide the maximum possible
number density of electrons and ions, and thus the maxi-
mum possible influence of laser-induced plasma emission
on LII measurements. We also assume that the electrons
are not sufficiently energetic to ionize the LII bath gas spe-
cies, which has a much higher ionization potential. This
treatment is supported by the fact that typical LII fluences
are less than those used in PS-LIBS [25], in which no
bath gas ionization was observed. Double ionization of the
evaporated species is similarly unlikely, since Si**, Fe**
and Mo?* ionization potentials are approximately equal to
the Ar* ionization potential.

The duration of the LII laser pulse is usually less than
30 ns. Early plasma dynamics suggest that there is an
insufficient opportunity for the plasma to equilibrate with
the LII bath gas molecules [63, 66]. Therefore, it can be
assumed that the electrons and ions emitted by the nano-
particle are at a much higher temperature compared to the
bath gas. Accordingly, the LII plasma submodel consists
of two distinct systems: (1) the bath gas, which is assumed
to be in local thermal equilibrium (LTE) at 7,;; (2) and ions
and electrons emitted by the nanoparticle having speeds
that approximately obey Maxwellian distributions corre-
sponding to the plasma temperature 7, and their respec-
tive masses.

5 Thermal emission from a laser-induced
plasma

Broadband emission and absorption of a plasma is a conse-
quence of the non-quantized (“free—free”) transitions in elec-
tronic translational energy states [67]. Continuum emission
originates from non-quantized deceleration of free electrons
as they interact with charged particles or the atomic field of
neutrals. Likewise, photons are absorbed by free electrons
undergoing sudden acceleration around ions and neutrals
via inverse bremsstrahlung. Accordingly, plasma emission
depends on the instantaneous spatial distribution of the elec-
trons, ions, and neutrals, as well as their temperatures.

Bremsstrahlung radiation due to scattering of electrons
from ions per unit volume, time, solid angle, and wavelength
is given by [68, 69]

—hc,
i P\ AT, ) (14)
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assuming a Maxwellian distribution over electron and ion
velocities. The quantum—mechanical correction factor g,_;
(Gaunt factor) is assumed to be unity due to the low number
density of ions, n;, and electrons, n., and ionic charge num-
ber Z2 is also unity due to the single ionization state. The
constant C,_; is related to electron mass, m,, electron charge,
q., Boltzmann constant, kg, and speed of light in a vacuum,
¢o- Equation (14) is averaged over the LII probe volume to
account for spatial variation in the plasma temperature and
density.

Neutral bremsstrahlung emission and absorption is cal-
culated using the emission cross-section from Dalgarno and
Lane [70, 71]

S0 1) s (- )

s5)
where r, is the classical electron radius, E is the initial
electron energy, v=cy/4 is the frequency, Av is the photon
energy, and g, is the electron momentum cross-section as
a function of electron energy. Equation (15) expresses the
neutral bremsstrahlung cross-section arising from electron-
neutral elastic scattering in the limit of low-energy photons
using the phase-shift approximation [72]. The energy radi-
ated from neutral bremsstrahlung per unit time, unit volume,
solid angle, and wavelength is then found by integrating
Eq. (15) over the electron energy distribution,

nang(Hhv [ do (E) ¢
Exp (6 Ty) = ——— </h Ve(E, Tpl)[ —]f(E’ T,)dE,

4x v dv 2
(16)
where n, is the number density of LII bath gas neutrals and
v.(E) is the initial velocity of the electron as a function of
electron energy. The c /4> term changes the unit of neutral
bremsstrahlung cross-section from frequency to wave-
length, and f(E) is the electron energy distribution in the
gas medium. Neutral bremsstrahlung emission is calculated
by numerically integrating Eq. (16) using a value of do,/dv
derived from a momentum cross-section reported the lit-
erature [73], and a Maxwellian distribution over f(E) at an
electron temperature of 77,,. Finally, the total contribution of
plasma emission to the detected LII signal is found by

Jor = In o +Jenisp = Cop(Enp i+ Eeoip)- (17)

The plasma temperature can increase considerably dur-
ing the laser pulse due to inverse bremsstrahlung heating, but
this is difficult to calculate. Under near-threshold breakdown
conditions, the plasma temperature is typically between 1/3
to 1/4 of the ionization potential of the ionized species [74],
which corresponds to approximately 7}, ~2 eV, so this value
is adopted unless otherwise noted.

