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In complex plasmas, dust particles are charged through their interactions with
the electrons and ions of the surrounding plasma. In low-temperature
laboratory plasmas, dust particles most commonly acquire a negative
charge. In particular, in a laboratory glow-discharge plasma, the typical
charge for a micrometer-size grain generally attains a few thousands of
electronic charges. Under stable discharge conditions, this large negative
charge is relatively well-characterized. However, for unsteady discharge
conditions, the charge can differ and even fluctuate. In particular, when the
power source of the discharge is turned off, the charged species of the plasma
diffuse away and recombine into neutral species: this is a temporal afterglow.
When dust particles are present inside a temporal plasma afterglow, the
diffusion of charged species and the plasma decay dynamics are affected.
Moreover, the dust particle charges also evolve during the afterglow period. In
the late afterglow, dust particles are known to keep residual charges. The value
of these residual charges strongly depends on the ambipolar-to-free diffusion
transition. In addition, the presence of a constant electric field, causing ions to
drift through the neutral gas, has a strong influence on the final dust particle
residual charges, eventually leading to large positive residual charges. In this
review article, the dynamics of temporal complex plasma afterglow are
discussed. Experimental and theoretical results are presented. The basics of
temporal afterglow modeling are also given.
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1 Introduction

Complex (dusty) plasmas are partially ionized gases containing charged solid nano- or
micro-grains (or dust). In laboratory experiments, dust particles can be either injected or
grown directly in the plasma. The grain charge develops mainly due to the collections of
the ambient electrons and ions, which, under steady-state conditions, balance each other.
In laboratory low-temperature plasmas, the grains are usually negatively charged due to
the higher mobility of the plasma electrons [1-6]. Depending on the conditions, other
processes can also significantly influence dust charges. For example, positively charged
particles are sometimes observed due to photoemission induced by ultraviolet radiation
[7-9]. Thermionic or secondary emission of electrons can also lead to positive dust
charges, as is the case in fusion plasmas [10-12].
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In laboratory experiments, injected dust particles are usually
micron-size particles. Due to their mass, injected particles are
usually confined near the electrode where the electric force can
balance the gravity force unless the experiment is performed
under microgravity [13-15] or a thermophoresis force is applied
[16,17] to create a dust cloud filling the bulk plasma. Dense
clouds of submicron particles light enough to stay in the bulk
plasma can be obtained using reactive gases such as silane
[18-20] and acetylene [21-23] or using a target sputtered
with ions coming from the plasma [24-26]. In complex
plasmas, the electric charge of the grains is obviously a key
parameter. Indeed, it determines the interactions of the dust
particles with the background ions and electrons and the
grain-grain interactions [such as in complex plasma crystals
[27,28]]. It is also fundamental in many processes, such as the ion
drag force [29,30] and electric charge shielding [31]. Knowledge
of the charge is, therefore, essential to the understanding of the
basic properties of a complex plasma, the dust dynamics, and
developing methods for grain manipulations [32]. In plasma
discharges in which particles are growing, the nanoparticle
charges have a fundamental role during the agglomeration
stage [33,34]. While the charge of dust particles in steady-
state homogeneous plasma has been extensively studied and is
relatively well-known (see Chapter 2 of Melzer et al. [6] and
references therein), dust particle charging in unsteady plasma
conditions is still poorly understood. This is, for example, the
case for dust charging in an afterglow plasma.

An afterglow plasma is a mixture of ions, electrons, excited
species, and neutral gas that occurs when the plasma is not
be
(“stationary” or “temporal” afterglow, where time is the main

actively powered and ionization cannot sustained
parameter) or far enough from an active discharge region in
flowing gas (“flowing” or “spatial” afterglow, where space is the
main parameter) [35]. In an afterglow plasma, the energy
deposited in the discharge to ionize the gas and excite
metastable species relaxes slowly. In particular, the cooling of
electrons is due to collisional and diffusion processes [36-41].
The time evolution of the electron density and the electron
temperature is very sensitive to the discharge chamber
geometry and the discharge conditions [41]. In the afterglow,
the plasma species are continuously lost by diffusion. While in
the early stage of the afterglow, quasi-neutrality holds, and the
charge species transport obeys ambipolar diffusion, in the later
stage, quasi-neutrality is no longer obeyed, and ambipolar
diffusion fails at describing charge species transport [42-45]).
When dust particles are present in the plasma, the evolution
of the plasma afterglow are modified due to the influence of dust
on ion and electron diffusion and energy losses [46-50]. In
addition, dust dynamics in an afterglow plasma is modified
with respect to their motion in a steady-state plasma or in
neutral gas. Due to the influence of dust on plasma decay and
the existence of dust residual charges in the late afterglow [51],

these effects can be particularly important in dusty pulsed
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discharges in which a significant amount of time corresponds
to afterglow plasma [52,53]. While dusty spatial (or flowing)
afterglow is a field of active research [54-56,56-60], this review
article is restricted to temporal (or stationary) dusty plasma
afterglows. The article is structured as follows. In Section 2, a
review of the different experimental and theoretical results is
given. The results are divided into two categories: the influence of
dust particles on plasma decay during the afterglow (Section 2.1)
and dust dynamics and dust residual charges in plasma afterglow
(Section 2.2). In Section 3, the basics of the modeling of the time
evolution of a temporal dusty plasma afterglow are discussed.
Finally, in Section 4, a summary of the main results is given.

