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A new kind of void instability in a complex plasma is described. This instability is directly linked
to the growth of a new generation of dust particles inside the void. It consists of slow contraction
and expansion sequences of the void size which frequency and amplitude evolve while the new dust

particles are growing.

PACS numbers: 52.27.Lw

I. INTRODUCTION

Dusty or complex plasmas are partially ionised gases
composed of neutral atoms, electrons, ions and charged
dust particles. Typical laboratory dust size range goes
from nanometres to tens of micrometers [1]. In labora-
tory plasmas, the dust particles are electrically charged
due to their interactions with the ions and the electrons
of the plasma. Due to a higher mobility of electrons, the
dust particle charge is negative. These dust particles can
be either injected or grown directly in the plasma. In-
jected dust particles are generally bigger than the grown
ones and on ground-based experiments, they are confined
in the sheath region where the action of the electric field
can balance the gravity [2]. On the contrary, fine dust
particles can be grown directly inside the plasma (by
sputtering [3] or using chemically active gas [4]) and can
fill up the whole inter-electrode region.

In laboratory discharges, the dust particles generally ac-
quire an important electric charge (typically thousands
of elementary charges for micrometre size dust particles
in a plasma with electron temperature T, ~ 1 —2 eV and
electron density n. ~ 10% — 10° cm™3). When the cou-
pling parameter is large enough (T' > 1), self-organised
structures are often observed in complex plasma and can
be studied at the kinetic level thanks to the large size
of the dust particles which make them easy to track.
Such structures are for example plasma crystals [5, 6],
dust waves [7, 8|, etc. Under certain conditions, a dust
free region, called a ”void”, can appear in the centre of
the discharge. Voids are observed in ground-based ex-
periments as well as in microgravity experiments [9-17].
They are due to a balance between the outward ion drag
force onto the particles and the inward electric force [18-
24]. Voids can exhibit instabilities such as the heartbeat
instability which consists of successive contractions and
expansions of the void size [10, 11, 25, 26].

In discharges where the dust particles are grown, a cyclic
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formation of dust particles inside the plasma bulk can
occur if the discharge parameters are suitable [3, 27-29].
It has been reported that new generations of dust parti-
cles grow in the void region in sputtering discharges [3] or
reactive plasmas [27-29]. Instabilities are often observed
during the growth of the first generation [19, 30-32]. It
has also been reported that instabilities can appear dur-
ing the growth of successive generations in chemically
active plasmas [33]. Instabilities of the void occurring
during the growth of a new generation of dust particles
in a sputtering discharge have also been reported [34] but
never been described in details.

In this paper, we report the first detailed experimen-
tal observation of a void instability occurring during the
growth of a new generation of dust particles (we propose
the name of “delivery instability”). This instability con-
sists of successive slow contractions and expansions of the
void size with typical frequencies lower than the ones re-
ported for the heartbeat instability [11] and stops when
new particles are visible inside the former void. A new
void then appears inside the new dust particle cloud and
the instability can start again during the growth of the
next generation.

II. EXPERIMENTAL SET-UP

The work presented here was performed in the PKE-
Nefedov (Plasma Kristall Experiment) chamber designed
for microgravity experiments [35] (see Fig.1). It is a rf
discharge operating in push-pull excitation mode. It con-
sists of 4 cm diameter parallel electrodes separated by 3
cm. The injected power varies in the range 0—4 W. Dust
particles were grown in an argon plasma (0.2—2 mbar) by
sputtering of polymer layer deposited on the electrodes
from previously injected dust particles (3.4 pum, melamine
formaldehyde). The amplitude of the discharge cur-
rent was monitored during the experiments. A de-
tailed description of this experiment and previous results
are presented in Ref [3, 10, 35].

A thin laser sheet perpendicular to the electrodes illumi-
nated the dust particles. A fast CCD camera (Mikrotron
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FIG. 1: (Colour online) Schematic of the PKE-Nefedov cham-
ber.

MC 1310 or SciTech SpeedCAM MiniVis ECO-1) was
used to record the plasma glow light or the scattered
laser light. In order to record the laser scattered light,
the camera was placed at a small angle (~ 30°) with re-
spect to the the laser sheet. It allowed direct observations
of the dust particles at an early stage of their growth as
scattering is more efficient in the forward direction. An
interference filter was placed in front of the camera in
order to reduce the light emitted by the plasma. In or-
der to record the plasma glow, the camera was facing the
PKE chamber without interference filter, focussed on the
centre of the discharge and the laser sheet was switched
off.