The distribution of electrons within the probe volume is
assumed to be spatially uniform due to their low mass, high

speeds, and small Coulomb attraction force between ions and
electrons [65]. In contrast, the distribution of the ions is limited
by their considerably slower speeds and the finite diffusion
rate through the ambient enveloping gas. Based on transient
Direct Simulation Monte Carlo (DSMC) simulations on the
dispersion of C; species around a laser-heated soot aggregate
[75, 76], and given the spacing of the aerosol considered here
(~3.2x10° nm for f,=2 ppm, d,=50 nm) we can assume that
the clouds of evaporated species around each nanoparticle do
not overlap. Therefore, the number of ions in each micro-
plasma, N,, is equal to the evaporated species from a single
nanoparticle, while molecular diffusion governs the spatial
distribution of ions, and roughly follows 1//* at any instant.
The exact distribution does not matter, however; integration
of Eq. (14) with any proposed ion distribution and uniform
electron distribution results in

Zia = CexpCe—ilty 72" €Xp . 18
e expCe—i p/lszll/Z kg AT, 18)

Equation (18) shows that electron—ion plasma emission
depends only on the total number of emitted ions, N;. Also,
J._; ,depends on npz, while neutral bremsstrahlung depends
on n,,. Moreover, we should consider that a higher n, value
results in a higher initial electron population density and
therefore a higher MPI ratio, which leads to a higher final
electron population at the end of the pulse. However, in this
work, we assume that the evaporated neutrals are completely
ionized in the gas surrounding the nanoparticle, so this does
not affect the plasma absorption or emission.

Since the evaporated species are assumed to be com-
pletely ionized, the population of neutral atoms surrounding
the nanoparticle remains constant and consists exclusively
of gas molecules. The evaporation rate, which defines the
accumulative number density of electrons and ions, is found
by solving Egs. (3) and (4) simultaneously.

6 Results and discussion

The model described above is used to predict plasma for-
mation and emission from laser-heated Si, Fe, and Mo
nanoparticles to determine how this effect is influenced by
nanoparticle size and composition, ambient temperature,
and laser fluence. In all cases, the initial nanoparticle tem-
perature is that of the bath gas, taken to be 300 K for Mo
and Fe nanoparticles, following Ref. [12], and 1500 K for
the Si nanoparticles, as in Ref [14]. The refractive indices
and thermophysical properties of Fe and Mo are taken from
Ref. [77, 78], while those of liquid Si come from Ref. [14].
While in reality, the time-averaged laser temporal profile is
usually Gaussian, to simplify our analysis we instead assume
a top-hat temporal profile of 10 ns duration.
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Figure 3 shows how plasma emission corrupts the nano-
particle incandescence signal for Si and Fe nanoparticles
(one would expect the radiative properties of molten iron
to be a smooth function of wavelength, and the spectral fea-
tures are likely artifacts of the ellipsometry technique used
to derive m [77]). Note that the plasma emission is “blue
shifted” compared to the incandescence signal, and, con-
sequently, the bremsstrahlung-contaminated incandescence
signal has a peak at a wavelength shorter than the incandes-
cence signal by itself.

Figure 4a, b shows that neutral bremsstrahlung emis-
sion is an order-of-magnitude larger than electron—ion
bremsstrahlung for all electron temperatures and laser flu-
ences. This is due to the high density of neutral LII bath gas
atoms compared to electrons and ions, which is consistent
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with experiments on weak plasmas [79, 80]. Electron—ion
bremsstrahlung emission is related to the number density
of electrons and ions by Eq. (14), and is independent of
the bath gas type and number density. In contrast, neutral
bremsstrahlung emission depends on the number density of
electrons and neutrals in the gas-phase. Therefore, both the
pressure and temperature of the bath gas strongly influence
neutral bremsstrahlung emission.