2 Dusty plasma afterglow: main
results

2.1 Influence of dust on plasma decay

Dimoff and Smy [46], for the first time, reported on the
influence of dust particles on the decay of a temporal plasma
afterglow. By injecting microparticle (radius 4 = 15 ym) in the
afterglow of pulsed linear argon discharge at a pressure p = 1.9
Torr, Dimoff and Smy [46] showed that due to absorption-
recombination on the microparticle surfaces, the plasma decay
time is drastically reduced compared to dust-free discharges.
Under their experimental conditions, they were able to enhance
the natural decay of the plasma by a factor of ~50 (for a
microparticle number density ny ~ 10*cm™). The decay
enhancement was correctly attributed to the flux of positive
ions on the negatively charged particles, but the effect of the
relatively large microparticle number density on the particle
charge was not taken into account, leading to an
overestimation of the microparticle absorption frequency Tél.
The results were re-analyzed by Couédel et al. [61]. Taking into
account the microparticle charge decrease at large dust number
density, it was shown that 7" does not increase linearly with dust
density. More details about the plasma decay process are given in
Section 3.

The effect of dust particles on the evolution of a pulse
discharge is also significant. For example, in a pulsed argon
acetylene discharge, depending on experimental conditions, the
electron density time evolution can exhibit anomalous behaviour.
When nanoparticles are grown during the plasma-on phase, the
electron density decreases when the rf-power is turned on, while
it increases when the rf-power is switched off [52]. This
anomalous electron density increase occurred between 250 ps
and 500 ps in the power-off phase, depending on the discharge
conditions and the dust particle size. This counterintuitive
observation was attributed to the charging/decharging of
[52]. [62]
secondary electron emission due to electron impact could not

nanoparticles Stefanovic et al. reported that

explain the release of electrons in the early afterglow due to the
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too low value of the intrinsic secondary electron yield from
carbonaceous dust material. Several different other mechanisms
were proposed to explain the electron release in the early
afterglow: ion impact, UV-photons, collision with metastable
atoms and fast neutral atoms, thermionic emission, or field
emission. Note that this reported behaviour is similar to
observations in pulsed discharge containing negative ions. For
example, in a pulsed inductively-coupled radio-frequency plasma
in oxygen (pressure range from 0.5 to 200 Pa), a peak of the
electron density is also observed in the early afterglow (maximum
effect for pressures around 50 Pa) [63]. The density peak is due to
the loss of the balance between electron attachment and
detachment processes. When the discharge power is switched
off, rapid cooling of the electrons occurs, inhibiting the
production of new negative ions, while the existing negative
ions are destroyed by collisions which lead to the release of free
electrons in the early afterglow. Additional experiments
performed in a pulsed capacitively-coupled radio-frequency
(cc-rf) Ar/C,H, discharge have shown that the presence of
dust particles increases the argon metastable atom density by
an order of magnitude due to the increase of electron
temperature after dust formation [64]. However, in the
considered experimental conditions (p = 10 Pa and rf power
10 W < Py < 80 W), the main loss mechanism for metastable
atoms is diffusion to the electrodes and not quenching at the
surface of the dust particles. Denysenko et al. [65] developed
zero-dimensional, space-averaged global models to simulate
dust-free and dusty argon plasma afterglow. They suggested
that the electron density increase observed in the early
afterglow [52] could be due to metastable pooling, but
metastable-dust interactions might also contribute.

Schweigert and Alexandrov [66] and Alexandrov et al. [67]
performed particle-in-cell (PIC) Monte Carlo collision (MCC)
simulations to study the influence of nanoparticles on an argon
plasma afterglow under conditions similar to the experiments by
Berndt et al. [52]. Using the simulated ion and electron energy
(IEDF and EEDF, respectively),
Schweigert and Alexandrov [66] and Alexandrov et al. [67]
have shown that the loss of fast electrons to the electrode in

distribution  functions

the early afterglow (diffusion cooling) leads to a change of the
electron and ion currents on the dust particle surfaces and a drop
of the dust floating potential. Alexandrov et al. [67] reported that
the main production of desorbed electrons occurs during this
electron cooling phase (30-50 ps into the afterglow). The
resulting release of electrons by the dust particles might
explain the experimentally observed anomalous electron
density growth, but the simulated anomalous electron density
growth time is an order of magnitude shorter than the one
measured by Berndt et al. [52]. Schweigert and Alexandrov [66]
and Alexandrov et al. [67] also included metastable argon atoms
in their simulations. They showed that, in the afterglow,
metastable-metastable ionization maintains a higher electron
density and higher electron energy (a second peak centered at
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7.3 eV becomes visible on the EEDF). However, the resulting
electrons do not directly contribute to the observed anomalous
electron density increase but enhance the effect of dust
decharging on the anomalous electron density increase.
Sikimi¢ et al. [68,69] performed experimental studies on
plasma afterglow with large dust density under conditions
very similar to those in the experiments by Berndt et al. [52].
They showed that the negative self-bias voltage that remains on
the powered electrode during the afterglow (the self-bias voltage
decays exponentially as in an RC circuit) is sufficiently large to
induce secondary electrons by collisions between the positive
ions and the electrode. Using a time-dependant zero-
dimensional, space-averaged global model taking into account
thermal electrons with Maxwellian EEDF, energetic electrons
generated by metastable-metastable collisions (metastable
pooling), and secondary electrons generated by ion collisions
with the bias electrodes, Denysenko et al. [70] were able to
estimate the effect of the secondary electron emission on the
afterglow electron density as a function of the secondary
emission yield. They reported that the effect of secondary
electrons is not as large as metastable pooling in the dusty
plasma afterglow, while in the dust-free afterglow, their effect
might surpass metastable pooling. In addition, the thermal
electron density increase due to secondary electron emission is
about a few percent in both dusty and dust-free plasma
the results of
Denysenko et al. [70] are in good qualitative agreement with

