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Experimental investigations of void dynamics in a dusty discharge

Maxime Mikikian and Läıfa Boufendi∗

Groupe de Recherches sur l’Energétique des Milieux Ionisés

Université d’Orléans, 45067 Orléans Cedex 2, France

We report on first electrical and spectroscopic characterizations of an instability, usually called
”heartbeat” instability, occurring in a laboratory dusty plasma. It consists of successive contractions
and expansions of the central dust free region observed in a dense cloud of dust particles. This cloud
is formed in a radio-frequency plasma by sputtering polymer material deposited on the electrodes.
The evolution of the discharge current reveals the relatively complex shape of the instability and
allows to measure its evolution as a function of gas pressure and radio-frequency power.

PACS numbers: 52.25.Vy, 52.27.Lw, 52.35.Ra

I. INTRODUCTION

The formation of dust particles in low pressure plas-
mas is actively studied [1] since their discovery in plasma
processing reactors [2, 3]. In laboratory experiments,
this formation is usually achieved by two different ways:
using reactive gases such as silane [4–6] or using a tar-
get sputtered by the ion bombardment coming from the
plasma [7–10]. In capacitively coupled radio-frequency
discharges, these two methods usually lead to the forma-
tion of a dense cloud of submicron dust particles filling
the whole gap between the electrodes. The dust par-
ticles are trapped in the discharge due to the negative
charge they acquire in the plasma [11–13]. Their posi-
tion is fixed by the balance of the various forces acting
on them and principally due to the ions, the electrical
fields, the thermal gradients, the gas flow and gravity.
This last force plays an important role and consequently
three-dimensional (3D) clouds can be obtained in labo-
ratory only with submicron dust particles. With bigger
particles (& 1µm), 3D clouds can be formed under mi-
crogravity conditions [14, 15] or using an additional force
like thermophoresis to counterbalance gravity [16]. When
this cloud is obtained, experiments show that the cen-
tral region of the plasma is free of dust particles [17–20].
The formation of this egg-shaped region, usually called
”void”, is still actively studied [21–26] and it seems that
the dust particles are pushed away from this region by
the ion drag forces acting on these negatively charged
dust particles. This structure is usually stable but some-
times a self-excited instability occurs, characterized by a
low frequency oscillation of the void size known as the
”heartbeat” instability. It has been previously observed
during microgravity experiments [27] with a frequency
around 1.5 Hz in a cloud of micron-sized dust particles
and theoretical works [19] proposed that this oscillation
is related to a modulation of the ionization rate. In this
paper we report on the formation of this instability in lab-
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oratory and on the correlation between the void dynamics
and the discharge characteristics such as current trans-
port and optical emission. After describing our major
observations concerning the void formation, new exper-
imental results are presented, emphasizing the complex
shape of this instability.

II. EXPERIMENTAL SETUP

The work presented here is performed in the PKE-
Nefedov (Plasma Kristall Experiment) chamber designed
for microgravity experiments [14, 15]. The experimental
setup consists in a parallel plate (4 cm in diameter sepa-
rated by 3 cm) rf discharge operating in push-pull excita-
tion mode (0−4 W). Dust particles are grown in an argon
plasma (0.2 − 2 mbar) from a sputtered polymer layer
deposited on the electrodes and coming from previously
injected dust particles (3.4µm, melamine formaldehyde).
The cloud is illuminated by a thin laser sheet perpendic-
ular to the electrodes and the scattered light is recorded
at 90o with standard charge-coupled device (CCD) cam-
eras with 25 images per second. A detailed description
of this experiment and previous results are presented in
References [28–30].

III. DUST PARTICLE GROWTH AND VOID

FORMATION

Depending on the experimental conditions, the growth
process leads to various shapes of the dust cloud (few lay-
ers, domelike shape, 3D dense cloud) and is highly sen-
sitive to the gas purity as previously reported [20]. This
effect, well observed on successive runs [31], is amplified
by the fact that the experiments are performed without
gas flow (static pressure). We need to pump down dur-
ing a sufficiently long time (at least one hour) between
each experiment in order to eliminate the species formed
during the previous run and coming from the outgassing
of the walls and from the sputtered matter. Indeed, a
very high dust density has been achieved recently by op-
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FIG. 1: (Color online). Cloud of submicron particles with a
clear void structure in the center of the plasma.

timizing the pumping system leading to a better base
pressure (few 10−6 mbar actually instead of few 10−5

mbar before). The working pressure is 1.6 mbar and the
rf power is around 2.8 W. When a high dust density is
reached, the dust particle size is very small (few hundreds
of nanometers using scanning electron microscopy) and
a cloud without a clear void can be obtained. After this
step, we usually see the progressive formation of the void
(Figure 1) but sometimes the plasma switches off by itself
due to very high concentration of dust particles attach-
ing the free electrons. A mixture of chaotic behaviour
and instabilities with well defined frequencies [31] (dif-
ferent from the broadband ”filamentary mode” [18, 20])
appears sometimes in the discharge current during dust
particle growth. However, it seems to be not indispens-
able for the void formation. At low power, the plasma
is more sensitive to any internal modification and if the
void is small (few mm), its frontiers become less defined
and some dust particles begin to cross this region [32].
Then, more and more dust particles cross the void and
the plasma switches off by itself. Increasing the power
prevents any particles to enter in this region. This ob-
servation underlines the role of the forces responsible for
the void formation like the ion drag force. When the cou-
pled power to the plasma decreases, the forces pushing
away the dust particles from the center cannot maintain
a stable size of the void.

