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Modeling thermionic emission from laser-heated nanoparticles
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An adjusted form of thermionic emission is applied to calculate emitted current from laser-heated
nanoparticles and to interpret time-resolved laser-induced incandescence (TR-LII) signals. This
adjusted form of thermionic emission predicts significantly lower values of emitted current com-
pared to the commonly used Richardson-Dushman equation, since the buildup of positive charge in
a laser-heated nanoparticle increases the energy barrier for further emission of electrons.
Thermionic emission influences the particle’s energy balance equation, which can influence TR-LII
signals. Additionally, reports suggest that thermionic emission can induce disintegration of nano-
particle aggregates when the electrostatic Coulomb repulsion energy between two positively
charged primary particles is greater than the van der Waals bond energy. Since the presence and
size of aggregates strongly influences the particle’s energy balance equation, using an appropriate
form of thermionic emission to calculate emitted current may improve interpretation of TR-LII sig-
nals. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940992]

The laser-induced incandescence (LII) diagnostic has
been extensively applied (Ref. 1, and references therein) as a
combustion diagnostic for minimally invasive, in situ charac-
terization of soot particles in background flame environ-
ments. The LII diagnostic has also been used to characterize
carbon black® and to study gas-phase synthesis of non-
carbonaceous nanoparticles.> For time-resolved LII (TR-
LII), particles are typically heated with a short-pulsed laser,
and the induced incandescence signals are subsequently
recorded. Since incandescence is a function of particle tem-
perature, T(¢), interpreting TR-LII signals involves calculat-
ing T(#) by numerically solving the particles’ mass and
energy balance equations during and after the laser pulse.
The mass and energy balance equations describe the influ-
ence of various heat transfer processes on 7(t).

One of the heat transfer processes is thermionic emis-
sion, which describes the release of electrons from hot cath-
odes. Richardson first proposed® that the relationship
between thermionic emission current and cathode tempera-
ture follow an Arrhenius equation. Subsequent research led
to the well-known Richardson-Dushman equation

Jrp = AgT? exp (— ,{%) (1)

where Jgp is the emitted current density (A/em?), T is the
cathode temperature, ¢ is the cathode work function, and
Ag= 4nmek§e / h3 ~ 120 AJem? K2 is the Richardson constant,
where m,, kg, e, and h are the electron mass, Boltzmann’s con-
stant, electron charge, and Planck’s constant, respectively.
Although thermionic emission has been traditionally applied
to characterize current emitted from hot metal filaments (e.g.,
gas discharge lamps), thermionic emission can also describe
current emitted from any hot conducting particles, such as
laser-heated nanoparticles. Consequently, thermionic emission
will influence interpretation of TR-LII signals when the heat
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loss is significant, with respect to other heat loss mechanisms
in the energy balance equation.

Thermionic emission can influence the particle’s energy
balance equation by directly cooling the particle,”® and by
inducing disintegration of nanoparticle aggregates.’ The par-
ticle cooling rate due to thermionic emission has been
previously described by a modified form of the Richardson-
Dushman equation, Qgp = (nD>¢/e)Jgp, where Qgp (J/s) is
the particle cooling rate, and D is the primary particle diame-
ter. Filippov et al.’ described a model where thermionic
emission of electrons results in a positive charge buildup in
the primary particles, which in turn can induce disintegration
of nanoparticle aggregates when the electrostatic Coulomb
repulsion energy between positively charged particles is
greater than the van der Waals bond energy. This phenom-
enon of laser-induced aggregate disintegration is qualita-
tively similar to a Coulomb explosion,10 where ultrafast
picosecond or femtosecond lasers with high instantaneous
intensities (typically greater than 10'*W/cm?) are used to ir-
radiate atomic or molecular clusters. The high laser inten-
sities quickly ionize the cluster, which subsequently
“explodes” when the ions rapidly separate. Production of
X-rays'"'* and high-velocity (>100keV) ions'*™'* has been
observed from heating noble gas clusters with intense pulses
from femtosecond lasers. Since recent results'®?° show that
aggregation significantly influences TR-LII signals by reduc-
ing the conductive cooling rate, appropriately modeling
thermionic emission should be considered when interpreting
TR-LII signals.