afterglows. However, while simulation
experimental measurements, there is a quantitative discrepancy,
especially in the late afterglow. It was suggested that this
discrepancy might be due to a deviation of the EEDF from a
Maxwellian distribution. In particular, the tail of the EEDF in the
late afterglow may be depleted due to diffusion cooling of the
high-energy electrons toward chamber walls and the dust
particles [39]. The influence of non-Maxwellian EEDF on the
evolution of plasma afterglow was further investigated by
Denysenko et al. [71-73]. Their studies revealed that electron
absorption plays an important role in determining the electron
energy probability function (EEPF) in a dusty afterglow [71]:
using a kinetic description of the EEPF and solving the electron
Boltzmann equation using the method of characteristics, EEPF
analytical expressions were obtained for different initial EEPFs
exhibiting a tail at energies larger than the dust floating potential
(including Maxwellian and Druyvesteyn EEPFs). Denysenko
et al. [71] showed that the presence of dust particles affects
particle absorption and plasma conductivity and significantly
reduces the number of energetic electrons with respect to the
dust-free case. In the study by Denysenko et al. [73], using a
spatially averaged global model taking into account metastable
atoms, the influences of the EEPF shape on reaction rates, of the
pulsed frequency v, and of the duty cycle on pulsed discharge
properties were investigated in both dust-free (pure Ar
discharge) and dusty (Ar/C,H, mixture) scenarios. It was
shown that a Druyvesteyn EEPF matches better experimental
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results. They also showed that v, has a strong impact on the
metastable atom density but with different effects in the dust-free
and dusty cases: in dust-free plasma, high pulsing frequency
results in higher metastable densities than in a continuous
discharge; on the contrary, when the discharge contains dust,
the metastable atom density is smaller at high pulsing frequency.
The difference might be explained by a faster change of the
effective electron temperature in dusty afterglow due to collection
of energetic electrons by the dust particles. Denysenko et al. [73]
also showed that in the late afterglow, non-Maxwellian EEPF
results in smaller electron density due to an enhanced electron
flux to the wall, while in the dusty case, it results in an increase of
the electron density due to electron collisions with metastable
atoms and other molecules remaining from the dust-formation
stage.

Pulsed dusty Ar/C,H, were also simulated in detail using a
zero-dimensional, space-averaged global model by taking into
account the chemical processes of Ar/C2H2 plasma. Both the
glow and the afterglow were investigated. The glow results were
compared to mass spectroscopy measurements. Furthermore,
Denysenko et al. [72] found that the presence of dust particles
plays a major role in determining the properties of the discharge
(in the glow and afterglow phases). The collection of electrons
and ions by the dust particles results in an increase in the effective
electron temperature, the ion density and the metastable density
with respect to dust-free discharge while decreasing the density of
acetylene molecules and hydrocarbon ions. Finally, it was shown
that the anomalous peak in the electron density during the
afterglow could be due to an enhancement of electron
production due to the larger density of metastable atoms that
ionize acetylene molecules by collision.

2.2 Dust dynamics, dust decharging, and
residual charges in plasma afterglow

The first hints at the existence of dust residual charges in
temporal plasma afterglow were obtained by Barkan and Merlino
[74]. They electrostatically trapped a microparticle cloud (a dust
“ball”) in the high-potential region of an anode double layer
formed in a single-ended Q-machine plasma. When the
confining electric fields were removed, a radial “explosion” of
the microparticle cloud was reported and explained by Coulomb
repulsion. Saxena et al. [75] combined a spatially averaged
plasma decay model during the afterglow with molecular
dynamics in order to simulate the dust cluster explosion
under conditions similar to the experiment by Barkan and
Merlino [74]. During the plasma-on phase, the micron/sub-
micron-sized particles evolved in a confining potential until a
steady-state dust ball was obtained, the confinement was
removed rapidly during the afterglow phase, and the dust
trajectories were simulated in the time-varying plasma
afterglow. Saxena et al. [75] found that the nature of the
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explosion when the discharge is switched off and the resulting
dust acceleration depend critically on the pressure of the
background neutral gas. At low gas pressure, it was found
that the explosion is due to unshielded Coulomb repulsion
between the dust particles and yields maximum acceleration.
In the high-pressure regime, the dust ball expansion is explained
by (screened) Yukawa repulsive interactions and results in a
weaker acceleration in agreement with experimental findings.
These two regimes (dust ball explosion and dust ball expansion)
were further investigated by Piel and Goree [76] without
simulating the time evolution of the background plasma
afterglow. However, Saxena et al. [75]'s model of plasma
decay only took into account electron-neutral collision for
electron cooling and ignored diffusion cooling, which is
significant at low pressure [36-41].

Another hint at the existence of residual charges came from
the studies by Childs and Gallagher [77] in the afterglow of a
dusty plasma (the dust particle density was g ~ 10’ cm?, and the
particle radius was rq4 = 6.5nm [78]). By recording the light
scattered by a dust particle cloud with and without a bias applied
to the electrode after the rf power was switched off, the fraction of
charged dust particles was measured. They found that about
~50% of the dust particles remained charged in the afterglow.
According to their analysis, the final dust particle charge
distribution only contained dust particles with charges equal
to + le, Oe, and — le, where e is the elementary charge.

Ivlev et al. [51] reported experiments with the PKE-Nefedov
laboratory on board the International Space Station [13] that
undoubtedly showed the existence of residual charges on
microparticles in the late afterglow of a capacitively coupled
radio-frequency discharge (cc-rf). After switching off the rf
power, a low-frequency sinusoidal voltage applied to one
electrode triggered particle oscillations with amplitudes higher
at the periphery of the dust cloud, thus, revealing the
microparticle residual electric charges. A simple global model
of dusty plasma afterglow, taking into account the loss of
electrons and ions by diffusion to the reactor’s wall and on
dust particles and electron cooling by collision with the neutral
atoms, was able to qualitatively explain the results.

