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Abstract. The occurrence of low frequency instabilities in a plasma can be due
to the presence of a high density of grown dust particles. These instabilities are
characterized by analyzing the discharge current, evidencing the existence of successive
phases marked by distinct frequency evolutions. The main characteristics of these
phases are determined as a function of the gas pressure. A particular attention is
paid to the changes of the instability appearance time, duration and frequencies.
These parameters seem to be related with the global amount of grown dust particles.
The instability appearance time is the first parameter that can be easily measured
during an experiment and all the other parameters can be estimated from this simple
measurement.
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1. Introduction

In addition to the neutral species, dusty plasmas [1] are constituted of three charged
components: ions, electrons and bigger particles called dust particles. The size of these
solid particles can vary from a few nanometers to millimeters. In astrophysics, dusty
plasmas can be observed for example in comets tails or in some planetary atmospheres
2, 3]. In industry, the formation of dust particles was observed in plasma processing
reactors in the late 80s [4]. Their appearance was an unexpected problem in the field
of microelectronics where cleanliness is a drastic requirement for the fabrication process
of semiconductors. Several techniques [5, 6, 7, 8, 9] were then proposed to remove
them away from the processed surfaces. In fusion reactors like ITER, the presence of
dust particles remains a critical issue [10, 11]. Whereas these nano sized particles are
harmful in many processes, nowadays they are also considered for several applications
like solar cells [12] and memories. In laboratories, dust particles can be easily grown
using several methods like reactive gases [13, 14, 15, 16, 17, 18, 19, 20, 21] or material
sputtering [22, 23, 24, 25, 26]. Thanks to these methods, molecular precursors are
created in the discharge and are at the origin of chemical reactions leading to the
growth of dust particles. As soon as these particles reach a sufficient size, they
acquire a negative charge by capturing plasma electrons. This loss of electrons can
lead to modifications in the plasma characteristics [27, 28, 29] and when the dust
particle density is huge, different types of low frequency (from a few to a few hundreds
Hz) instabilities can be observed: dust particle growth instabilities [22, 23, 30, 31]
including plasmoids [32, 33, 34, 35], successive generation instabilities [18, 36, 37] and
the heartbeat instability [38, 39, 40, 41]. Some plasma instabilities (MHz range) related
to dust particle growth can also be observed in electron cyclotron resonance plasmas
[42].

The present study is mainly focused on the analysis of dust particle growth
instabilities (DPGI). The so-called DPGI, detailed in Sec. 3, is investigated by recording
the discharge current during dust particle growth obtained by material sputtering. This
signal reveals the temporal evolution of the instability. A Fourier analysis shows the
existence of different instability regimes and complex frequency evolutions (Sec. 4). An
alternation of ordered and stochastic regimes is evidenced. The ordered regimes are
characterized by a well-defined frequency value that evolves smoothly as a function
of time. On the contrary, during the stochastic regime the frequency is changing
very quickly and erratically around a mean value. The evolution of these regimes is
studied as a function of the gas pressure (Sec. 5) and some instability characteristics
(appearance time, duration, typical frequencies) are compared. It appears that the
simple measurement during an experiment of the instability appearance time is a good
indication of the entire instability evolution (Sec. 6). The experimental results are
discussed in Sec. 7.
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Figure 1. Scheme of the PKE-Nefedov reactor.

2. Experimental setup

The experiments are performed in the PKE-Nefedov [43] reactor where the plasma
is created by a capacitively coupled radio-frequency (13.56 MHz in push-pull mode)
discharge with a typical power of 3 W. The two parallel electrodes (4.2 cm in diameter,
separated by 3 cm) are surrounded by guard rings (figure 1). Dust particles are
grown in the plasma by sputtering previously injected micrometer size dust particles
made of polymer (melamine formaldehyde) and lying on the electrodes [24]. After
each experiment, the grown dust particles fall down on the bottom electrode and this
deposition is also sputtered during the experiments. Krypton is used as the sputtering
gas with a typical pressure between 1.4 and 2.4 mbar. The growth process is highly
sensitive to gas purity, and this effect can be amplified by the fact that experiments are
performed without continuous gas flow. Before each experiment, the gas line and the
reactor are pumped down to a low base pressure of 107 mbar in order to eliminate
the molecular impurities from the previous experiment. This pumping method is
favorable to form a high dust particle density and to obtain relatively reproducible
results [23, 24]. For each studied pressure, several experiments are performed in order
to obtain statistical measurements and estimate error bars.