IIT. RESULTS AND DISCUSSION

FIG. 2: Dust cloud in the PKE-Nefedov chamber.

After dust particle growth, the dust particle cloud is of-
ten in the following state (see Fig.2): a void in the centre
of the chamber is surrounded by a cloud of dust particles.
The cloud can be composed of different dust particle gen-
erations which are clearly separated. When the discharge

parameters are suited to dust particle growth, new gen-
erations of dust particle can regularly grow in the void
region. Under specific conditions (not defined yet), it
can trigger an instability of the void region: the delivery
instability.

The delivery instability starts with a sudden expan-
sion of the void size followed by a contraction to approx-
imately its original size. An expansion-contraction se-
quence (ECS) of the delivery instability is shown in Fig.3.
It presents images extracted from high speed video imag-
ing (500 frames per second (fps)) of the dust cloud during
the delivery instability. As can be seen, the expansion in
the vertical direction is more pronounced than in the hor-
izontal direction. Fig.4 presents the time evolution of the

FIG. 3: (Colour online) Evolution of the void during one
expansion-contraction sequence of the delivery instability.
The frame are extracted from a video at 500 fps. Frame num-
bers are written on the upper left corner. The blue ellipse
delineates the position of the stable open void.

central column going through the void extracted from the
data presented in Fig.3. Time is given by the frame num-
ber on the z-axis (1 frame is 2 ms) and the column profile
is given in the y-axis. During the delivery instability, the
maximum void size reached after an expansion phase in-
creases with time. Interestingly, the minimum void size
reached after a contraction also increases but to a lesser
extent. Thus, it is clear that the amplitude of the void
oscillation increases with time. This is one of the main
differences with the fully developed heartbeat instabil-
ity where the successive contraction-expansion sequences
(CES) are roughly similar. It is also worth noting that
the expansion time is longer than the contraction time.
This is also the case during the heartbeat instability in
which the characteristic times are however much shorter
than those of the delivery instability (see Ref.[11]). For
example, a full ECS of the delivery instability lasts for
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FIG. 4: (Colour online) a) Evolution of the central column
going through the void (frame rate: 500 fps). b) Zoom of
a) with enhanced contrast. The plasma glow luminosity was
not totally stopped by the interference filter. It allowed us
to visualise major glow luminosity fluctuation inside the void
(sum of pixel intensities in the stable void region - blue lines)
at the same time as the dust cloud.

hundreds of milliseconds while a full CES of the heart-
beat instability lasts for at most a few tens of millisec-
onds. In Fig.4, the evolution of the residual plasma glow
light in the void region passing through the interference
filter is also shown. During the instability, the emitted
light follows a complicated pattern: in early oscillations
the maximum light intensity is well above the mean value
recorded for the stable void while for the latter oscilla-
tions, this maximum value is comparable. Moreover, the
glow variation in early oscillations are larger than in the
latter one. It can also be seen that that the void contrac-
tion starts before the central glow faints.

As can be seen in Fig.5, both frequency and ampli-
tude of the instability evolve with time. These changes
must be linked to the evolution of the plasma and dust
parameters during the instability. During the first oscil-
lations, amplitude and frequency vary strongly as does
the plasma glow inside the void. According to OML the-
ory, the charge on dust particles is proportional to their
radius [1]. As the new particles are getting larger, their
electric charge is increasing and hence the repulsion force
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FIG. 5: (a) Evolution of the delivery instability frequency.
(b) Evolution of the delivery instability amplitude (1 pixel ~
100 pm). The data were extracted from the same experiment
as in Figs. 3 and 4.

between the dust particles in the new cloud is getting
stronger as well as the repulsion with the old particle
cloud. Consequently, the growing particles occupy more
volume in the plasma and it might explain why the am-
plitude of the oscillation is increasing. It was reported
in a sputtering discharge that dust particle density de-
creases at a rate ~ = s~ at most [19] and, the time
averaged dust particle density can therefore be consid-
ered in first approximation more or less constant for the
duration of the delivery instability (the density of grow-
ing dust particles was also reported to be more or less
constant after few seconds in silane discharges [36]). As
the dust plasma frequency at constant dust density is
inversely proportional to the square root of the dust par-
ticle mass and proportional to its charge, the frequencies
associated with dust motion in the growing cloud tend
to decrease and might be linked to the observed drop of
the void oscillation frequency. The delivery instability
ends when the new generation of dust particles reaches
critical dimensions. Soon after the void stops oscillating
(typically 5 to 10 seconds), the new cloud becomes
visible to the naked eye. A new delivery instability can
eventually be triggered again when a new generation of
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FIG. 6: (Colour online) Evolution of the glow during one
expansion-contraction sequence of a delivery instability (in
false colour from blue to red). In order to improve the visi-
bility of the luminosity variations, frame 1 was taken as the
reference image and has been subtracted from every other
frames. Frame numbers are written on the upper left corner
(frame rate: 1789 fps).

dust starts to grow.

