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Zoom into dusty plasma instabilities

Hagop Tawidian, Thomas Lecas, and Maxime Mikikian

Abstract—In a krypton plasma, the growth of dust particles implemented diagnostics. A good characterization of these
can strongly affect the plasma characteristics by inducingnany instabilities has to be performed as a first step. In the ptese
types of instabilities. These unstable phenomena are stuetl by paper, this characterization is explored. Thanks to a high-

analyzing their frequency evolution as a function of time anl d h h Iso b b d
by emphasizing the appearance of plasma spheroids. Diffene Speed camera, a néw phenomenon has aiso been observe

phases are evidenced thanks to a detailed analysis of the for PY recording the plasma glow. Plasma spheroids charaeteriz
and frequency of the discharge current. Concerning the plama by a slightly enhanced luminosity appear stochasticalltha

spheroids, interesting motions in the plasma bulk are evideced. plasma bulk. These spheroids can have up and down motions
and sudden changes in their directions.

Index Terms—Dusty plasma, complex plasma, dust particle

growth, instabilities, Fourier analysis, plasma spheroid. Il. EXPERIMENTAL SETUP

Experiments are performed in the PKE-Nefedov reactor
. INTRODUCTION [15], [27] where the plasma is created by a capacitively-
LASMAS are present in nature and also in many incoupled radio-frequencyl8.56 MHz in push-pull mode) dis-
dustrial processes. When favorable conditions are efharge in krypton. The two electrodes are separated by

countered, dust particles can be grown in these plasmas. Hnel have a diameter dfcm. The injected rf power is around
formation of dust particles has been intensively studiedesi 3 W for a pressure ofl.6 mbar. Dust particles are grown
their discovery in plasma processing reactors [1], [2]ipart by sputtering previously injected micrometer size pagscl
ularly in microelectronics. These particles can fall on evaf made of polymer (melamine formaldehyde) and lying on the
and affect semiconductor device performances. Howeveseth electrodes. After each experiment, the grown dust pasticle
nanometer size dust particles can be useful in some indlstfall down on the electrodes, and this additional material is
applications like solar cells [3] or memories. More recgntl also sputtered and involved in the growth process. In previo
the existence of dust particles in fusion reactors [4] like t experiments with argon, the dust cloud was observed by laser
future ITER, is the subject of a special attention. In naturight scattering using a thin laser sheet injected throuwh t
especially in the astrophysics field, dusty plasmas aredoureactor by a laser diode &85 nm. However, when using Kr,
in comet tails and planetary atmospheres [5]. the dust cloud is not observed except in the afterglow phase,

In laboratory, dust particles can be grown using reactivReaning that probably the dust particle size does not exceed
gases [6]-[13] or material sputtering [14]-[16], moleculal00 nm. Indeed, in Kr the final size of the grown dust particles
precursors resulting from both methods launch a successigspears much smaller than in Ar while their number density is
of chemical reactions leading to the growth of dust parsiclemuch higher. The Kr mass being twice higher than the Ar one,
In the present work, material sputtering is used to grow iecan change the sputtering efficiency of the deposited riate
high density of dust particles in a Kr plasma. During theiind also the dust particle erosion in the plasma volumenit ca
growth, they acquire a negative charge by capturing elestrccontribute to explain the higher dust particle density amal t
[17]-[19]. This loss of free electrons [20] can lead to @maller final size leading to new behaviors not observed in Ar
disturbance of the plasma equilibrium. Many types of urlstabiTo monitor dust particle growth, the amplitude of the disgea
behaviors can be observed like the heartbeat instability, [2current fundamental harmonic is recorded. The plasma glow
[22], dust particle growth instabilities (DPGI) [23], [24Ir is observed thanks to a high-speed camera (Photron Fastcam
rotating plasma spheroids close to the electrodes [25], T26 SAS5) at16000 frames per second.
study the evolution of the instabilities as a function of éim
the amplitude of the discharge current fundamental haronij;| D usT PARTICLE GROWTH INSTABILITIES AND THEIR
is recorded and analyzed using different methods like the DIEEERENT PHASES