3. Dust particle growth instabilities

Once the plasma is switched on, the dust particle growth process starts. This growth is
easily identified by measuring the temporal evolution of the amplitude of the discharge
current fundamental harmonic (DC component, figure 2). Indeed, as dust particles are
growing, they attach more and more free electrons. It results in the global decrease of
the discharge current [9]. After a few tens of seconds, dust particles strongly disturb the
plasma equilibrium and DPGI start. They are easily detected in figure 2 and correspond
to an increase of the signal fluctuation around its mean value. During DPGI, the plasma
is highly unstable and shows very complex structure and behaviour [34]. While dust
particles were easily observed in the Ar case [30], they are hardly visible with Kr. Our
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Figure 2. Amplitude of the rf current (DC component) as a function of time.

visual observations (at the extinction of the plasma thanks to laser light scattering)
tend to show that the use of Kr leads to the formation of a denser cloud of smaller
dust particles. When the plasma is turned off, the dust cloud is more easily observed
as the oscillating plasma glow is no more disturbing the observation. In addition, dust
particles are very light and immersed in a neutral gas at rest (static pressure) and at
a relatively high pressure. Thus, the dust cloud falling can take several seconds due to
the small gravitational force and the non negligible friction with the neutral gas. It is
then possible to observe the dust cloud more easily than during the plasma ON phase.
No clear void is detected in the center of the dust cloud and DPGI appear during the
growth of a single dust particle generation. In the presented experiments, as the void
does not appear, no cyclic formation of dust particles is obtained [13, 18, 21, 44, 45]. Tt
is confirmed by figure 2 where no very low-frequency oscillations of the signal (period
of a few minutes) is detected.

Some sudden amplitude drops in the electrical signal are noticed when using Kr.
These drops last for a few seconds and are evidenced just after the plasma ignition and
during the first part of the instabilities as clearly observed in figure 2. Later in the
growth process, the existence of these drops is no more evidenced. They are also not
obtained without dust particle growth. For these reasons, we do not attribute these
drops to any problem in the electrical wiring circuit. Their origin is currently under
investigation and their connection with dust particle growth is considered.

4. Evidence of different instability regimes

In figure 3, the AC part of the discharge current is recorded from the plasma ignition
till its extinction at a pressure of 1.8 mbar. Measuring the AC component gives a
much higher resolution than the DC component (figure 2) for analyzing the DPGI
frequency evolution. The plasma ignition is detected as a sharp peak 3 s after the
recording start (due to the time scale used in figure 3, it is superimposed on the y-
axis). The instability begins several tens of seconds after the plasma ignition and



Characterization of low frequency instabilities in a Krypton dusty plasma 5

Current amplitude (a.u)

0 500 1000 1500 2000
Time(s)

Figure 3. Alternative part of the discharge current amplitude evidencing DPGI.
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Figure 4. Fourier spectrogram of the electrical measurements shown in figure 3 and
representing the frequency evolution of DPGI.