Detailed measurements of residual charges were later
performed by Couédel et al. [79]. 200 nm radius particles
were grown into a cc-rf argon discharge (see Mikikian et al.
(80]
thermophoretic force was used to balance the gravitational

for details on particle growth), and an upward

force. Then, as in Ivlev et al. [51]’s study, a low-frequency
voltage was applied to one electrode. It triggered particle
oscillations keeping residual charges. Couédel et al. [79] found
that positively-charged, negatively-charged, and neutral dust
particles coexisted for a long time after the discharge was
switched off with a mean negative residual charge of a few
electrons (|Qq,. |~ 3e — 5e depending on pressure). Using Ivlev

etal. [51]’s simple decharging model, four stages of the temporal
dusty plasma afterglow were identified (and further described by
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Couédel et al. [81-83]) to explain the existence of residual
charges. The stages are as follows: stage I, the temperature
relaxation stage during which the electrons rapidly cool down,
resulting in a fast decrease of the dust particle equilibrium charge;
stage II, the plasma density decay stage during which the
diffusion of ions and electrons is ambipolar, and the dust
charge remains almost constant while starting to deviate from
its equilibrium value as the dust charging time becomes gradually
larger than the plasma density decay time; stage III, the transition
from ambipolar to free diffusion stage which starts when the
Debye length becomes comparable to the diffusion length or the
Havnes parameter Py = Zgng/n. ~ 1 (Z4is the dust particle charge
number and #, is the electron density) during which the dust
charge decreases due to an ion current much larger than the
electron current because of the faster decrease of the electron
density; and stage IV, the frozen stage when the plasma density
has become so low that the dust particle charge cannot change
anymore. The process is illustrated in Figure 1. In the studies by
Couédel et al. [81-83], using the same experimental set-up as
Couédel et al. [79], dust charge distributions were measured in
the late complex plasma afterglow. It was found again that the
mean residual charge is negative, but the tail of the distribution
extends into the positive-charge region. Numerical simulations
taking into account the discreteness of the charging process [84]
and taking into account the transition from ambipolar to free
diffusion [42-44,85-88] for the evolution of the plasma
parameters were performed [82]. The existence of positively

e
n; A I

10.3389/fphy.2022.1015603

then relative

broadening of the dust charge distribution in the late stage of

charged particles was explained by the
the plasma afterglow. The transition from ambipolar to free
diffusion plays a major role in the evolution of dust charge
distribution. It starts early in the plasma afterglow, as soon as
A/Ap, ~ 100, where A is the diffusion length and Ap, is the
electron Debye length. The electrons and ions diffuse at
different rates, resulting in a smaller mean dust particle
charge and broadening of the dust charge distribution. It is of
note that Ivlev et al. [51] and Couédel et al. [81-83]’s models also
only took into account electron-neutral collision for the electron
temperature decay and ignored diffusion cooling, which is
significant at low pressure [36-41].

Dedicated experiments on the spatial distribution of residual
charges across a dust cloud trapped in the gap of a cc-rf discharge
(the PK-3 Plus laboratory [14]) under microgravity conditions
were later performed in the International Space Station [89].
After switching off the power supply, a low-frequency sinusoidal
voltage was applied to the electrodes, and the residual charges
were deduced from the amplitudes of the resulting particle
oscillations. When no additional dc bias was applied to the
electrodes (“free decharging” conditions), a symmetric residual
charge distribution with a sharp peak centered on zero was
observed, but positively and negatively charged particles were
homogeneously observed over the cloud. However, a decharging
experiment conducted with an additional constant dc bias
applied to the electrode (resulting in a dc electric field of

TN
11

IV

0
Plasma off

FIGURE 1

>

Time

(Color on-line) lllustration of the evolution of the plasma parameters and dust charge during the afterglow. The different stages are as follows.
Stage |: temperature relaxation; stage Il: plasma density decay determined by ambipolar diffusion; stage Ill: transition to free diffusion; stage IV:

frozen stage.
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6.67 V/cm in the gap between the electrodes) resulted in most
microparticles acquiring a positive residual charge with an
asymmetric residual charge distribution centered on + 15e
and a significant residual charge gradient along the direction
of the applied electric field. Worner et al. [89] suggested that the
drift of charged species induced by the external electric field in
the late afterglow and the rapid loss of free electrons were most
probably at the origin of the asymmetric charge distribution.

Filatova et al. [90] also studied the process of decay of dust
structures formed from polydisperse grains injected into an rf
discharge (discharge in air at p = 100 Pa and dust radii 0.1 < rq <
0.25 um). By measuring dust velocities in the plasma afterglow
and using the balance of forces acting on the grains, they were
able to estimate the dust number density, the dust size, and the
dust residual charges. Negative residual charges comprised in the
range from — le to — 10e, depending on the grain size, were
reported.

In his PhD dissertation [91],
experimental results in the temporal dusty plasma afterglow of

Schneider reported
a cc-rf discharge with an argon pressure p = 1-100 Pa and an rf
power Ps=1-10 W. Very large positive residual charges (up to +
5000e) were measured. In his experiment, a dc electric field of the
order 10° V/cm was applied during the afterglow. The motion of
individual microspheres was recorded using video cameras, and,
depending on the experimental conditions, the measured
residual charges had values varying from negative to positive.
Schneider also reported that the rf power, the gas pressure, or the
microparticle’s position above the electrode did not have a
significant influence on the residual charge.

