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Abstract
The temporal afterglow between two pulses of a repetitively pulsed radio-frequency driven
low-pressure argon-acetylene plasma is experimentally explored using laser-induced
photodetachment combined with microwave cavity resonance spectroscopy. The densities of
electrons and negatively charged species, i.e. anions and dust particles, are measured temporally
resolved until 1.9 s in the temporal plasma afterglow. Two different plasma-on times are
adjusted to investigate the dynamics of anions and dust particles in the afterglow phase. The
measurements show that while electrons decay rapidly within the first few milliseconds of the
afterglow phase, the negatively charged species reside much longer in the plasma after the
plasma is switched off. The electron density decay is measured to be faster for a longer
plasma-on time. This effect is attributed to an enhanced recombination rate due to a higher dust
particle density and/or size. The density of negatively charged species decays within two
different timescales. The first 20milliseconds of the afterglow is marked with a rapid decay in
the negatively charged species density, in contrast with their slow density decay in the second
time scale. Moreover, a residual of the negatively charged species densities is detected as long
as 1.9 s after extinguishing the plasma.

Keywords: temporal plasma afterglow, dusty plasma, anions, laser-induced photodetachment

(Some figures may appear in colour only in the online journal)

1. Introduction

Dusty or complex plasmas (i.e. low-pressure plasmas contain-
ing nano- to micrometer-sized particulates) have become of
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considerable importance due to their prevalence in various
research areas and applications. From a fundamental view-
point, dusty plasmas are abundantly present in outer space,
e.g. in comet tails [1] and in the rings of Saturn [2]. In labor-
atories on earth, complex plasmas are used as model systems
for studying generic phenomena of condensed matter physics
and, in that regard, exhibit phenomena such as crystallization
[3], melting [4] and turbulence [5].

On the practical side, applications range from the syn-
thesis of polymers [6], nanostructures [7], and functionalized
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nanoparticles [8] to contamination control in photolithography
[9, 10] and plasma diagnostics [11].

Dust particles are often externally injected into plasma
environments, but can also be spontaneously formed when
plasmas are ignited in reactive gases such as silane [12],
hexamethyldisiloxane [13], methane, and acetylene [14]. In
general, the spontaneous formation of dust particles inside an
(often radio frequency (RF) driven) low-pressure plasma can
be described by several stages and begins with the polymer-
ization stage [15]. Upon ignition of the plasma in a reactive
gas mixture—such as in Ar/C2H2 as is the case in this work—
negative ions (anions) are formed by the reaction of an elec-
tron with a monomer acetylene molecule in a process called
dissociative electron attachment [16]:

C2H2 + e− → C2H
− +H. (1)

The primary C2H− anions, electrostatically trapped in the
central region of the plasma by virtue of the positive poten-
tial of the plasma bulk, can trigger a consecutive chain of
polymerization reactions when reacting with other monomer
molecules to form larger molecules [17]:

C2nH
− +C2H2 → C2n+2H

− +H2. (2)

Here, the initial polymerization of C2H− corresponds to
n = 1. Subsequently, the particle nucleation stage leads to the
formation of small clusters with a size of several nanometers.
This process is often dominated by reactions between elec-
trically trapped anions in the plasma and neutral molecules or
radicals that contribute to cluster growth [18]. In the next step
of particle formation, namely coagulation, the growth of larger
dust particles results in gaining an increasing and permanent
negative charge. Finally, the particle growth culminates in the
accretion step whereby the dust particles grow linearly over
time [19]; before the particles fall outside the plasma due to
domination of ion drag force.