Fourier spectrogram, Fourier spectrum and peak detectionT btai ficiently hiah dust densitv. th
Several regimes are identified with different frequencied a 0 obtain a sufficiently high dust density, the reactor was

signal forms. One of the objectives of this work is to ﬁn{u;nped dor;/vn to avery IOOW basE prelssure _arom_ToGhmcl;ar h
a way to correlate the instability characteristics and theet clore eac experlrtr:en_t. nc(;e tﬂe P afsma IS SW:}C € r;jn’ the
evolution of dust particle size and density. It can open nepputiering process begins and after a few tens of secoris, t

perspectives for dust particle growth monitoring with asilga instability beglnn_lng IS obseryed. The loss of free elgmro
on the dust particle surface is observed on the amplitude of

H. Tawidian, T. Lecas, and M. Mikikian are with the GREMI, the discharge current that is decreasing during dust partic
Groupe de Recherches sur I'Energétiqgue des Milieux &midIMR7344, formation and growth (Fig. 1)_ Sudden amplitude drops in the
CNRS/Universite d'Orleans, 45067 Orleans Cedex 2, ¢eare-mail: . . . .
(hagop.tawidian@univ-orleans.fr and maxime.mikikian@+orleans.fr). electrical Slgnal are noticed when using Kr. These drops las

for a few seconds and are evidenced just after the plasma
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Fig. 1. Time evolution of the amplitude of the discharge entrduring

dust particle growth (dc component). DPGI beginéats. Sudden drops are Fig. 3.  Zoom of Fig. 2 on the first part of the instability. Thestability
observed a8 s and91 s and could be related to the high dust particlesegins at140 s and is characterized by successive ordered phases before
density. entering in a chaotic regime.

200

by a long chaotic phase (betweéfi2 s and1400 s) briefly
interrupted by a short ordered phase (betwins and370 s).
Then, a regular phase occurs with a decreasing frequengy, an
finally, the instability stops after another short chaotimage
that becomes more and more regular.

In Fig. 3, a zoom of the Fourier spectrogram is made to
study more specifically the instability beginning, the icat
lines around 110 s and130 s) correspond to electrical drops
similar to the ones observed in Fig. 1. The ordered phases
are well observed betwednl0 s and162 s. Four phases can
be clearly evidenced. The first phase frddD s to 142 s is
followed by a second one until48 s. Then, a well-defined

o) ‘ third phase takes place untib7 s and finally a fourth one
0 500 1000 Tim%5(g)0 2000 2500 (less clear) exists until62 s where the system enters in the
chaotic regime.
Fig. 2. Fourier spectrogram of the electrical measuremshtswving the In order to better characterize these phases, the corréspon
frequency evolution as a function of time. ing electrical signals and their Fourier spectra are ptesen
Fig. 4. All the phases show well-defined patterns containing
a varying number of peaks. For the first phase (Fig. 4(a)),
ignition and during the first part of the instabilities. Liaie the main pattern is composed of two big peaks followed
the growth process, the existence of these drops is no mpke a smaller one while for the second and third phases,
evidenced. Their origin is currently under investigatiaomda respectively four (Fig. 4(b)) and two peaks (Fig. 4(c)) of
could be related to the huge density of grown dust particleglifferent amplitudes form the main pattern. The fourth ghas

To study more precisely the evolution of the instabilitie§-ig. 4(d)) appears roughly similar to the first one with
as a function of time, the oscillating part of the electricalifferences in the relative amplitude of the peaks. Frors thi
measurements is recorded to have a better oscilloscopealerffirst insight, the transition between each phase is chaiaete
resolution. This measurement is performed during a ndwy the appearance or disappearance of peaks. The frequency
experiment, different than the one presented in Fig. 1. Tlegolution is also quite interesting. In order to better ustind
Fourier spectrogram of the signal is calculated to distisiyu and complete Fig. 3, the Fourier spectrum of each phase is
different phases in DPGI (Fig. 2). To highlight the impoxtan presented in Figs. 4(e)-(h). It appears that the same typica
of the different frequencies, the Fourier spectrogramnisity  frequencies or their harmonics are globally encountered in
has been normalized on eadf0 s range. The instability each phase. Harmonics are easily obtained due to the non-
begins aroundl40 s after the plasma ignition and consistsinusoidal shape of the signals that have similarities with
of a succession of regular and chaotic phases. In a glokaivtooth signals. The smallest detected frequency is about
way, a scenario tends to repeat. Several ordered phaseslare 16 Hz. This frequency is clearly detected in Fig. 4(f), is
detected just after the instability beginning and are feld very small in the cases corresponding to Figs. 4(e) and (th) an
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Fig. 5. Peak detection on the electrical measurements shaive evolution
of the peak amplitudes. The maxima () and minima & 0) are represented.