Chaubey et al. [92] also performed an experiment on dust
residual charge. In a cc-rf argon discharge at f,r = 13.56 MHz with
an argon pressure p = 1.067 Pa, 8.69 um diameter melamine
spherical particles were levitated and formed and two-
dimensional plasma crystal. Then, the power was abruptly
shut down, and the microparticles fell (note that the particle
arrangement was not significantly altered during the fall [93]). In
this experiment, due to the large value of the coupling capacitor,
the negative self-bias of the powered electrode that develops
naturally when the plasma is on (V4. = — 150 V), decayed in a
timescale of ~3 s, a time much longer than the plasma afterglow
timescales, therefore, maintaining a large quasi dc electric field
between the electrodes during the afterglow period. By studying
the trajectories of the dust grains, particle accelerations were
extracted, and Chaubey et al. [92] found that the grains fell much
faster than expected when gravity alone acts. Using force balance
in the afterglow (gravity, neutral drag force, and electric force),
they measured very large positive residual charges of the order +
10%e. They also showed experimentally that the residual charges
increased with the reduced electric field E/ng, where E is the
electric field in between the electrode and n, is the neutral gas
number density. The large positive charges were explained by the
ion drift through the neutral gas induced by the electric field.
Indeed, since a larger value of the reduced electric field E/ ng leads
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to a larger ion kinetic energy, more positive ions can be collected
by a grain and the maximum possible residual positive charge is
attained if the grain’s surface potential reaches values equal to the
ion kinetic energy before all ions have diffused away and the
grain’s charge freezes.

Residual charges can affect the motion of a dust cloud as a
whole in a plasma afterglow. Couédel et al. [94] studied the
motion of an entire dust-particle cloud in the afterglow of a
complex plasma. They showed that the dust cloud dynamics were
modified by the dust particle residual charges. Meyer and
Merlino [95] and Merlino et al. [96] studied the dynamics of
dust clouds in an afterglow plasma. They observed a variety of
cloud behaviour ranging from simple Coulomb expansion/
explosion to Coulomb fission. The observed differences in
behaviour seemed to indicate that the dust cloud dynamics
and the dust residual charges in the afterglow are very
sensitive to the initial dust cloud configuration (shape and
dust density) and its position in the discharge. Merlino et al.
[97] reported more precisely on the splitting (fission) of a
suspension of charged microparticles into two fragments in a
plasma afterglow. They proposed that the triggering mechanism
for the dust cloud fission could be a pinching instability driven by
the ion drag force, but further experimental and theoretical
studies are needed to confirm this hypothesis. Finally,
Chaudhuri et al. [98] reported on the observation of nonlinear
dust pulse structures (particles flowing through each other (uni-
directional or counter-streaming)) in afterglow complex plasma
under microgravity conditions on board the International Space
Station. The dust pulses were triggered when the plasma was
switched off in the presence of a low-frequency external electric
excitation.

Dust decharging and residual charges were also studied
theoretically and numerically. Denysenko et al. [99] studied the
decharging of particles using a spatially averaged global model
of the plasma afterglow. Using the results from previous PIC-
MCC simulations [66], the electron temperature decay time was
set at 77 = 50 us. The model took into account electron
production from ground-state ionization, secondary emission
due to ion-dust collision and metastable-dust collision,
metastable pooling, and electron losses on plasma walls and
dust particles. The time-dependent dust charge in the plasma
afterglow was calculated using different approaches: 1) the rate
coefficient for the collection of electrons by dust particles was
deduced from the electron balance equation using the
experimentally measured decays of the electron density #,(t)
and metastable density n,,(f) in the afterglow; 2) the rate
coefficient for collection of electrons by dust particles was
directly calculated from the Orbital Motion Limited (OML)
theory [100] and the contribution from the Maxwellian thermal
electron and energetic metastable pooling electrons were
separated; 3) the particle charge in the afterglow was defined
by the equilibrium of electron and ion fluxes to the nanoparticle
surface as in the study by Schweigert and Alexandrov [66]. The
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evolution of the dust charge was simulated for a pulsed cc-rf
discharge operating at p = 10 Pa (Ar/C,H, mixture) and rf
power modulated by a square-wave signal at frequency 0.1 kHz
and 50% duty cycle. Dust particles were formed during the
plasma-on phases. Denysenko et al. [99]’s simulation showed
that energetic electrons generated by metastable-metastable
collisions determine the charging of dust particles in the late
argon plasma afterglow (a few ms in the off phase) when the
dust density is high and that OML theory may not be applied for
dust charging at this stage.

Kravchenko et al. [101] performed one-dimensional PIC-
MCC simulations of the discharging of dust particles in the
afterglow in a cc-rf discharge with planar electrodes separated
by 8 cm. The argon pressure was set at p = 13.3 Pa, and the
plasma was created by a sinusoidal rf voltage with 150 V
amplitude and a frequency of f,s = 10 MHz. The evolution of
plasma parameters in the discharge gap between the two planar
electrodes after switching off the rf voltage was calculated in the
entire electrode gap. The simulations included secondary
electron emission from dust surfaces. The simulation showed
that decharging of the dust particles in the afterglow plasma
occurred faster in the middle of the electrode gap because of the
ion confinement at this location and because of the intense
electron-ion recombination due to the collection of ions and
electrons by the dust particles located in this area. Kravchenko
etal. [101] also showed that the discharging rate increases with
the dust particle density. Finally, their simulations showed that
in the early afterglow, the plasma potential is positive relative to
the electrodes, while in the later afterglow, when the electron
and ion densities are significantly reduced, the amount of
negative dust particles renders the “plasma” potential
negative relative to the electrodes, which contributes to the
effective diffusion of the dust particles toward the discharge
chamber wall.

3 Modeling of temporal plasma
afterglow, dust charges, and dust
dynamics

When the power source of a discharge is switched off, the
energy deposited in the plasma (ionization and excitation of
metastable species) slowly relaxes (radiative or collisional
processes) and the charge species (electrons and ions) diffuse
toward the wall of the reactor [35]. For simplicity, only mono-
atomic rare gases are considered here. Indeed, for such gases in
the range of pressure usually used in dusty plasma experiments
(1-100 Pa), plasma losses are mainly due to diffusion-
recombination on surfaces (chamber wall and dust particles),
and volume recombination can be neglected. In addition,
assuming that ¢ is the typical spatial dimension of a
laboratory discharge, the transport of charged particles can be

considered diffuse and ambipolar when A; = 1/n40; < €, where n,
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is the neutral gas number density. For argon, assuming an ion-
neutral cross-section for momentum transfer g; ~ 10" m? and ¢
~ 10 cm, it occurs when p > 1 Pa [102,103]. Moreover, due to
their lack of chemical activity, the final state of a pure rare gas
afterglow is identical to its initial state before the plasma was
ignited.