IV. VOID INSTABILITY AND ELECTRICAL

MEASUREMENTS

Once the cloud is formed, increasing the rf power and
decreasing the pressure enable the formation of the void
and the generation of the heartbeat instability in a quite
repetitive way. In the same manner, the size of the stable
void is increased by increasing the power or by lowering
the pressure [24]. From our observations it seems that
this instability concerns only small voids appearing only

FIG. 2: (Color online). Consecutive frames taken at ≃ 20o

−

30o with respect to the laser direction during the heartbeat
instability. The black region at the top is the upper sheath.
The black region at the bottom marks the laser sheet limit.

when a huge density of small dust particles (few hun-
dreds of nanometers) is produced. In these conditions,

the scattering parameter x =
2πrp

λ
> 1 where λ is the

laser wavelength (685 nm) and rp the particle radius.
Thus, the scattered light is collected at an angle lying
approximately between 20o and 30o with respect to the
incident laser direction. Therefore, the images seem to be
compressed in the horizontal direction and a perspective
effect appears. Figure 2 shows four consecutive frames
separated by 2 ms during a typical heartbeat instability
with a frequency around 14 Hz. We can distinguish the
minimum size (≃ 6 mm in (a) and (d)) and maximum
size (≃ 12 mm in (b)) of the void. Moreover, the maxi-
mum size of the void during the instability seems bigger
than the size of the stable void. Due to the standard
video speed limitations it is not possible to study more
in details the instability and high speed cameras must
be used in the future. In consequence we have studied
the instability by measuring the amplitude of the funda-
mental harmonic of the discharge current. These mea-
surements have been performed in various conditions of
power and pressure during the same run assuming that
the dust cloud remains unchanged in terms of particle
density and size. Other runs have proved that the results
are qualitatively reproducible even if small variations in
the instability frequency or shape are observed.

The evolution of the instability as a function of the
pressure at constant injected power (3.3 W) and as a
function of the power at constant pressure (0.6 mbar)
is presented respectively in Figures 3 and 4. The time
and amplitude scales are kept constant in order to point
out the evolution in frequency and amplitude. The mea-
sured frequencies are compiled in Figure 5. Concerning
the pressure effect, the first remark is the evolution of
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FIG. 3: (Color online). Pressure dependence of the electrode
current during the heartbeat instability. The x-axis is time in
seconds and the y-axis is the current amplitude in arbitrary
units.
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FIG. 4: (Color online). Power dependence of the electrode
current during the heartbeat instability. The x-axis is time in
seconds and the y-axis is the current amplitude in arbitrary
units.

the relative amplitude of the oscillation. Indeed, we
start from a very small linear fluctuation at high pres-
sure (1.6 mbar) which corresponds to a classical limit
cycle in the phase space. Then, a bigger non linear os-
cillation appears at 1 mbar which slowly decreases when
the pressure is lowered. At the same time, the frequency
decreases slowly from 21 Hz at 1.6 mbar to the minimum
value of 15 Hz at 1 mbar. Then, as the pressure is still
lowered, the frequency increases faster and faster to 27 Hz
at 0.6 mbar and can attain more than 100 Hz at 0.3 mbar.
Due to the low video sampling rate, the frequency cannot
be correlated to the void size. The frequency increases
slowly by decreasing the rf power and after a maximum
value around 35 Hz it decreases certainly due to the fact
that we are near the excitation threshold of this instabil-
ity (Figure 4, 2.05 W). Indeed, below a given power the
instability appears in an erratic way with sometimes a
single contraction-expansion sequence in the middle of a
stable sequence (open void corresponding to the continu-
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FIG. 5: (Color online). Evolution of the instability frequency
as a function of pressure (∗) and power (�). Points in circles
are taken in the same conditions (1.6 mbar, 3.3 W).
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FIG. 6: (Color online). Fourier spectrum and oscillation fre-
quency corresponding to Figure 4, (a) at 3.3 W, (b) at 2.05
W.

ous part of the signal). The fourier spectrum of the signal
shows a clear peak at the oscillation frequency, for exam-
ple at 3.3 W in Figure 6(a). When the power decreases,
the oscillation shape becomes distorted and harmonics
appear in the fourier space. Close to the threshold of
the instability (2.05 W), the electrode current becomes
a succession of Dirac functions and the fourier spectrum
shows peaks centered at the harmonic frequencies (Fig-
ure 6(b)). The fact that the dust cloud remained nearly
unchanged during the measurements is confirmed by the
similar signals recorded, with few minutes delay, at 0.6
mbar and 3.3 W (Figures 3, 4 and circles in Figure 5).