Experimental diagnostic and numerical modelling stud-
ies have been conducted to measure the densities of elec-
trons, ions, neutrals, and dust particles, as well as determine
the evolution of the charge of dust particles during steady-
state and afterglow plasma conditions. Jiménez-Redondo et al
[20] studied the first stages of polymerization in Ar/C2H2

RF plasmas by mass spectroscopy measurements and with
a volume-averaged model. In their measurements, the negat-
ive ions distributions showed a clear dominance of ethynyl
(C2H−) and vinylidene (H2CC−) anions while anions with
higher molecular weights were found to be present with relat-
ively lower densities. Recently, increasing attention has been
devoted to a special case of dusty plasma [21]: a dusty after-
glow plasma. In general, afterglow plasmas can be divided into
temporal plasma afterglow plasmas (i.e. plasmas extinguish-
ing over time) [22], spatial afterglow plasmas [23] (i.e. plasma
residues spatially away from the active (powered) plasma
region) or combination of the two [24]. The focus of the cur-
rent work is on the temporal afterglow of a particle form-
ing plasma. In such type of plasma afterglow, the charge of
small nanoparticles was already found to vary slowly in the

late afterglow, compared to a rapid decrease of particle charge
in the initial stages of afterglow, and eventually to become
‘frozen’ due to very small positive ion and electron densities
and currents in the late afterglow [25, 26]. These results are in
agreement with the findings of Couëdel et al [27], detecting
similar particle charge residuals in the late plasma afterglow.
The temporal evolution of the electron density in Ar/C2H2

RF plasmas has been experimentally explored by microwave
interferometry [28] and microwave cavity resonance spectro-
scopy (MCRS) [29]. Specifically, an initial release of second-
ary electrons in the very beginning of the afterglow phase was
observed [28, 30] and attributed to the detachment of electrons
from the dust particles due to the collision of dust particles
with ions [30] or metastables and/or to electron generation by
metastable-metastable collisions [31].

The afterglow phase becomes of intrinsic importance when
a (dusty) plasma is being repetitively and consecutively
pulsed, which has a dominant impact on the dynamics of the
negative ions and particles once the plasma is extinguished.
From an application point of view, nanoparticle collection
[32, 33], pulsed plasma etching [34], and nanoparticle con-
tamination control [35] applications can directly benefit from
experimental data aiming at grasping this particular phase.
Although temporal afterglows of dusty plasmas have been
extensively studied using numerical methods [36–38], exper-
imental data showing the temporal evolution of negatively
charged species (i.e. anions and dust particles) are scarce.
So far, available experiments have been mainly dedicated to
studying de-charging and residual charge measurements of
injected microparticles [39–41] and very few on in-situ chem-
ically formed nanoparticles.

In this work, the temporal evolution of the densities of
electrons and negatively charged species in the afterglow
of a repetitively pulsed dust-forming capacitively coupled
RF argon-acetylene plasma is experimentally investigated.
For this purpose, the previously developed [42] method of
laser-induced photodetachment (LIP) combined with MCRS
is applied. Investigated specifically are the plasma afterglow
decays of primary anions and small clusters that are formed
during different plasma-on times prior to the plasma afterglow
phase, i.e. 14 ms and 100 ms.

The current article is structured as follows. In section 2, the
experimental methods are briefly explained together with an
illustration of the experimental setup. Section 3 presents struc-
tured time-resolved measurements of the electron and the neg-
atively charged species densities during the afterglow phase of
argon-acetylene plasma. Specifically, the effect of the plasma-
on time on the electron and negatively charged species decays
are discussed. Finally, section 4 outlines the conclusions and
summarizes the study.

2. Methods

The experimental setup used and the methods applied for
studying the densities of electrons and negatively charged spe-
cies have already been previously implemented and discussed
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[42]. Here, a description is provided that only briefly explains
the experimental methods (i.e. laser-induced photodetachment
andMCRS) and describes the distinctive features of the exper-
imental setup.

2.1. MCRS and LIP

MCRS is the method that enables the detection of free elec-
trons within a cylindrical cavity with metallic walls. Initially,
microwave resonant modes are excited within this cavity, with
each mode having its own electric field distribution and res-
onance frequency. For the used cavity geometries, this reson-
ance frequency is typically in the GHz frequency range. Upon
the emergence of free electrons originating from the plasma,
the permittivity ϵ of the medium inside the cavity changes.
Consequently, the resonance frequency of the excited resonant
mode is subject to a shift. The temporal evolution of the elec-
tron density inside the cavity volume is determined by tracking
the resonance frequency ( f (t)) of the excited mode and sub-
tracting it from the resonance frequency ( f 0) of the empty cav-
ity (i.e. without plasma). Any presence and transient change
in the electron density in the plasma, ne(t), is measured time-
resolved by