A good overall description of the evolution of a plasma
afterglow can be obtained using the continuity equation and
energy conservation. In this section, only ions and electrons are
considered. The dust particles are considered fixed since the time
scale for their motion is generally much larger than the afterglow
timescale (the dust density ng4 is, therefore, not a function of
time). The plasma energy is assumed to be carried almost entirely
by the electrons, as is generally the case in electrically sustained
discharges [103]: the important parameter is, then, the (effective)
electron temperature which relaxes toward the gas temperature
in the afterglow.

The continuity equation for electrons and ions is [102,104]

o1y ()

——+ VT = Site) = Li(e)»

n 1

where 7y, is the ion (electron) density, Ty = sgn(Gice)) Hice)Hice)
E — Dj()Vhy(e) is the ion (electron) flux with p;) = e/mjce)vice) as
the ion (electron) mobility and Dje) = kp Ti(e)/Mi(e)Vice) as the ion
(electron) diffusion coefficient. kg is the Boltzmann constant,
Ti(e) is the ion (electron) temperature, 1 is the ion (electron)
mass, and ¥ is the ion (electron)-neutral collision frequency.
Si(e) is the volume source term for ion (electron), and L;) is the
volume loss term. In the presence of dust particles, the volume
lost terms include their contribution. In the absence of externally
applied electric field', E is given by the Poisson equation:
_e(n. —m)

V.E=-——~—°2
&

(@)

where ¢ is the vacuum permittivity. To obtain a good picture of
the evolution of a plasma afterglow, it is generally sufficient to
consider specially averaged global model [Lieberman and Ashida
[105] and Liu et al. [40] for dust-free discharges and Denysenko
et al. [65,70-73,99] and Couédel et al. [61,82] for dusty plasma].
In that case, the balance equation for ions and electrons created
in the plasma are:

al’le Ne
ot =K, (Te)ngne - T_ - Kfi (Te, Ty, ne)neng,
We

(©)

1 The case of ambipolar diffusion in the presence of an external electric
field (voltage difference between two planar electrodes, for example) is
discussed by Hoyaux [113], [114]. In that case, the current collected by
the negatively biased electrode will have a pure ionic component and
be limited by the rate at which positive ions become available at the
sheath edge, that is, by the rate at which the positive ions drift by
ambipolar diffusion. The currentimposed on the external field does not
strongly modify the ambipolar diffusion mechanism.
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a i i i
_n = Kiz (Te)ngne - L - Kld (Tes Ti) ni)ninda

ot Twe (4)

where K;,(T,) is the ionization rate, Ty. and Ty; are the electron
and ion diffusion time toward the wall of the reactor, respectively
and, K§ (T, Tj, ne) and K;(Te,Ti,ni) are the electron and ion
absorption rate by the dust particles, respectively. The ion
(electron) absorption frequency is, thus, T;‘I(e) = K;(e)nd. Other
mechanisms can be included in the balance equations, such as
metastable pooling and secondary emission due to ion/
with  the dust particles
[56,65,70-72,99], but for the sake of simplicity, they are not
discussed here. Note that the ionization rate, the dust absorption
rate, and the diffusion time depend on the shape of the IEDF and
the EEDF. In addition, the ion dust absorption rate can also

metastable atom  collisions

depend on ion-neutral collisions [6,27]. The ion and electron
dust absorption rates are linked to the time evolution of the dust
particle charge number Z; by

0Z .
= Kin; — Kine.

pn @)

At the beginning of the afterglow phase (or when the power
source is still on), the dust particle charge number is linked to the
electron, ion, and dust densities by the quasi-neutrality
conditions:

Zang +n; —ne = 0. (6)

At equilibrium, aZd/atIZd:Z:lq = 0. However, dust charging
is a dynamic process, and the dust particle charge fluctuates
around its equilibrium position. The typical dust charge
fluctuation time scale 7 is linked to the plasma and dust
parameters [51,84,106]. Using the OML theory [100] and
assuming Maxwellian EEDF and IEDF to calculate 7, one
finds [27,51]

L _ravr (), €1Zal\mi(®)
Tz B 4A2D10 raTe 1, ’

where vy, = /8kgT'i/mmy; is the ion thermal velocity, #;, is the ion
density in the steady-state plasma (or at the beginning of the
afterglow) and Ap, = +/eokgTi/n;,e* is the initial ion Debye

length.
(n, ~ 10° cm™, T./T; ~ 100), Z3! is usually negative. Using

?)

In a typical laboratory dusty argon plasma
OML theory with Maxwellian ion and electron energy
distribution functions Zj! = =1675 - rq (um) - T (€V) [27] and
the characteristic time scale for dust charging is 7, ~ 1 ps[83]
(Table 1). As the plasma decays, the dust charging time increases
until it exceeds the diffusion time. It should be noted that it is
possible to work directly with the dust charge distribution to take
into account the random character of the charging processes and,
therefore, dust charge fluctuations [82,107].