Fig. 4. Electrical signals and their corresponding Fousj@ctra for the first
4 ordered phases of the instability.

cannot be detected in Fig. 4(g). Whereas in Figs. 4(e) and () the time series, this region is characterized by peak
presenting the whole frequency range this frequency Canmttern and occurs jUSt before the last ordered phase anhthe e
be observed, its presence has been confirmed by f||termbthe instabilities. In Flg 5, the maxima evolution shows a
and zooming the corresponding data arousdHz. In the Very particular behavior. It is especially clear2d0 s where
phases where this frequency appears, it Corresponds to t{p@amplltude evolution of the different peakS follows ae-ey
main pattern frequency that is slightly similar in phage8 shape form. An increase of the amplitude of the main peak cor-
and 4. For phase3, the main pattern frequency is abaia responds to the decrease of the amplitude of the second peak.
Hz, twice the value of the other phases. This value3of Then, when the main peak reaches its maximum amplitude,
Hz is present in all the phases, as a main frequency or ipstarts to decrease while the second peak amplitude behave
an harmonic. Another interesting value is the frequency i the opposite way. When the amplitude of these two peaks
45 Hz that is clearly present in phasés2 and 4. In the becomes comparable, a short "chaotic” regime occurs that
Fourier spectra, a peak is centered at this value with a widtanclude the eye-shape oscillation. This phenomenon tepea
of about4 Hz. It appears that5 Hz is roughly the frequency several times during the instability. It is noteworthy tontien
corresponding to the peak separation within the main patterthat the third peak keeps a constant amplitude during théewho
For phasd, three peaks at a repetition rate4sfHz constitute duration of this phenomenon. Concerning the amplitude ef th
the main pattern that repeatsldt Hz. For phase, the main peak minima, its variation is not so clear and its analysit wi
pattern frequency is similar but with four peaks: The firsv twhbe further examined. From these new analyses based on the
peaks appear at5 Hz but the frequency for the two otheramplitude variations, it appears that the resulting mesasur
peaks is continuously increasing with values multiple1sf Signal can be a complex combination of signals and plasma
Hz. The fact that the system oscillates at very well-defindghaviors. They can evolve simultaneously or interact with
frequencies that are multiple from each others, underlinas €ach other, this interaction can be the consequence of the
the dynamics behind these instabilities is relatively ctexp short chaotic regime occurring at the end of the eye-shape
For example, the sum of two signals3it Hz and60 Hz can form when the two maxima have close amplitudes.
roughly reproduce the signal of pha3¢gFigs. 4(c) and (g))
but a linear combination of simple signals cannot reproduce IV. PLASMA GLOW BEHAVIOR
the other phases in a satisfactory way. Additional expemine In the previous section, an analysis has been performed on
and analyses will be performed in order to better understathé electrical measurements during the instabilities. riaen
the frequency dependence of the signals and the occurretédetter understand the plasma evolution during DPGI, the
and evolution of defined frequencies. plasma glow has also been analyzed by high-speed imaging.
During the instabilities, the electrical signal can also b&n interesting phenomenon consisting of the appearance of
analyzed through the variations of its oscillation ampléu plasma spheroids in the plasma bulk is observed. These
The same time series data used to obtain Fig. 2 and to despiheroids are well-defined regions of about a few mm with a
the results in Figs. 3 and 4 is also used to analyze the alattrislightly enhanced luminosity. In a previous paper [26] veher
signal data. To analyze this signal, the peak maxima aesperiments were performed in Ar, these spheroids where
minima are measured. One part of the instability that agpeahown to appear and disappear near the electrodes. Their
particularly interesting corresponds to the region betw360 behavior was either "chaotic”, or regular with clear ratat
s and2460 s. The peak detection of this region is shown ialong the circumference of the electrodes [25], [26]. Irsthi
Fig. 5 where the maxima and the minima are represent@éper where Kr is used, these plasma spheroids are also