To assess how plasma emission affects the inferred nano-
particle temperatures, pyrometry is carried out on the modeled
spectral intensity, erroneously assuming that the detected sig-
nal is purely incandescence at A, =442 nm and 4,=716 nm.
Initially, we calculate the pyrometric temperature through
nonlinear least-squares regression of the incandescence model
at two wavelengths to the corresponding spectral intensities
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peratures for different nanoparticle materials. In the analysis, particle
loading is 2 ppm, Tp1:2 eV, P,= 101 kPa

calculated using the incandescence + plasma model. In all
cases, the maximum error increases with fluence due to
increased evaporation, although, as one may expect, the influ-
ence of the plasma on the pyrometric temperature depends
strongly on the nanoparticle type, initial diameter, d,,;, and
laser fluence, cf. Fig. 5. The peak temperature error for the
Mo nanoparticles is lower than the others due to its higher
boiling point and lower evaporation rate. In general, the error
is most significant for the smallest nanoparticles, since the
ratio of the plasma and nanoparticle absorption cross-sections
is largest. If one uses Wien’s approximation to carry out ratio
pyrometry, the error is generally less, and varies strongly with
the material. This effect could, in some circumstances, explain
anomalous cooling, since one would expect the pyrometry
error to drop as the plasma dissipates over time, but confirma-
tion of this effect requires a detailed transport model for the
plasma species.

Due to the dominance of neutral bremsstrahlung over
electron—ion bremsstrahlung, the linear relationship between
neutral bremsstrahlung emission and electron density in
Eq. (16), and the fact that the neutral density ny remains
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constant, the pyrometry error is independent of the nano-
particle loading since it scales both incandescence and neu-
tral bremsstrahlung emissions in the same way, as shown
in Fig. 6. However, the electron—ion bremsstrahlung ratio
increases with the particle loading.

The electron momentum cross-section g, in Eq. (15) is
largest for molecules having high polarizability [79]. There-
fore, we expect to see a more substantial pyrometry error
for experiments with LII bath gas species having higher
polarizabilities, cf. Fig. 7. Although the LII bath gas spe-
cies type influences the nanoparticle cooling rate through
conduction heat transfer, the peak nanoparticle temperature
is determined by a balance between the energy added by
the laser and the energy lost due to evaporation, which are
both independent of the bath gas. Therefore, a change in the
peak temperature for different LII bath gas species indicates
neutral bremsstrahlung emission.
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Figure 8a, b shows that the pyrometrically inferred peak
temperature error for an iron nanoparticle is sensitive to both
bath gas pressure and temperature. The peak temperature
error increases approximately linearly with increasing bath
gas pressure, which is proportional to ny. The relationship
with gas temperature is more complex: the error initially
decreases with increasing bath gas temperature, since ny
* 1/T,, but increases at higher temperatures, since higher
bath gas temperatures lead to higher nanoparticle peak tem-
peratures and greater evaporation rates for a given fluence.

The plasma also absorbs the laser pulse through inverse-
bremsstrahlung, through a combination of neutral and elec-
tron—ion interactions. The ratio of the IB absorption efficiency,
Q,, at 1064 nm, and the nanoparticle absorption efficiency cal-
culated using Mie theory, Qyp. is shown in Fig. 9 as a function
of fluence. The plasma cross-section is less than the nanopar-
ticle cross-section up to 3 J/cm?, at which point O, begins to

b
(b) 300 -
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< 200 Py= 150 kPa
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H 100
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P —rRetoka
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Fig.8 a Peak temperature inference error due to bremsstrahlung emission as a function of LII bath gas pressure. b Peak temperature inference

error as a function of LII bath gas temperature
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Fig.9 Absorption of the nanoparticle (Qyp) compared with the
absorption of the plasma (Qp) for different nanoparticle materials at
A=1064 nm

dominate the absorption cross-section. This is for two reasons:
first, the physical cross-section of the nanoparticle drops at
higher fluences due to evaporation; and second, the evaporated
species ionizes and generates a higher-density plasma. There-
fore, Q,/Onp is expected to be larger for higher fluences, and
also for shorter pulses. This effect is most significant for highly
conducting metallic nanoparticles, which have a low nanopar-
ticle absorption cross-section. As a specific example, Ag nano-
particles at 1064 nm have an even lower absorption cross-sec-
tion compared to the metallic nanoparticles considered in this
study [11], and one would expect the neutral bremsstrahlung
cross-section, calculated from Eq. (16), to dominate nanopar-
ticle incandescence. This may be the explanation for the fact
that, in their LII measurements of Ag nanoparticles, Sipkens
etal. [11] reported peak temperatures around 2800 K, which is
much higher than the Ag boiling temperature of 2130 K. Were
this temperature to reflect the true peak nanoparticle tempera-
ture, the nanoparticle absorption cross-section would need to
be at least 16 times higher compared to the one predicted by
Mie-Drude theory in order to absorb enough laser energy.
Accordingly, we also do not expect to induce a plasma in the
system. On the other hand, any electron emission from the
nanoparticle still can emit neutral bremsstrahlung, which may
be the source of the observed radiation.