In the early stage of the afterglow, if 14 is not too large so that
the total charge carried by the dust particles can be neglected,

electron and ion diffuse together, and the flux of ions and
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TABLE 1 Afterglow time scales for an argon plasma for two pressures.
A cylindrical chamber with R = [ = 4 cm (A = 1 cm) is considered.
The plasma parameters at the beginning of the afterglow phase are
Te=3¢eV, Tj=Tgs=0.03eV,and n. = n; = 10° cm™. The electron-
neutral elastic collision rate is set to Ko, = 107* m*/s, and the ion-
neutral cross-section is set to ¢; = 107'® m2. A single particle of
radius rq = 5 um is considered.

p=10Pa p =100 Pa
Tr (us) 10 14
Teont (448) 175 18
Tywan (Us) 11 66
Tw(Te = 3 eV) (ms) 0.04 0.25
Tw(Te = 0.03 V) (ms) 1.2 11
17/Te = 3 eV, n; = ny) (us) 0.9 0.9
7T = 0.03 eV, n; = ny) (us) 0.6 0.6
72 (Te = 0.03 eV, mi = 1y - (App/A?)) (ms) 38 38

electrons at the wall are equal (ambipolar diffusion)®. In that
case, the electron and ion diffusion times are equal:

-1 _ -1 _ uBAeff
Twe = Twi = v

) ®)

where up = \/kgTc/m; is the Bohm velocity, V is the plasma
volume, and Ay is the effective area for particle loss. For a
cylindrical discharge of radius R and height I, V = nR’], and the
effective area is [102,105,108]

A = 27TR2hl + 27TR”’!R, (9)
with [102]:
0.86
by = 271/72° (10)
[3+1/2); + (0.86luy /nD,)’]
hg = 0.8 (11)

1/2°

[4+ R/); + (0.8Ruy /2.405], (2.405)D,)’]

where ], is the first order Bessel function and D, = D; (1 + T./T})
is the ambipolar diffusion coefficient. In the “high pressure”
regime, when A; < (R, I), the diffusion times are [102,103]

Toe = Ty = Do/ A2, (12)

where A is the characteristic scale length for diffusion (in
cylindrical geometry A = (2.405/R)* + (n/])?). In argon,
assuming A ~ 1 cm, this is the case for p >1-10 Pa [103].

2 For dust density larger than 10 cm~3, ambipolar diffusion is strongly
affected by the presence of charged dust particles which can
drastically reduce the electron density in the plasma [47-50]. In
order to take this effect into account, considering that the total ion
and electron fluxes to the walls remain equal since ny does not change
during the afterglow (n¢/twe = ni/Twi). it leads to a reduction of the
electron diffusion time: twe = Tw;i - Ne/N; [65]. Obtaining Tw; when ny is
large remains an open issue.
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Ambipolar diffusion relies on the fundamental property of
plasmas: quasi-neutrality, that is, charge neutrality over length
scales larger than the electron Debye length Ap, = \/m .
In the afterglow, this characteristic length scale increases as the
electron density decreases. When Ap, > A (very low density),
space charge effect become negligible and electrons and ions
diffuse independently from each other. When Ap, ~ A, the
diffusion is neither ambipolar nor free: it is the ambipolar-to-
free diffusion transition regime. During the transition, the
diffusion rate to the walls of electrons and ions toward the
walls first accelerate up to the point that the ions can no
longer follow. Then, the ion diffusion coefficient decreases and
becomes lower than that of the electrons. The ion diffusion time
Twi = (Dg/A*) ™! with Dy the ion effective diffusion coefficient
becomes gradually larger than the electron diffusion time Ty =
(Dse/A?) ! with D, the electron effective diffusion coefficient. It
leads to the formation of a positive space charge [42-45,85,86].
Freiberg and Weaver [85] showed that the transition starts when
A/Ap, ~ 100. Platier et al. [88] have recently measured that the
transition starts at A/Ap, ~ 6, which is significantly lower than
100. The difference was explained by the influence of diffusion
(evaporative) cooling of the free electrons [36-41]. An
approximation of D, as a function of A/Ap, is [109]

Do [ 1+(AAn)
Do [(DafDe) + (A/An)']

(13)

It is of note that Eq. 13 underestimates the real value of D,
[109]. Phelps [45] presents more accurate results on the effective
diffusion coefficients for both ions and electrons. When the
plasma contains dust particles, the dust particle charge
evolution is affected by the transition from ambipolar to free
diffusion [82,83]. In pulsed discharges, if the afterglow phase is
shorter than the time it takes for the electron density to decrease
to a value, such that Ap, > A, the transition from ambipolar to
free diffusion can be ignored. For an argon discharge after
electron thermalization (T, = T; = 0.03 eV, the thermalization
process is explained below), with =1, ~10° cm™,
p ~10-100 Pa and A ~ 1 cm, the transition from ambipolar to
free diffusion starts after f. ~10-100 ms. When n4 is large, the
plasma losses on the dust particles can significantly diminish the
plasma decay time [46,61,83]. The transition might also be
affected by the presence of an external electric field and/or
dust particles (especially at high dust number density), but to
the best of the author’s knowledge, no dedicated studies on these
issues have been performed.

The evolution of the electron temperature during the
afterglow needs now to be discussed. As seen above, the
electron temperature is an essential parameter for both the
diffusion process and the dust particle charging process. The
time evolution of the electron temperature can be obtained from
the power balance equation Ashida et al. [108]; Lieberman and

Ashida [105]; Lieberman and Lichtenberg [102]:
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1 dT.  (2E. 2E,, .
= = _< + 1>Kiz (Te)ng - - K (Te)ng - 2ﬁl{el (Te)ng

T. dt 3T, 3T, m
5 5
2 @t upAar [ 2 Pt oTe 1 |KS(To)n,
30T, v 30T, s el

(14)

where K., . are the excitation (inelastic collisions) and elastic
collision rates with the neutral atom, respectively, and ®; , are the
sheath and dust surface potential, respectively. E;, and E,, are the
ionization energy and excitation energy, respectively. In Eq. 14,
energy losses due to charged particle collections by dust are
supposed equivalent to the energy losses on the reactor walls.
m )2 (floating

2mme

Considering that in argon ®; = ®, =T.In(
potential of a flat wall, [102]), then, the terms in parenthesis
in Eq. 14 have the numerical value =~ 4 in argon [102]. Since the
ionization and excitation rate fall very quickly with electron
temperature, Eq. 14 can be simplified to

1 dTe _ 2me uBAeff
Te dt - m;
1

_ -1 -1 1y -
- _(Tcoll * Tyan + Tdust) =-Tr.