lasts about 2000 s. The DPGI frequency evolution is evidenced by calculating the
corresponding Fourier spectrogram (figure 4). In order to emphasize small ordered
domains, the spectrogram intensity has been normalized separately inside each 100 s
range [30] (from O to 100 s the intensity has been normalized to its maximum value
inside this time domain and so on). From figures 3 and 4, it clearly appears that the
instability is characterized by a well defined succession of phases. These phases can be
either ordered with a smoothly evolving frequency, or stochastic with fast and erratic
frequency variations. In figure 4, the main stochastic phase clearly appears between 400
and 1300 s. These phases are also well identified in figure 3 where they are characterized
by different instability amplitudes. In figure 4, when several frequencies are detected
simultaneously, the colour code allows to identify the dominant frequency. Indeed, the
electrical measurements show that the instability is constituted of well defined patterns
with a varying number of peaks. Depending on the respective peak amplitudes, the
dominant frequency corresponds either to the main frequency pattern (constituted of
several peaks) or to the peak separation within the pattern [35].
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At the beginning of the instability, a fast increase of the frequency is observed
until 400 s (figure 4). During this period, the instability alternates between ordered
and more stochastic phases. Then, a long stochastic phase starts at 400 s up to 1300
s. The frequency fluctuates around 170 Hz quickly and erratically but stays within a
rather small value range. During this period, the envelope amplitude of the electrical
signal stays roughly at the same height (figure 3) and the most highlighted frequency
(figure 4) corresponds to the frequency between consecutive peaks. During this phase no
specific pattern can be determined due to the stochastic evolution. Then, the frequency
decreases to about 55 Hz at around 1300 s. This change appears as an increase of
the signal amplitude in figure 3, and to the appearance of a clear two peak pattern,
the dominant frequency being the main pattern frequency (and not the frequency
corresponding to the two peak separation). Finally, the instability ends with an ordered
phase characterized by a high frequency (~ 200 Hz in figure 4) and a small amplitude
(figure 3).

In this section, we have briefly identified different phases and showed a complex
evolution of the main frequency. In order to better understand the instability behaviour,
its modification as a function of the pressure is now investigated.

5. Pressure dependence of DPGI

The evolution of the RF current amplitude (DC component) as a function of time is
presented for different pressures from 1.4 to 2.4 mbar in figure 5. At the plasma ignition,
it is observed that the higher the pressure, the higher the rise of the signal. Then, the
current decrease due to dust particle growth is slightly different as a function of the
pressure. For instance, at 1.4 and 1.6 mbar, the decrease is slow and the amplitude
variation is small. At 1.8 mbar, the current decrease becomes faster and a clear gap can
be observed between the curves at 1.6 and 1.8 mbar. At 2 and 2.4 mbar, the current
decrease continues to accelerate. The gap observed between 2 mbar and 2.4 mbar could
be the place of a missing measurement at 2.2 mbar (not available due to experimental
problems during the measurement campaign). These measurements show that at higher
pressures (above 1.6 mbar) the growth kinetics is faster and the dust density is higher
(the bigger is the amount of formed dust particles, the bigger is the loss of electrons).
These hypotheses are consistent with the visual observation of the dust cloud falling at
the extinction of the plasma (the dust cloud is hardly visible by laser light scattering
during the plasma phase due to the small dust particle size).

In the same range of pressures (from 1.4 to 2.4 mbar), the instability characteristics
are determined. The evolution of the appearance time and total duration of DPGI
are presented in figure 6. Error bars are estimated from a statistics based on several
experiments performed in the same conditions. A long pumping period (at least one
half-day) between each experiment guarantees that the amount of impurities (strongly
affecting the dust particle growth process) is low and rather similar for each experiment.
At 1.4 mbar, the instability appears around 220 s after the plasma ignition, while at
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Figure 5. Amplitude of the rf current (DC component) as a function of time for
different pressures.
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Figure 6. Appearance time (x) and total duration (O) of DPGI as a function of the
gas pressure.

2.4 mbar it occurs more quickly (35 s). Increasing the pressure results in a continuous
decrease of the appearance time that can be easily fitted by a decreasing exponential
function. It means that the necessary conditions to trigger DPGI are obtained faster at
high pressure. Anew, it is consistent with the observation that higher pressures result
in the growth of a higher dust density (and thus smaller dust sizes) as shown in figure 5.
These conditions seem to be more favorable to trigger DPGI than situations with a
lower density of bigger dust particles obtained at low pressures [30].

Concerning the instability duration, it increases with the pressure from 1200 s at 1.4
mbar up to 2400 s at 2.4 mbar. The duration trend can also be fitted by an exponential
function in the form a — b.exp(—c.P). At high pressures, the amount of dust particles is
large enough to sustain the instability for a long duration. From the behaviours observed
in figure 6, it can be deduced that the higher the pressure, the shorter the appearance
time and the longer the duration of the instability. Thus, a high dust particle density
is required to induce well developed instabilities. During experiments, this observation
can provide an easy indication of the amount of grown dust particles.
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Figure 7. (a) Starting and (b) final frequencies of the instability as a function of the
pressure.