When applied to laser-heated nanoparticles, the
Richardson-Dushman equation (Equation (1)) significantly
overestimates the emitted current, and consequently, the par-
ticle cooling rate. Thermionic emission from a laser-heated
nanoparticle results in a positive charge buildup, which
increases the barrier for subsequent emission of electrons.
(The positive charge buildup in a traditional case of therm-
ionic emission from a metal filament in a gas discharge lamp
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is negligible as long as current is being supplied to the fila-
ment.) Therefore, the Richardson-Dushman equation should
be adjusted to include the effects of the positive charge
buildup, resulting in the following expression:21

A
Ttrem = AoT? exp <— (<¢>;_T¢>> , ©

where J7y,,.,, describes the adjusted current density (A/em?)
for thermionic emission from laser-heated particles, and A¢
describes the increased barrier (eV) for further electron emis-
sion due to the positive charge buildup. For a spherical parti-
cle with diameter D and charge ¢p >0, A¢ has the
following form:

Ap = eVp = 1@%, 3)

where Vp=qp/Cp is the electric potential, Cp = (4mep)R is
the capacitance, R = D/2 is the radius, and kg = 1/(47¢) is
the Coulomb constant. Equation (3) reflects the electrostatic
Coulomb barrier at the particle surface for emitted electrons.
The particle charge, ¢p, is equal to the outgoing charge of
emitted electrons and can be calculated by integrating cur-
rent (Equation (2)) with respect to time

!

qP(t> = eNEmit(t) = TCDZJ JTherm(s)d57 (4)
0

assuming isotropic current emission, where Ng,;(¢) is the
number of emitted electrons.

Since the LII diagnostic is most developed for studying
soot particles in background flame environments, thermionic
emission current was calculated under those conditions. The
laser fluence, gas temperature, and initial particle diameter
were set to 0.2 J/cmz, 1800K, and 30nm, respectively.
Figure 1 shows that thermionic emission current is signifi-
cantly reduced when effects of the particle’s positive charge
buildup, A¢ (Equation (3)), are included. Soot temperature,
T(t), was calculated by numerically solving mass and energy
balance equations
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FIG. 1. Predicted current density using the standard (Equation (1), dashed
line) and adjusted (Equation (2), solid line) form of the Richardson-
Dushman equation. The adjusted form includes the effects of positive charge
buildup in the nanoparticle, resulting in a sharp decrease in the predicted
current density.
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dUuy,

f = Qabs = Orad — Qcona = Qsub — Qtherm;  (52)
dm .
—=M ub s 5b
m Sub (5b)

where the U, is the nanoparticle’s internal energy>* and is
proportional to particle temperature, 7(¢). The Q; (J/s) terms
are plotted in Figure 2 and describe the rate of energy gained
or lost by absorption of laser energy (Rayleigh approxima-
tion for absorpti0n16’18’23), Oaps; blackbody radiation,”*
QOraa; conductive cooling (McCoy and Cha model®), Qcond;
sublimation, Qg,;; and thermionic emission, Qrjerm
= ((¢ + Ap)nD?/e)JTherm (Equation (2)). The work func-
tion of graphite is ¢ =4.7eV, which was used to calculate
O7herm- Particle mass loss, M g, (g/s), is primarily caused by
sublimation of C;—Cj5 clusters and was calculated using the
temperature dependent values’® for the average partial pres-
sures, enthalpies of formation, and molecular weights of the
sublimed species. Figure 2 shows that thermionic emission
has a negligible influence on the particles’ mass and energy
balance equations when effects of the positive charge
buildup, A¢, are included. Although there is significant dis-
agreement about values of specific terms used in the mass
and energy balance equations (Ref. 7, and references
therein), the results shown in Figure 2 remain valid: includ-
ing effects of A¢ causes particle cooling from thermionic
emission to become insignificant with respect to other cool-
ing terms in the energy balance equation (Equation (5a)).
The number of emitted electrons was calculated from
Equation (4) and is shown in Figure 3. The predicted electric
potential (Equation (3)) at the nanoparticle surface is 2.5 V.
For comparison, the work function of graphite is 4.7 eV.
Following the approach by Filippov er al.’ laser-
induced disintegration of nanoparticle aggregates may be
predicted to occur for given experimental conditions, even
with the lower values of emitted current calculated from the
adjusted form of thermionic emission. Thermionic emission
of electrons results in positively charged nanoparticles.
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FIG. 2. Relative magnitudes of the relevant heat transfer processes: sublima-
tion, Qg,, (solid red circles), thermal conduction, Q¢,,4 (solid blue squares),
thermionic emission, Q7 (hollow orange circles), and radiation, Q.
(hollow brown squares). Thermionic emission was calculated with
(Equation (2), solid line) and without (Equation (1), dashed line) including
the influence of the positive charge buildup, A¢. Including A¢ results in
Q7verm having an insignificant effect on the energy balance equation, with
respect to other heat transfer processes shown above.
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FIG. 3. Predicted temporal profiles for cumulative number of emitted elec-
trons, Ng,,:(t) (red, solid line), and particle temperature, 7(t) (black, dashed
line). Equation (4) was used to calculate Ng,,;,(t), and the mass and energy
balance equations (Equation (5)) were numerically solved, to predict 7(t).
The timescale for emission of current is ~10-20ns.