Kel (Te)”g -4

- 4K; (Te)T’ld, (15)

In Eq. 15, the first term correspond the the cooling by
collisions with the neutral gas background with a rate
Tc_olzz = 2(me/m;)K (Te)ng. The second and third term in the
right hand side of Eq. 15 correspond to the cooling of electrons by
diffusion to the walls and to the dust particles with the rates
T = 4KG (Te)ng = 417!,
respectively. 77! is the total electron cooling rate. Diffusion

T;}ff = dugAg/V =41},  and
cooling is important at low pressure and can even lead to
electron temperature below the gas temperature and a
noticeable reduction of the ambipolar diffusion coefficient
below the value expected for an electron temperature equal to
the gas temperature [37]. For argon, the “over-cooling” can occur
for gas pressure below p, = 0.095 Torr (12.7 Pa) [37]. Note
that Eqs 14 and 15 are a very simplified picture of electron
cooling. Indeed, Brduer et al. [110] showed that the electron
velocity distribution function is strongly modified in the first tens
of microseconds of the plasma decay and is substantially
influenced by collisions between metastable atoms. Godyak
[111] confirmed that the EEDF is usually different in the
elastic, inelastic, and electron escape (electron with energy
higher than the sheath potential) energy ranges. Godyak [111]
also confirmed that electron cooling is faster at low gas pressures.
Liu et al. [40] showed that plasma density profile has a significant
influence on the plasma density decay rate and that electron
cooling rate significantly decreases with decreasing plasma
density (lower e-e scattering process generating energetic
electrons that can escape to the walls). Finally, Proshina et al.
[41] showed that electron cooling has two different time stages: 1)
rapid decrease of the electron temperature due to inelastic
electron collisions with Ar atoms in the ground state, followed
by 2) diffusion along the electron energy scale via Coulomb or
elastic collisions leading to gradual electron cooling. They also
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confirmed the non-Maxwellian nature of the EEDF during the
electron cooling stage. All of these phenomena can have an
importance for the dust charge evolution in the afterglow and are
sometimes taken into account (Denysenko et al. [71-73]). Shin
et al. [112] showed that in the first tens of microseconds in the
afterglow, electron and positive ion densities do not decay
appreciably near the plasma edge due to the transport of ions
and electrons from the higher density central region of the
plasma. Moreover, as can be seen from Eq. 15, the temperature
decay time is always shorter than the electron and ions diffusion
times. Considering constant plasma density, this allows one to
estimate the temperature decay time. Taking a dust-free plasma in
a cylindrical chamber with R=1=4 cm (A =1 cm) with T, =3 eV,
T; = Tgas = 0.03 €V, 1o = n; = 10° cm ™, K; = 107> m’/s, and 0; =
107"* m?, one gets for an argon pressure p = 10 Pa 7, = 175 ps and
Tyan = 10 ps(Tr = 10 ps). Increasing the pressure to p = 100 Pa, one
gets Top = 18 s and 7,y = 66 pus (17 = 14 ps). As can be seen, the
considered range of pressure, both the contribution of diffusion
and collisions to electron cooling are important. At high dust
density, the dust particles can also contribute significantly to
electron cooling. The different time scales in the afterglow are
summarized in Table 1. As can be seen, the electron cooling time
7r is always of the order of a few tens of us and, thus, in some
studies, the electron cooling stage is sometimes simplified to a
simple decay of the T, with a time constant 77 set to a few tens of
us [70].

The simulation of the time evolution of a dusty plasma
afterglow requires simultaneously solving Eqs 3, 5, and 14 and
evaluating the different rates as a function of the plasma
parameters (and external applied field if needed) at each time
step. The quasi-neutrality condition (Eq. 6) should be used to get
the starting dust charge and electron density for given ion and
dust densities, dust radius, initial electron temperature, and gas
(ion) temperature.

4 Conclusion

In this review article, the main experimental results on
temporal dusty plasma afterglow were presented.

When the power source of the discharge is turned off, the
charged species of the plasma diffuse away and recombine into
neutral species. When dust particles are present in the plasma, the
diffusion of charged species and the plasma decay dynamics is
changed. Under specific conditions, it can even lead to anomalous
density increase in the early afterglow, as observed in pulsed dusty
plasma discharges. Experiments have shown that large dust density
can considerably shorten the plasma decay time and that
metastable species and other chemically active species have an
important effect in the early afterglow.

Moreover, dust particle charges also evolve during the
afterglow period due to the changing plasma parameters. In
the late afterglow, dust particles can keep residual charges. The
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value of these residual charges strongly depends on the
addition, the
presence of a dc electric field, causing ions to drift through

ambipolar-to-free  diffusion transition. In
the neutral gas, has a strong influence on the final dust particle
residual charges, eventually leading to large positive residual
charges.

Finally, the basics of afterglow evolution modeling were
presented. Dust particle contribution to plasma decay was
discussed, and different electron cooling mechanisms were
given.

Note that neither the discharge geometry effects nor the
dust particle spatial distribution effects on the dynamics of
the dusty plasma afterglow were discussed. These effects are
known to be significant but are very specific to each
experiment and are beyond the scope of the present
review. In addition, the shape of the dust particles (only
spherical particles were considered here) and the particle
the

Therefore, detailed studies of temporal dusty afterglow

material can affect charging/decharging process.
plasma are still needed. In particular, the influences of
dust distribution and the

influences of dust shape and dust material on the diffusion

density and dust spatial

of ions and electrons (including the transition from
ambipolar to free diffusion) and the charging/decharging
processes need to be investigated in detail. The influence
of an external electric field on diffusion, especially on the
transition from ambipolar to free diffusion, also requires
more investigation.
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