ne(t) =
8π2meϵ0 f 2(t)

e2
f(t)− f0
f0

, (3)

where me and e are the electron mass and electron charge,
respectively, and ϵ0 is the permittivity of free space.
Noteworthy is the fact that the obtained electron densities
are electric field (of the applied resonant mode) weighted
and (cavity) volume averaged. The spatial distribution of the
microwave electric field of the used resonant mode, TM010,
indicates the regions in which the resonant mode is most sens-
itive to the presence of free electrons. A 3D simulation of
TM010 microwave mode is provided previously [42] and is
illustrated in figure 2, showing that the central region of the
cylindrical cavity is maximally sensitive and decreases radi-
ally. As for the cavity used in this research, the internal dia-
meter and height were 170mm and 67mm, respectively. The
fundamental resonance frequency was f0 = 1.3678GHz, and
the quality factor was Q = 397. Therefore the time resolution
of the MCRS system limited by the cavity’s response time was
τ = 2Q

2π f0
= 92 ns.

While MCRS is an approach for electron density measure-
ment, LIP, combined with MCRS, is an indirect method of
detecting negatively charged species. Upon the incidence of
laser photons, the electrons may be detached from the negat-
ively charged species (i.e. anions or dust particles) that are sub-
sequently converted to electron-neutral pairs. The necessary
condition for photodetachment occurrence is that the photon
energy (hν) exceeds the electron affinity of the negatively
charged species. Generally, in the first few milliseconds of
the particle formation process, anions first begin to emerge
due to the dissociative attachment of electrons to monomer
molecules [16, 43]. A list of five species of anions with the
most abundance [44], together with their photodetachment
threshold energies, is presented in table 1.

Table 1. Electron affinities of negatively charged species [45, 46].

Negative ion Electron affinity (eV)

H2CC− + hν→ C2H2 + e− 0.490
C2H− + hν→ C2H· + e− 2.956
C4H− + hν→ C4H· + e− 3.558
C6H

− + hν→ C6H· + e− 3.809
C8H− + hν→ C8H· + e− 3.966

Figure 1. Typical measurement of electron release upon
photodetachment incident (t= 0): an additional electron density
(∆ne) is detected with MCRS. Here the plasma operates at
steady-state conditions of 10 Pa pressure of argon-acetylene gas and
10 W deposited power.

The fourth harmonic of an Nd:YAG laser was chosen
to detect the anions and particle charge density for all the
photodetachment experiments presented here. The laser light
wavelength, therefore, was 266 nm equivalent to a photon
energy of 4.66 eV. Consequently, the laser was capable of indu-
cing photodetachment events from all of the anion species
mentioned in table 1.

Upon the photodetachment incident, a sudden local surge
of electron density is detected, using MCRS, as an addi-
tional temporal shift in resonance frequency. As illustrated in
figure 1, this photodetachment incident clearly appears as a
momentary electron release resolved via equation (3).

Ideally, the laser pulse is capable of converting all of
the negatively charged species into electron-neutral pairs. In
that case, the diagnostic is operated in its saturation regime.
Photodetachment in the saturation regime often demands a
high laser pulse energy. In our case, however, the laser pulse
only partially converted the negatively charged species along
its path. The photodetached electron density, in this case,
scales exponentially with the laser pulse energy and photode-
tachment cross-section of the negatively charged species. The
fraction (α) between the photodetached electron density using
a specific laser pulse energy (∆ne) and the photodetached elec-
tron density in the saturation regime (∆nsate ) is given [47] by:
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Figure 2. Schematic representation of the experimental setup consisting of three parts: (1). RF plasma generator, used to ignite the plasma
inside the cavity in the vacuum vessel. (2). MCRS used to measure electron density. (3). The laser used for photodetachment. The 3D
illustration of the spatial distribution of the microwave electric field of TM010 in the cavity is also included.