An other important observation coming from these
curves is the complex shape of the instability. Indeed,
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we can distinguish various regions in the contraction-
expansion sequence. When the instability occurs, the
current amplitude oscillates around its stable value. If
we take as a reference the curve obtained at 3.3 W in
Figure 4, we observe first, a slow increase of the cur-
rent which looks like a small shoulder. To correlate this
part to a phase of the contraction-expansion sequence
we must analyze an individual sequence or a succession
of well separated ones as at 2.05 W. From these obser-
vations we can suppose that this stage follows the void
contraction and is related to the void opening. Indeed,
this part starts below the stable current value (dc value,
horizontal line at value 0), converges toward this value
and then stay constant (static open void) until the next
event. This stage is then followed by a faster increase
which can be either the end of the expansion or the be-
ginning of the contraction. The rest of the signal seems
to correspond to the void contraction which appears rel-
atively complex especially with the presence of a sharp
peak. For example, in Figure 3 at 1 mbar the rising
time of this peak is around 2 ms for a peak duration of
approximately 6 ms. We can see that this peak is not
always clearly visible for example at 1.6 mbar and de-
creases for low pressures. It has been observed during
other runs and seems to behave always in the same way
concerning its progressive decrease when the pressure is
lowered. It appears always at the right hand side of the
main oscillation and its correlation with a specific phase
of the contraction-expansion sequence is still not clear.
To perform a good analysis of these curves we must also
think that when the current is changing very rapidly (as
for example in the case of the sharp peak) the dust cloud
cannot follow. Then, the evolution of the curves cannot
be always correlated to the dust cloud motion and can
indicate modifications of the plasma properties preceding
the contraction or the expansion of the void.

V. VOID INSTABILITY AND OPTICAL

MEASUREMENTS

The complex shape of the discharge current has been
correlated to the evolution of the plasma light thanks
to optical emission spectroscopy. The intensity of the
750.4 nm argon line has been recorded inside the void
region during the instability and its evolution seems sim-
ilar to the current (Figure 7(a) and (b)). Consequently,
the expansion seems to be in good correspondance with
an increase of the excitation rate and thus higher ioniza-
tion leading to an increase of the ion outward force. At
this time, the correlation between the two curves near
the sharp peak is not clear due to a low signal to noise
ratio for the emission signal and the very small time dura-
tion of the peak. The curves (c), (d) and (e) correspond
to the line intensity outside the void and are recorded
by moving the optic fiber horizontally towards the edge
of the plasma. These curves show a deformation of the
emission signal on the path of the void motion with a last

−1

0

1

Ie
 (

a.
u.

)

−0.2

0

0.2

Ie
 (

a.
u.

)

−0.4
−0.2

0
0.2
0.4

Ie
 (

a.
u.

)

0 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.3
−0.2

0

0.2

Time (s)

Ie
 (

a.
u.

)

−3
−2
−1

0
1

x 10
−3

Ic
 (

a.
u.

) (a) 

(b) 

(c) 

(d) 

(e) 

FIG. 7: (Color online). Electrode current Ic (a), argon line
(750.4 nm) intensity Ie inside the void (b), moving towards
the plasma edge (c), (d), (e).

curve (e) symmetric of the signal taken in the center (b).
This could underline the modification of the plasma lo-
cal conditions driving (or due to) the dust cloud motion.
Another remark concerning the optical results is a higher
intensity of the emission line inside the void than outside.
This effect is not appearing in the curves presented here
because the continuous component has been suppressed
but it can be ”guessed” through the high signal to noise
ratio in the void center. This effect is also very well
seen with the naked eye where a bright ball of plasma is
observed inside the void. This enhanced emission can be
related to a higher density of argon metastables produced
by the elevation of the electron temperature due to the
electron attachment on the dust particles[31, 33, 34].

VI. CONCLUSION

In this paper, we have presented new experimental re-
sults of a self-excited instability of the void called ”heart-
beat” instability. These results have been obtained un-
der gravity condition with submicron dust particles. We
have measured the instability frequency as a function of
free parameters of the discharge and we have shown that
the shape of this instability is not purely sinusoidal but
relatively complex. The motion of the dust cloud and
its correlation with the discharge current will be inves-
tigated in the future using high speed cameras. Opti-
cal emission spectroscopy allows to validate the current
measurements and add a spatial information necessary
to understand the behavior of the void region.
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