Dust particle growth kinetics can also be estimated from the evolution of the
DPGI frequency. For this purpose, the starting (at the instability beginning) and final
(just before the instability end) frequencies are measured as a function of the pressure
(figure 7). At 1.4 mbar, the starting frequency is around 35 Hz and it increases with
the pressure up to a value of about 58 Hz at 2 mbar (an increase of 1.6 times). The
final frequency is around 75 Hz at 1.4 mbar, and it increases with the pressure up to
350 Hz at 2 mbar (an increase of 4.6 times). The ratio between the final and starting
frequencies is also highly dependent on the pressure, from a factor 2 at 1.4 mbar, 3 at 1.6
mbar, 4.5 at 1.8 mbar and 6 at 2 mbar. At 2.4 mbar, the signal is mostly dominated by
a stochastic behaviour, and thus starting and final frequencies cannot be clearly defined.
A relatively small difference in the starting frequency can thus result in rather different
final frequencies confirming the pressure dependence of dust particle growth kinetics.
In order to better investigate the frequency evolution during dust particle growth, the
four main phases of DPGI (figure 4) are analyzed as a function of the gas pressure. As
shown in section 4, these successive phases are:

- From the beginning up to the main stochastic regime (till 400 s). The evolution
of the frequency during this period is discussed in [35].

- The main central stochastic regime (from 400 s up to around 1300 s).

- The frequency drop phase.

- The last ordered phase (around 2000 s).

In figure 8, the first part of the instability is observed for four values of the pressure
(1.4, 1.6, 1.8, and 2 mbar). For a better comparison, the same time and frequency
scales are used for each pressure. Some conclusions drawn from figures 6 and 7 (on the
appearance time and starting frequencies) can also be found again in this figure. At
1.4 mbar, several ordered phases are observed at the beginning of the instability before
the long stochastic phase. The frequency increases slowly with a speed of about 0.07
Hz/s. At 1.6 mbar, the first part of the instability becomes shorter and an alternation of
ordered and stochastic behaviour is observed before the beginning of the long stochastic
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Figure 8. Fourier spectrogram of the first phases for different pressures, (a) 1.4 mbar,
(b) 1.6 mbar, (c) 1.8 mbar and (d) 2 mbar.
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Figure 9. Central stochastic phase frequency as a function of the pressure.

phase at around 500 s. During this first part, the frequency increases with a speed of
about 0.25 Hz/s. At 1.8 mbar, the rise of the frequency is faster with a speed of 0.5
Hz/s, and the first part of the instability becomes mostly stochastic. At 2 mbar, the
first part of the instability is brief and the frequency increases at a speed of 0.9 Hz/s.
These evolutions show that at high pressure, the frequency increases faster than at low
pressure and is related to the formation of a high dust density.

The first phases of the instability are followed by the main stochastic regime, a
relatively robust phase appearing during all our experiments. In figure 9, the long
stochastic phase frequency is shown as a function of the pressure. The frequency mean
value is around 55 Hz at 1.4 mbar, and increases up to 240 Hz at 2 mbar. At 2.4 mbar,
this frequency can strongly vary from one experiment to another. It is mainly due to the
strong stochastic behaviour of DPGI at pressures above 2 mbar as already mentioned
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Figure 10. Fourier spectrogram of the frequency drop phase for different pressures,
(a) 1.4 mbar, (b) 1.6 mbar, (c) 1.8 and (d) 2 mbar.

for figure 7. Indeed, in our experimental conditions these pressures lead to very strong
stochastic instabilities that can evolve quite differently. Nevertheless, as we performed
many experiments for each pressure, we found that the average frequency at 2.4 mbar
fit rather well with the global trend as function of the pressure. Thus, we can conclude
that as for the starting and final frequencies (figure 7), the central stochastic frequency
also increases with the pressure.