α=
∆ne
∆nsate

= 1− exp

(
−σdet

hν
Elaser

S

)
, (4)

whereσdet, hν,Elaser, and S indicate the photodetachment cross
section of a specific species, the energy of the photons used for
irradiation, the laser pulse energy, and the laser beam’s cross-
sectional surface area, respectively. In the following experi-
ments, multiple negatively charged species contributed to the
overall photodetachment trials. Hence, before performing pho-
todetachment experiments to determine densities of negatively
charged species, a preliminary set of experiments is necessary
to establish the total cross-section (σdet) and, next, the photo-
detachment fraction (α).

2.2. Experimental setup

The experimental setup (schematically represented in
figure 2), is similar to the setup used for our previous works
on photodetachment [42] of oxygen anions in low-pressure
plasmas. The experiments were performed in a setup consist-
ing of three main parts: the RF plasma generation base setup,
the MCRS diagnostics, and the laser system.

The first part includes all the necessities for generating the
asymmetric RF-CCP plasma, i.e. the vacuum vessel, pumps,
RF generator, automatic matchbox, and mass flow controllers
for feeding argon and acetylene gases at steady flows of 9.1

SCCM and 1.9 SCCM, respectively. The gas pressure was set
to 10 Pa by controlling a butterfly valve. The RF generator
delivered a 10 W pulsed 13.56 MHz RF signal, which was
almost totally absorbed by the plasma during the plasma-on
phase. The delay generator set the plasma pulse repetition fre-
quency to 5 Hz for experiments with 14 ms plasma-on time
prior to the afterglow phase and 0.5 Hz for experiments with
100ms plasma-on time prior to the afterglow phase. This pulse
repetition frequency was chosen such that the duty cycle was
rather low (7% and 5% for experiments with plasma-on times
of 14 ms and 100 ms, respectively), i.e. short plasma-on times
compared to the duration of the afterglow phases under invest-
igation. The reason for the slight difference (7% versus 5%) in
the duty cycle lies in the fact that at least 14ms plasma-on time
was needed in order to obtain reproducible repetitively pulsed
discharges and measurements.

The second part includes the equipment for MCRS meas-
urements. The TM010 resonant mode was excited within the
cavity volume while the shift of its resonance frequency was
tracked time-resolved using a transient recorder. The data-
acquisition hardware and the data processing are delineated
extensively in our previous publication [42].

The pulsed Nd:YAG laser (Ekspla SL235) operated at its
fourth-harmonic mode (266 nm wavelength). The laser pulses
had a duration of 150 ps and a 5Hz repetition rate. The
beam energy was adjusted to a maximum of 90mJ per pulse.
The delay generator was used to trigger the laser and syn-
chronise the laser pulses with the plasma pulses and MCRS

4
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measurements. The laser was triggered to irradiate during
the afterglow phase with adjustable delays compared to the
moment when the plasma was switched off.

The detection limit of the current diagnostic method
for measuring the density of negatively charged species—
via electron release due to photodetachment events—was
1012 m−3. This was determined by the stability of the laser
beam energy and the reproducibility of repetitive plasma
events. The measurement error stems mainly from a slight
instability in the laser beam energy; therefore, the laser beam
energy per pulse was measured throughout the experimental
campaign. This instability caused a maximum error of 4% in
negatively charged species density measurements. Moreover,
the error in the electron density measurements was typically
0.1% [42].

3. Results and discussions

The decays of the densities of electrons and negatively charged
species (i.e. anions and/or dust particles) during the plasma
afterglow were studied by conducting the following experi-
ments. Generally, two sets of experiments were conducted,
with each set having had a specific plasma-on time prior to
the start of the afterglow phase. The differentiation in plasma-
on time was introduced in order to investigate the impact
on the afterglow dynamics of anions and/or dust particles.
In section 3.1, the decay of the electron density during the
afterglow when the plasma was switched on for two differ-
ent plasma-on times is discussed. Subsequently, in section 3.2,
negatively charged species densities measurements and their
decays—also for different plasma-on times—are discussed.