Finally, it should be remarked that the fluence range in
which neutral bremsstrahlung is comparable in magnitude
with the incandescence, cf. Fig. 4, is higher than the flu-
ence range at which many of the unexplained LII phenomena
described in the introduction occur. Excessive absorption in
the LII experiments has been observed over 0.1-0.5 J/cm?
[11, 16], while anomalous cooling usually occurs between
0.1 and 0.3 J/cm? [11, 21, 81, 82]. The exception is the

unexplained secondary Si atomic emission lines observed
by Menser et al. at fluences above 1 J/em? [26], which is con-
sistent with the fluence range considered in this study. The
secondary lines are distinct from the primary lines that coin-
cide with the laser pulse, and are attributed to evaporation of
thermally-excited Si atoms. The secondary lines have their
peak about 200 ns after the peak laser fluence, and the total
length of the signal is about 700 ns. This timescale points
to a gas-phase collisional process (possibly electron/neutral
recombination) as a source of excited Si atoms, which fluo-
resce as they relax. The plasma predicted by the proposed
model may, in turn, be the source of the electrons.

7 Conclusions

There has been speculation that some commonly observed
and as-yet unexplained LII phenomena may be caused by
a laser-induced plasma linked to nanoparticle evaporation.
This study is a first attempt to define a theoretical basis for
plasma formation around a metallic nanoparticle during
laser-induced incandescence. We examined several can-
didate sources for the trigger-electrons needed to initiate
the plasma cascade, and found that, for excitation wave-
lengths of 1064 nm, thermionic emission remains the most
probable source, due to the influence of ion evaporation
on the nanoparticle charge state. The cascade then occurs
through electron impact ionization of evaporated species
into a singly ionized state. The plasma model presented in
this paper shows that, under normal LII conditions, neutral
bremsstrahlung dominates over electron—ion bremsstrahl-
ung due to the low number densities of electrons and ions.

Broadband plasma emission contaminates the back-
ground incandescence from the nanoparticle at fluences
greater than 1 J/cm?, and is most pronounced for metal-
lic nanoparticles having a low melting point, due to the
enhancement of thermionically-emitted electrons, and
lowers the spectral absorption cross-section of the nano-
particle, which leads to a weak background incandescent
emission. Since plasma emission is most pronounced at
short wavelengths, contamination of the LII signal leads
to overestimation of the nanoparticle temperature. Inverse
bremsstrahlung absorption may also explain the enhanced
absorption cross-section observed in LIl measurements on
metal nanoparticles and, potentially, the increased extinc-
tion observed in combined LII/LOSA studies.

While the present analysis suggests that the formation of
laser-induced plasmas is unlikely in low-fluence LII exper-
iments, it is important to note that many of the phenom-
ena observed by LII practitioners appear to be consistent
with the bremsstrahlung-contaminated incandescence sig-
nals predicted at higher fluences. Anomalous cooling, for
example, is more pronounced in LII experiments carried
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out on aerosols at ambient temperatures and pressures,
which is consistent with the model predictions. It may be
that the simplifications needed to derive the plasma model
(e.g., uniform electron density) do not capture key mecha-
nisms underlying plasma formation, although neglecting
electron diffusion and recombination, and assuming total
ionization of the evaporated species likely overestimate
the possibility of plasma formation and not the other way
around. It may also be that the unexplained LII phenomena
may originate from electron/neutral bremsstrahlung, but
without the electron cascade/impact ionization associated
with plasma formation. For example, preliminary calcula-
tions show that bremsstrahlung caused by plasmonically
enhanced electron emission and the neutral gas species
could account for the detected LII signal from silver nano-
particles. Further theoretical and experimental analyses,
including comparative LIl measurements on a range of
aerosols and over a broad set of wavelengths, are needed
to understand this phenomenon.
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