When the electrostatic Coulomb repulsion energy between
positively charged particles is greater than the van der Waals
bond energy, the nanoparticle aggregate can disintegrate into
primary particles. Assuming a monodisperse diameter distri-
bution within an aggregate, the repulsion energy between
two charged spheres is

(eNgmir)*

URep:kE D+d ’

(6)
where Ug,,=~33¢€V, Ng,,;; was calculated from Figure 3,
and d=0.7nm was assumed to be the van der Waals bond
distance. The van der Waals bond energy between two
spheres with diameters much greater than the van der Waals
bond length, D > d, is*’

AyD

S )

Uvpw =
where Uypy =5.2¢eV is the van der Waals bond energy, and
Ay =2.9eV is the Hamaker constant for graphite.”®*’ For
comparison, similarly sized carbonaceous nanoparticle
aggregates are predicted to disintegrate when Ng,,;, =11
electrons, well under the predicted values for N,,;, shown in
Figure 3. Note that this approach assumes uniform aggregate
heating, consistent with Rayleigh-Debye-Gans polydisperse
fractal aggregate (RDG/PFA) theory,”®? and uniform
thermionic emission within an aggregate. For simplicity, dis-
integration of nanoparticle aggregates was assumed to be a
binary process. The contribution of laser-induced oxidation
to the particle’s energy balance equation was assumed to be
insignificant.*

The above calculation assumes that all primary particles
within a nanoparticle aggregate are connected by van der
Waals bonds. The combustion-generated soot aggregates
consist of primary particles joined by covalent or other
chemical bonds,* including bridging between primary par-
ticles.”® Studies®>?*3® suggest that although laser pulses
may induce partial disintegration of large soot aggregates
into smaller soot aggregates, laser-induced graphitization
will strengthen chemical bonds between primary particles
and prevent complete disintegration of soot aggregates into
primary particles. However, the laser-induced disintegration
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of soot aggregates has been reported under high vacuum con-
ditions.”” Unlike soot, other aggregates of less amorphous
nanoparticles, such as carbon fullerenes®~° and metal
oxide***! nanoparticles, consist of primary particles joined
by van der Waals bonds. Consequently, an appropriate treat-
ment of laser-induced aggregate disintegration should be
considered for LII studies involving nanoparticle aggregates.

An additional factor which can prevent laser-induced
disintegration of nanoparticle aggregates involves emitted
electrons returning to the partially positively charged nano-
particle aggregate. Figure 3 shows that the timescale for cur-
rent emission is ~10-20ns. The timescale for electron
attachment to molecular oxygen (forming O; ) in room tem-
perature, atmospheric pressure air was measured to be
~12ns,* which is similar to the predicted emission time.
Under this assumption, almost all emitted electrons will
attach to O, molecules and will not return to partially posi-
tively charged nanoparticles. Other factors which can pre-
vent electrons from returning are high vacuum conditions,
strong external electric fields, or the presence of a back-
ground plasma. In the presence of a background plasma,
since nanoparticles typically acquire negative charge, parti-
cle cooling due to thermionic emission is predicted to be
more significant. The ponderomotive energy of electrons in
the laser-generated electric field is trivial for laser fluences
(<1J/cm?) and pulse durations (~10ns) typically used for
LII experiments. If the emitted electrons do not return to the
nanoparticle aggregate, then the nanoparticles will remain
positively charged, which can lead to aggregate
disintegration.

In summary, an adjusted form of thermionic emission
(Equation (2)) for laser-heated nanoparticles, which incorpo-
rates the effects of the particles’ positive charge buildup, is
presented. The buildup of positive charge results in signifi-
cantly lower values of the thermionic emission current.
Nevertheless, even with the lower values of current calcu-
lated from the adjusted form of thermionic emission
(Equation (2)), the laser-induced disintegration of nanopar-
ticle aggregates can still occur. Appropriately modeling
thermionic emission from laser heated nanoparticles is
essential for predicting the likelihood of laser-induced disin-
tegration of nanoparticle aggregates and may improve inter-
pretation of TR-LII signals.
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