3.1. Electron density

The electron density during the afterglow phase was meas-
ured time-resolved using MCRS in the TM010 mode, prob-
ing electrons especially in the central region of the cavity.
Figure 3 demonstrates the afterglow behaviour of the elec-
tron density when the plasma-on time is subject to change.
For a prior plasma-on time of 14 ms, the electron density
decayed exponentially with a decay time of τloss = 447 µs
during the afterglow phase. The decay time for the 100 ms
plasma-on time case was τ ′

loss = 352 µs, i.e. a 20% shorter
decay time compared to the 14 ms plasma-on time case. The
decay timesmentioned abovewere obtained by fitting an expo-
nential decay function to the experimentally obtained electron
density evolution.

The trend of a faster electron density decay observed for
a longer plasma-on time prior to the afterglow phase can be
explained by the growth of (more and/or larger) dust particles
due to the extended particle formation period. As the particle
formation period extends, the initially formed anions may
form primary clusters. This effect can—likewise—also be
observed from the lower initial electron density just before
the afterglow phase for longer plasma-on times (see figure 3);
during longer plasma-on times, more electrons are lost by

Figure 3. Time-resolved electron densities during the afterglows of
14 ms and 100 ms plasma-on times.

electron attachment [48], to form anions and/or to (growing)
dust particles.

Although the lower initial electron density just before the
afterglow phase can be explained by an increase in density
(and/or size in the case of dust particles) of both anions and
dust particles, the fact that for longer plasma-on times the
electron density decays faster points to the appearance and/or
growth of dust particles in the 100 ms plasma-on time case
compared to the situation for the experiments with 14 ms
plasma-on time. If the appearance or growth of dust particles
had not played a role, longer electron density decay times in
the afterglow for longer plasma-on times prior to that after-
glow phase would have been expected as, during the afterglow,
detachment of electrons from anions would have delayed
the overall electron density decay. This hypothetical case is
opposite to what is observed.

Overall, from the above, two intermediate conclusions can
be drawn. (I) It can be concluded that there are dust particles
present in—at least—the afterglows with a prior plasma-on
time of 100ms. Although this could be the case for the 14ms
plasma-on time case as well, it cannot be directly concluded
from the available data. (II) It can be concluded that the decay
of the electron density in the experiments with 100ms plasma-
on time is dominated by electron loss coupled to the presence
of dust particles.

In general, the electron density decay in the afterglow of
a dusty plasma is governed by diffusion of plasma species
towards plasma-containing walls and recombination onto the
dust particles’ surfaces [25, 49]:

τ−1
loss = τ−1

diff + τ−1
recomb. (5)

Here τ loss, τ diff, and τ recomb are decay time scales for
the electron density loss, electron diffusion, and recombina-
tion losses of electrons due to absorption by dust particles.
According to Couëdel et al [25], the latter is inversely
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proportional to the dust density (τ−1
recomb ∝ nd) when the dust

density is low. For the case of high dust density, τ recomb

still decreases with dust density. However, the decrease is
no longer linear, and the effect of dust particles on the
electron loss becomes relatively attenuated. Therefore, an
increase in dust particle density enhances surface recombin-
ation losses of electrons. As a longer plasma-on time leads
to an increased density of dust particles, the electron density
can be expected to decay faster due to enhanced recombination
rates. Moreover, also larger dust particles formed in extended
plasma-on times can contribute to a faster decay rate [25] as
τ−1
loss ∝ r2d.
In order to further support the conclusions drawn above, a

third set of measurements is included in appendix. This data
set shows the electron density decay in the afterglow phase
for a plasma-on time of 1 s. These measurements—in which
even larger dust particles were (visibly) present—demonstrate
an even further shortened electron density decay time of 147
µs, as is in line with the trend found from the 14 ms and
100 ms plasma-on time cases in this section. Those data are
shown in the appendix and not in the main document, as a
one-on-one comparison between them and the data presented
in this section is questionable as using the 5Hz laser repetition
rate meant that also laser pulses irradiated through the cavity
volume during the plasma-on time. Nevertheless, the electron
density evolution during the plasma-on time appears reason-
ably consistent between the three measurements indicating the
limited effect of laser irradiation during the plasma-on phase.