After this long stochastic phase, the frequency decreases to a smaller value (figure 10
(a) 1.4, (b) 1.6, (c) 1.8 and (d) 2 mbar). This is mainly due to the fact that for this phase,
the frequency corresponds to the pattern frequency and no more to the consecutive
peak frequency. This phase is constituted of two parts, a well-ordered one and a more
stochastic one. As expected, this phase is more ordered at low pressure. At 1.4 mbar, it
begins around 1180 s (figure 10 (a)) where a frequency at 32 Hz and its harmonics are
observed for a short time until 1220 s, then the frequency at 65 Hz becomes dominant.
At 1.6 mbar, the phase is clearly evidenced around 1250 till 1600 s (figure 10 (b)) before
turning into a more stochastic behaviour. At 1.8 mbar (figure 10 (c)), it is globally
more stochastic, meaning that a pattern exists but it is disturbed by the appearance of
random peaks. Finally at pressures above 2 mbar, the stochastic behaviour is completely
dominant and at 2.4 mbar this phase is the final one before the end of the instability:
the last ordered phase (figure 4) is not observed.

At pressures lower than 2.4 mbar, another phase occurs before the instability end.
This final phase has a clear ordered behaviour as shown in figure 11. At high pressure,
the phase is shorter than at low pressure, and the shape of the frequency evolution is
different. At 1.4 mbar, the frequency increases slowly with a speed of about 0.09 Hz/s
then slightly decreases at the end. At 1.6 mbar, the frequency increases with a speed of
0.10 Hz/s and the last decrease is less marked. At 1.8 mbar, the speed is around 0.13
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Figure 11. Spectrogram of the last ordered phase before the end of the instabilities,
(a) at 1.4 mbar, (b) 1.6 mbar, (c) 1.8 mbar and (d) 2 mbar.
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Figure 12. Contribution of the ordered (O) and stochastic (x) regimes as a function
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Hz/s and the last decrease is not observed. At 2 mbar, this phase is divided into two
parts, with a rising speed of about 0.63 Hz/s. The frequency evolution becomes faster
as a function of the pressure as we already observed at the beginning of the instability
(figure 8). In figure 11, it clearly appears that the duration of this ordered phase
decreases with the pressure. The splitting of this phase at 2 mbar is a first indication
of the weakness of the ordered behaviours at high pressure. It is a sign of the future
disappearance of this phase at 2.4 mbar.

The progressive disappearance of the ordered phases at high pressure is clearly
evidenced in figure 12. In this figure, the relative contributions of the ordered and
stochastic phases have been measured. The durations of all the stochastic phases
occurring during a DPGI sequence have been summed up. The same procedure has
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Figure 13. Duration of the entire instability as a function of the appearance time.

been used for the ordered regimes. At 1.4 mbar, the two types of phases have roughly
the same duration, whereas the stochastic phases become dominant as the pressure is
increased. At 2.4 mbar, the ordered phases are almost absent, and DPGI are mainly
stochastic during their whole duration. It means that when the dust particle density
is huge (and thus the dust particle size is small), the instability cannot enter in an
ordered regime. The disturbance induced by the dust particles is too strong to allow
the instability to have an ordered oscillating behaviour.

6. Interdependency between instability parameters

In the previous section, the evolution of the instability characteristics has been studied
as a function of the pressure. In the present section, relations between these different
characteristics is emphasized. During an experiment, the first parameter that can
be easily measured is the instability appearance time. The knowledge of this single
parameter provides information on the instability evolution. In figure 13, the instability
duration is plotted as a function of the appearance time. It clearly shows the result
of figure 6 that the longer the appearance time, the shorter the instability duration.
When the instability appears 35 s after the plasma ignition, it can last for 2400 s.
When it starts 220 s after the plasma ignition, the total duration of the instability
is only 1200 s. Figure 13 shows that there is roughly an inversely linear dependence
between the instability duration and appearance time. The duration of DPGI can
thus be roughly predicted as soon as they appear. Thanks to the appearance time,
the different frequencies of the instability (starting, during the long stochastic phase,
and final) can also be determined as shown in figure 14 (the evolution of the starting
frequency is zoomed in the upper right insert). The frequency trends have been fitted
by decreasing exponential functions. Figure 14 clearly shows the relation between the
frequencies discussed previously in figure 7. A quick start of the instability (60 s after
plasma ignition) shows a strong temporal increase of the mean frequency (a factor of
6 between the starting and the final frequencies). For a longer appearance time (220 s
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after plasma ignition), the factor between the starting and the final frequencies becomes
only 2. It means that the earlier is the appearance of the instability, the bigger is the
global increase of the frequency.