In order to see the global evolution of the plasma
glow, the emitted light was recorded over the whole inter-
electrode space. In Fig.6, frames extracted from a video
(1,789 fps) during a delivery instability are presented. It
shows the evolution of the plasma glow luminosity during
one expansion-contraction sequence of the delivery insta-
bility (not during the same experiment as in Figs. 3-5).
The plasma glow starts to increase in the centre before
it splits in two vertically aligned luminous glow regions
which then converge towards each other before they sud-
denly disappear and the outer part of the plasma becomes
brighter. This can be directly correlated to Fig. 4(b): the
plasma light (integrated over the region corresponding to
the stable void) first increase corresponding to the initial
central glow increase; then it decreases due to the split-
ting of the glow on the upper and lower part of the oscil-
lating void; finally, it increases again due to the conver-
gence of the enhanced glow regions during the contraction
of the void. When the situation reverses to dark centre
and brighter edges, the void continues to shrink until it
reaches its minimum dimensions. The plasma glow dis-
tribution returns then to its original configuration and
a new expansion-contraction starts again. These effects
are clearly seen in Fig.7. The discharge current (Fig.7)
during the instability also exhibits interesting features:
the first increase corresponds to an increase of luminos-
ity in the plasma centre. Then the current decreases
slowly while the two regions of enhanced luminosity are
formed and converge toward each other. The abrupt de-
crease corresponds to a fast luminosity decrease in the
centre while the plasma edges become brighter. The cur-
rent decrease indicates that the total ionisation in the
plasma decreases although localised regions of high ioni-
sation (luminosity) exist.

The fact that the enhanced central glow luminosity
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FIG. 7: (Colour online) Evolution of glow luminosity ex-

tracted from the data presented in Fig.6 (in false colour from
dark red to bright yellow). Top: Evolution of the central
column luminosity. Bottom: Evolution of the central line
luminosity (frame rate: 1789 fps). In both cases, the time
average value of each pixels has been subtracted in order to
enhance luminosity variations. The blue line superimposed
on each picture represents the discharge current (AC compo-
nent, arbitrary units) during the delivery instability. Typi-
cally variations of the current during one oscillation
are around 1 % of its mean DC value.

(generally associated to a higher ionisation rate
in the void region [18, 19, 37]) splits into two distinc-
tive regions during the delivery instability (Fig.6) tends
to indicate that a cloud of very small dust particles in
the centre of the void prevents a high ionisation rate due
to the loss of charge carriers on the dust particle. The
complex distribution of the enhanced ionisation areas as
well as the presence of the inner dust particle cloud must
result in complex ion drag and electrostatic force direc-
tions and magnitudes. However when two distinctive re-
gions of enhanced ionisation exist in the upper and lower
parts of the void, the confining forces become dominant
as the void starts to contract (Fig.4(b)). It is neverthe-
less difficult to conclude which of the ion drag force or the
electrostatic force is the dominant force due to the com-
plexities exhibited by the system. Moreover, it should
be noted that the growing particles might also af-
fect the electron temperature inside the void and
thus the glow luminosity due to excitation of the
neutral atoms (it was shown in reactive plasma



that the electron temperature increases during
the growth of dust particles [38]), increasing fur-
ther the complexity of the system.

IV. CONCLUSION

In conclusion, a new kind of void instability in complex
plasmas has been described. The delivery instability is
directly linked to the growth of a new generation of dust
particles inside the void which trigger strong oscillations
of its size. We showed that the void dynamics as well as
the glow evolution follows a very different pattern than
the one exhibited during the well-known heartbeat insta-
bility [11]. However, the nature of the coupling between
the growing dust cloud and the surrounding plasma and
dust particles is still under investigation as many features
of the instability such as the spatio-temporal evolution of
the ionisation processes are not fully understood.
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