3.2. Negatively charged species density

To detect and measure the density of negatively charged spe-
cies, photodetachment using laser light with a photon energy
of 4.66 eV (266 nm wavelength) was applied to the plasma.
Here, we define the negatively charged species density as a
value connected to the density of the total release of elec-
trons upon a photodetachment experiment. In other words: The
total negatively charged species density consists of a contribu-
tion from anions and a contribution from electrons released
from dust particles. In the latter case, by removing x elec-
trons from each negatively charged dust particle while having
a density of nd, the total contribution from negatively charged
dust particles equals xnd. Upon irradiation of the (former)
plasma volume with the laser pulse, the negatively charged
species, which had a lower electron affinity than the laser
photon energy, yielded an electron release that could be detec-
ted using the MCRS technique. Subsequently, equation (4)
was used to translate the measured additional electron density
(∆ne), caused by the photodetachment events, to an absolute
value of the negatively charged species density (n−). Initially,
it was examined whether the conversion of all the negatively
charged species within the laser beam volume (i.e. saturation
regime) was achieved. Figure 4 shows the measured values
of the photodetached electron density as a function of laser
pulse energy. Here, the photodetachment experiments were
performed at the end of both plasma-on times of 14ms and

100ms, yielding similar results. According to figure 4, the
saturation regime could not be fully reached with the laser
operating at its maximum energy (Elaser = 90mJ) since the
photodetached electron density did not reach a saturated value
for that energy yet. Therefore, it was determined what fraction
α of the negatively charged species were photodetached by fit-
ting equation (4) to the measured values presented in figure 4,
which led to the indirect calculation of the negatively charged
species density (n− = ∆ne

α ) from∆ne. Just like in basically all
preceding LIP experiments [43, 50–52], the value of α was
obtained for each prior plasma-on time case once at the begin-
ning of the afterglow phase and was then assumed fixed for
the rest of the afterglow. Although this approach appears reas-
onable during most of the afterglow phase—as the majority
of the negative ions is C2H−—the value of α might be sub-
ject to change towards the end of the afterglow phase when
most C2H− ions have decayed and the relative contribution of
C2H− photodetachment to the overall photodetachment signal
becomes less dominant. Especially in the very late afterglow
phase, future experiments would benefit from a saturation
curve measurement (as in figure 4) for each individual meas-
urement point. Although improving the measurement accur-
acy via the value of α, such an undertaking would increase
the overall measurement time—already significantly long—
by an order of magnitude. The photodetachment cross-section
value, also obtained by the fits for both data sets of 14 ms and
100 ms plasma-on times, was σdet = (6.0± 0.1)× 10−22 m−2,
accounting for all the negatively charged species within the
laser volume. This value of the photodetachment cross-section
is approximately equal to the cross-section value for C2H−

anion [53, 54]. This implies that a majority of the negat-
ively charged species within the plasma are ethynyl (C2H−)
anions for both prior plasma-on times, as the other negat-
ive ions have different cross-sections. In principle, the same
study for the determination of the photodetachment cross-
section (σdet) and photodetachment fraction (α) can be per-
formed for longer plasma-on times with larger anions and
dust particles.

Referring back to the previous section, it can be concluded
that on the one hand, themajority of the species responsible for
∆ne due to photodetachment is C2H−, while the decay of the
electron density is governed (at least for the 100 ms plasma-on
time case) by dust particles.

Subsequently, the total absolute values of the densities of
all negatively charged species, including anions mentioned in
table 1 and dust particles, were measured time-resolved dur-
ing the temporal afterglow of the plasma. For this purpose,
LIP measurements were performed at a specific and progress-
ing delay time after the plasma was switched off. The repet-
itively pulsed plasma was driven for more than 100 pulses
before the start of LIP measurements, resulting in a steady-
state equilibrium of negatively charged species densities after
the first plasma pulses. The repetitiveness of the plasma
pulses did not lead to the accumulation of negatively charged
species over consecutive measurements. Figure 5 illustrates
the densities of the negatively charged species together with
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Figure 4. The measured values of photo-detached electron density
(∆ne) as a function of laser pulse energy at the end of 14 ms
plasma-on time (blue circles) and 100 ms plasma-on time (black
triangles). Equation (4) is fitted with the measured values of 14 ms
(red curve) and 100ms (green curve) plasma-on times.