These dependences with the appearance time show that DPGI is a relatively robust
phenomenon and that small fluctuations in the starting conditions do not change its long
term evolution. This conclusion has to be slightly moderated for the high pressures. It
can be useful for the experimenters, as the knowledge of the appearance time is enough
to know rather accurately the instability evolution.

7. Discussion and Conclusions

In this paper, we characterized instabilities triggered by the presence of a high density
of grown dust particles in a Kr plasma. These instabilities are analyzed using electrical
measurements: the amplitude of the discharge current is recorded from the ignition
till the extinction of the plasma. The Fourier spectrogram brings to light the temporal
evolution of the frequencies during the instability. In particular, a succession of different
ordered and stochastic phases are identified as in the Ar case [30]. The differences
between the two gases mainly concerns the frequency values and evolution within the
phases. Frequencies are higher in Kr certainly due to a higher dust particle density and
a smaller dust particle size. A systematic comparison between the two gases has to be
performed with experiments completely dedicated to this defined study. In this paper we
focused our analysis on the measurement of the instability characteristics as a function of
the Kr pressure. It appears that the higher the pressure, the shorter the appearance time
(figure 6), the longer the duration (figure 6) and the higher the frequencies (figures 7 and
9). These results are consistent with the observation performed in figure 5, that at high
pressure the decrease of the current amplitude is sharper. It means that the growth
kinetics is faster [24, 46] and the dust density is certainly higher (usually connected
with a smaller dust particle size [30]). Indeed, our experimental observations tend to
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show that a fast growth kinetics and a high dust density lead to a rapid appearance of
DPGI. As the disturbance is strong and the discharge is saturated by dust particles, the
instability can thus last longer. For the frequencies, a direct correlation is more difficult
to define. Indeed, a simple approximation consists in considering that the typical DPGI

frequencies are related to the dust plasma frequency [1, 9, 47] wyq = \/?7:5 x \/:fjj (where
ng is the dust density, ()4 the dust charge, my the dust mass and r; the dust radius).
As ng is higher and ry is smaller at high pressure, it is logical to obtain a global increase
of the typical DPGI frequencies with the pressure (figures 7 and 9). Nevertheless, this
simple consideration cannot clearly explain the frequency temporal evolution. Whereas,
the frequency increase at the beginning (figure 8) could be related to an increase of ng
due to the sputtering process, the stochastic phase and the last ordered phase cannot
be easily related to wys. In the long stochastic phase, the mean frequency is relatively
constant. It is not consistent with growing dust particles. An hypothesis can be that
we have a slowing down of the dust particle growth during this regime, and then, rather
constant values of ng and r4. The last ordered phase is characterized by a frequency
increase. As ng is not expected to increase at this stage of the dust particle growth
process (no indication of a new dust particle generation is observed) the relation with
wpq is rather difficult. This behaviour shows that more complex phenomena are driving
DPGI and further investigations need to be conducted to analyze the evolution of dust
and plasma properties. For example, the use of in-situ diagnostics like ellipsometry
21, 45] will give access to dust particle size and will allow a better correlation with
DPGI evolution. Finally, we emphasized that the single measurement of the appearance
time provides an estimation of the other instability properties thanks to linear and
exponential dependences. It can be an easy and useful indication for the experimenter
as soon as the instability begins. In the future, the evolution of the instability amplitude
will be also further investigated. Indeed, as shown in figure 3, the amplitude variations
could be connected to dust particle growth dynamics.
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