evidenced in the plasma bulk as shown in Fig. 6 whiie
successive images are extracted from a video recorded a
16000 images per second. False colors are used to enhance th
luminosity contrast in different regions of the plasma. The

and bottom regions of each frame correspond to the eledrode
As for Ar, many plasma spheroids appear in the vicinity of

the electrodes. In the plasma bulk, these plasma spheroid .M.l‘ -

'

0000

have a comelike shape as clearly seen for example in the - —— 10
first image of Fig. 6. The spheroid in the plasma center is . ‘M” -

heading toward the lower electrode where another spheroic
seems to attract it as observed in the fi2sframes. Then,

a sudden change in the spheroid direction occurs: Anothel
spheroid emerges from the top presheath region and move
toward the plasma center. This new spheroid seems to impac

the central spheroid as confirmed by looking at its comet-lik o % u_...,
shape: The comet head is now on the spheroid top (iage
in Flg 6) The central spher0|d is now movmg toward th?g 6. Up and down motions of plasma spheroids in betweewl#wrodes.
teractions between plasma spheroids can be detectedesnaae extracted
top electrode up to image0. These up and down motioNSsom a video recorded at6000 frames per second.
can repeat several times. The composition of these splseroid
is still unknown, they can be composed of just plasma or of
plasma containing dust particles. Similar behaviors haenb After these regular phases, the instability enters intoray lo
observed in a Kr plasma without dust particles [28] but witBhaotic regime followed by a regular phase with a decreasing
the insertion of an object in the plasma. As dust partickeis, t frequency. The instability ends with a short chaotic phase t
object can strongly disturb the free electron density amdit becomes more and more regular. In comparison with Ar results
be suggested that similar instabilities with plasma spiero[23] some preliminary comparisons can be made. Similaritie
can also be obtained. The origin of these plasma spheroitls @ found in the succession of the different phases. As in
particularly of their motion is currently under investigat. Ar, in Kr we observed that DPGI start with several regular
It raises interesting questions about the type of intevactiregimes followed by a long chaotic regime and finish by a
between these regions of enhanced emission. more regular phase. Concerning the frequency values, in Kr
The correlation between the electrical measurements pHae frequencies are slightly higher than in Ar. This is cetesit
sented in section Il and the plasma spheroids is difficuit favith the fact that the dust particle size is smaller and the
several reasons. The electrical measurements are a glelal nlust particle density is higher in Kr. A deeper comparison is
surement, and thus are representative of the changes imgcurgurrently on-going. The instability amplitude is also aizald
in the whole plasma. Frames in Fig. 6 show a part of tH® using peak detection. This method shows that during some
plasma and do not give information on the possible preserff@e periods, the peak maxima and minima follow a well-
of other spheroids in the plasma regions outside the camégfined pattern consisting of the appearance of an eye-shape
field of view. Thus, a direct correlation would need to pettfec form. These various analyses show that the measured e&ctri
identify all spheroids appearing in the discharge. Coriogrn Signal is a complex combination of plasma behaviors with
the spheroid motions, the correlation is even more diffiaslt different typical frequencies.
a spheroid moving in the plasma does not necessarily changéh order to better investigate the plasma evolution during
the discharge current. Indeed, if the "charge” transpobed DPGI, the plasma glow has been analyzed by a high-speed
the spheroid is just displaced in the plasma it does not aharfi@mera evidencing the appearance of plasma spheroids in the
the global current, except of course if the spheroid size aRtfsma bulk. These spheroids have a comet-like shape with
brightness are changing. a slightly enhanced luminosity and they can move. Sudden
changes in their direction appear to be due to the appearance
of other nearby spheroids. The origin of the spheroid mation
and interactions is currently under investigation and exeal
In this paper, instabilities triggered by the presence aftduwery interesting phenomena related to interaction models.
particles are studied in a Kr plasma. These instabilitiggeap
when a high density of grown dust particles is achieved. &hes ACKNOWLEDGMENT
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