those of the free electrons in the afterglow phase—again—
for two different prior plasma-on times of 14 ms and 100 ms
(figures 5(a) and (b), respectively). First, in figure 5(a), the
argon-acetylene plasma was operated for 14 ms before it was
switched off at t= 0. As illustrated, the negatively charged
species density decayed rapidly by 75% from its initial dens-
ity of n− = (1.94± 0.07)× 1015 m−3 to a density of
n− = (0.47± 0.01)× 1015 m−3 during the first 15 ms of the
afterglow phase. Afterwards, it remained relatively stable dur-
ing the next 85 ms of the afterglow, as it had decreased to
n− = (0.35± 0.01)× 1015 m−3 at the final measurement time
(100 ms). Subsequently, the plasma-on time was increased to
100 ms. As a consequence of the longer plasma-on time, the
negatively charged species density was measured to be relat-
ively higher (n− = (2.4± 0.1)× 1015 m−3) at the beginning
of the afterglow phase, when compared to that for the exper-
iment with 14 ms plasma-on time. As mentioned earlier, this
trend is also indicated by a lower value (for longer plasma-on
times) of the electron density prior to the start of the after-
glow phase. As seen in figure 5(b), the negatively charged
species density decreased by 75% of its initial value to n− =
(0.58± 0.02)× 1015 m−3 during the first 20 ms of the after-
glow phase. Later during the afterglow, the negatively charged
species density was measured to slowly decrease to n− =
(0.15± 0.01)× 1015 m−3 right before the initiation of the next
plasma-on phase.

From measurements of the electron and the negatively
charged species densities, illustrated in figure 5, it was
observed that the negatively charged species decayed fol-
lowing two different timescales while the electrons decayed
abruptly at the very early afterglow phase (within the first
milliseconds). The initial fast decay of negatively charged

Figure 5. Temporal evolution of electron density (blue curve)
together with the density of negatively charged species (n−, red
circles) for plasma-on times of 14ms (a) and 100ms (b).

species can be explained by, first, the drop in electron
temperature (Te) and, second, the loss of electrons due to
diffusion and recombination and, therefore, the ceasing of the
quasi-neutrality condition in the plasma.

In general, the beginning of the afterglow is characterized
by a sharp decrease in electron temperature [55, 56] resulting
in the termination of anion production as well as suppression
of the electron current to the dust particles’ surfaces. Anions
are mainly produced via dissociative attachment of electrons
[16]; therefore, when the electron temperature drops from its
initial value of typically a few eV to 0.025 eV (room temper-
ature), electrons are no longer capable of producing negative
ions. Moreover, as most of the electrons have diffused (mainly
by means of ambipolar diffusion, followed by free diffusion)
towards the plasma-containing walls or to dust particles’ sur-
faces, the electrostatic confinement of the negatively charged
species, i.e. based on the determined photodetachment cross
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section in figure 4 dominantly anions, ceases. Therefore an
immediate decrease in the density of the negatively charged
species is observed in the first 20milliseconds of the afterglow.
Also, suppression of the electron current to the dust particles
contributed to the explanation of the swift drop in the density
of the negatively charged species. Generally, the charge of dust
particles is determined by an equilibrium between the electron
and ion currents towards the particles’ surfaces [57]. As a res-
ult of the electron temperature drop to room temperature and
electron losses due to diffusion, the electron current towards
the particles is inhibited. In contrast, the ion current stays rel-
atively constant. Therefore, the particle charge becomes less
negative due to a relatively higher flux of positive ions towards
their surface [26].

In the late afterglow, however, the density of negatively
charged species decreased at a much slower rate compared
to the early afterglow phase during the first 20 milliseconds.
Furthermore, a residual density of negatively charged species
was measured in experiments for both plasma-on times. For
the case when the plasma-on time was set to 14 ms, negat-
ively charged species residing in the plasma during the entire
afterglow is mainly due to a relatively higher plasma pulse
repetition frequency (5 Hz). This results in a relatively shorter
plasma afterglow time. The observed decay in the afterglow
phase can be described by a two-stagemechanism [58]. During
the first stage, the electrons diffuse towards chamber walls
(and in this case towards dust particles’ surfaces) while negat-
ive ions are trapped within the plasma, forming a positive-ion-
negative-ion plasma, possibly including small dust particles.
The second stage in the afterglow begins with diffusing anions
and positive ions slowly towards the walls by ion-ion ambi-
polar diffusion. As simulated previously by Berndt et al [59],
for sufficiently high repetition frequencies, the anion density
only partially decays, and a residual density of anions influ-
ences the subsequent plasma pulse in a pulsed RF plasma.
In this case, similar to the 14 ms plasma-on time case in
figure 5(a), the afterglow time is not long enough for all the
anions to diffuse out and the negatively charged species dens-
ity to decay completely. For the 100ms plasma-on time (and
0.5Hz plasma pulse frequency), the slower decreasing trend
in the density of negatively charged species can be due to the
fact that as nearly all electrons and most negative ions have
diffused out, a substantial drop in plasma density prevents
any significant change in the charge of dust particles [27].
Therefore, a residual density of negatively charged species
(consisting of anions and/or negatively charged dust particles)
was observed in both instances of plasma-on times.

4. Conclusions and outlooks

This article presented experimentally obtained results on the
temporal afterglows of repetitively pulsed Ar/C2H2 plasmas.
Electron and negatively charged species densities were meas-
ured time-resolved within prolonged afterglows of the plasma
up to 1.9 s, using microwave cavity resonance spectroscopy

combined with LIP. Two different plasma-on times of 14 ms
and 100 ms prior to the start of the afterglow phase were
applied to study the contribution of anions and dust particles to
the afterglow dynamics. Based on the electron density meas-
urements, it was found that electrons decay faster after longer
plasma-on times since the electrons were dominantly lost due
to an increased recombination rate as the small (and grow-
ing in density and/or size) dust particles acted as additional
recombination surfaces. Based on negatively charged species
density measurements, it was observed that these densities
decay in two stages with different timescales. First, the neg-
atively charged species densities dropped rapidly within the
first 20milliseconds of the afterglow phase. This rapid density
drop could be attributed to electron cooling and (ambipolar)
diffusion at the very beginning of the afterglow; as the electron
temperature and electron density dropped, anions could no
longer be formed while they diffuse outwards. Also, the elec-
tron current to dust particles may be inhibited by this effect,
reducing the number of electrons on dust particles. Second, a
much slower decreasing trend was observed in the densities of
negatively charged species, resulting from depleted positive-
ion-negative-ion plasma density in the late afterglow. Also, for
both instances of plasma-on times, a residual density of neg-
atively charged species was detected in the late afterglow.

The research path in this article can be extended to spatio-
temporal afterglows of repetitively pulsed dust-forming plas-
mas. Once the multi-mode microwave resonance spectroscopy
[60] is combined with LIP, the evolution of electrons and neg-
atively charged species in different regions of the plasma in a
cavity can be studied spatially and temporally resolved.
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Appendix. The afterglow of 1 s plasma-on time

The electron density decay during the plasma afterglow is
shown in figureA1. Before extinguishing the plasma, three dif-
ferent plasma-on times, 14ms, 100ms, and 1 s, were adjusted
to study the effect of plasma-on time on the decay of electron
density. As discussed earlier, the plasma-on time of 1 s consti-
tutes a unique case due to the laser irradiation of the plasma
during this prolonged plasma-on time. Nonetheless, it can be
observed in figure A1 that the electron density decays faster
for 1 s plasma-on time (τ loss = 147µs), compared to 14ms and
100ms plasma-on time cases. Also, a lower initial electron
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Figure A1. Time-resolved electron densities during the afterglows
of 14 ms, 100 ms, and 1 s plasma-on times.

density just before the onset of the afterglow phase is observed
for the 1 s plasma-on time.
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