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Abstract

The kinematics of dust particles during the early stage alencoupling induced melt-
ing in a two-dimensional plasma crystal is explored. Thenfaiion of the hybrid mode
induces the partial synchronisation of the particle vibra at the hybrid frequency. A
rhythmic pattern of alternating in-phase and anti-phas#llasng chains of particles is
observed. The spatial orientation of the synchronisatiattepn correlates well with the

directions of the maximal increment of the shear-free ti/brode.

I ntroduction

Patterns are often observed in finite ensembles of intege&iements driven away from
equilibrium and forced beyond a critical threshold [1]. Bfameous emergence of synchro-
nised signals and spontaneous symmetry breaking are kygg@baviours in large populations
of interacting units. A large system of weakly coupled ngaténtical oscillators with a phase-
dependent interaction is normally considered as a modedgimes collective synchronisation.
In two-dimensional plasma crystals, wake-mediated icteyas between the particles result in
the coupling of the crystal in-plane and out-of-plane maodés a hybrid mode of the lattice
layer [2, 3, 4, 5]. A two-dimensional plasma crystal can bensas an ensemble of coupled
non-linear oscillators.

In this study, we show that the formation of the hybrid modguices the partial synchro-
nisation of the particle vibrations at the hybrid frequensiernating in-phase and anti-phase
oscillating chains of particles are observed. The spatiehtation of the synchronisation pat-

tern correlates well with the directions of the maximal graent of the shear-free hybrid mode.



41%* EPS Conference on Plasma Physics 03.307

Experiment

Mode coupling and plasma crystal melting were system#yioatestigated in experiments
performed with a (modified) GEC chamber, in a capacitivelypted rf glow discharge at 13.56
MHz. The argon pressure was between 0.4 Pa and 1 Pa and tterdafvpower was between
5 W and 20 W. A horizontal monolayer was formed by levitatingiamine-formaldehyde par-
ticles (919+ 0.14 um diamater) in the plasma sheath above the lower rf electboke dust
particle cloud was illuminated by two laser sheets: a vaktbme and a horizontal one and im-
aged through a window at the top of the chamber by a camera e f 250 frames per
second. The horizontal coordinateandy as well as velocity componenig andvy of individ-
ual particles were then extracted with sub-pixel resotutdn additional side-view camera was
used to verify that our experiments were carried out witmglsi layer of particles. A detailed

description of the experiment is given in Ref.[6].

Results

Tracking data obtained were used to compute the partictecirglfluctuation spectra. First
the particle current componeigk, t) = s, vs j (t)e i) were calculated in thedirection
at the time momertt using a wave vectdt = {ky, ky} located in the horizontal plane. Hergs
the imaginary unitj is the particle indexys j(t) is thes-projection of thej-th particle velocity,

Sj = {Xj,¥j,z;} is its position, andN is the number of microparticles, y-axis were chosen

as shown in Ref.[6]. A fast Fourier transform in time domarthen implemented to obtain
the current fluctuation spectra. The structure factor ofctiystal was also calculated from the
particle positionS(k,t) = & zﬂ-\‘zle*ik'sj(t) ?

The ’hot spot’ at the frequencipy, = 16+ 1 Hz, indicating emergence of the hybrid mode,
is well pronounced in the longitudinal velocity fluctuatispectrum. As predicted by the linear
isotropic theory [3, 5], it is the ‘most unstable’ direction

The synchronised non-linear state of the crystal layerllagoins happened to be highly
anisotropic; see Fig. 1 (left panel). Inside the first Ballozone, the hot spot located@t= 60°
is about 9 times brighter than its ‘counterpart’ locate@ at —120°. The hot spots expected to
be atd = —60° and 120 by symmetry have astonishingly disappeared. Thereforenieegy
spectrum of the synchronised hybrid mode oscillationg@gfly intensity and angle modulated
and the hexagonal symmetry of the crystal state is broken.

The displacements; (t) = sz(t) +y12(t) at hand were first filtered to remove the drift and
to keep only the oscillatory parts, i.e., the “filtered” degementrj(t) of the jth particle is
defined ag{t) = rj(t) — &f”i?t rj(t")dt’ whereAt, the interval of averaging, was chosen to

t— 2
be the sameit = 0.5 s, at allj = 1...N. Finally the Hilbert transform was implemented to
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Figure 1:(Left) Spectrum of the particle velocity fluctuations in tflg, ky}-plane integrated over the
frequency range 14 Hz f <18 Hz. a) Compressional component. b) Shear componente\WWhghed
lines: ideal first Brillouin zone. Dotted-dashed purplesbnreal first Brillouin zone from time averaged
structure factor. (Top-right) Evolution of the cumulatipeobability p( fny,) (red dashed curve) to find a
particle with an instantaneous frequency in the band 14 Hz:18 Hz aroundfnyy,, the mean synchroni-
sation index o) (averaged over the particles, solid blue curve) and theageer instantaneous amplitude
of the particle oscillations (solid black curve).(Bottaight) Consecutive snapshots indicating the in-
stantaneous phase distribution for de-synchronised mtates = 1.32 s and = 4.00 s), and during

the synchronisation state & 2.16 s and = 2.94 s). Black dots show the position of the particles.

obtain the analytic signals, (t), their instantaneous phases, instantaneous frequertbgnan
plitudes. The instantaneous phase computed for eachlpgri@s used to calculate the degree
of synchronisatioj between the particlg with its closest neighbours; see Ref.[6].

The evolution of the cumulative probabilipf fuyb) to find the instantaneous frequency inside
the frequency band 14-18 Hz around the hybrid reson&pge- fhypis presented in Fig. 1 (top
right). At start ¢ < 0.5 s), the frequency synchronisation probability is low. ihas the mode
coupling instability sets in, the probability graduallycreases as more particles get locked at
the hybrid frequency. Betwedn=2.5 s and =3 s, a significant fraction of the particles oscillate
at the hybrid frequency (partial frequency synchronisasitate). When the crystalline suspen-
sion melts (at+3 s), the cumulative probability drops down stepwise ingingano frequency
synchronisation (no mode coupling). The snapshots of te@ianeous phase variation are
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presented in the bottom panels of Fig. 1 (bottom right). Timese locking proceeds as follows:
(i) At t < 1 s, no recognisable synchronisation pattern. (ii) Stgriomt ~ 1.3 s, short rows

of in-phase oscillating particles can be detected. (iiijiXime passed, dt= 2.16 s, rows of
the in-phase oscillating particles elongate as more pastisecome to be involved into syn-
chronisation. Neighbouring rows of the synchronicallyibsting particles are moving almost
in anti-phase. (iv) Later on, at=2.94 s, two types of the phase alignment, one oblique (cor-
responding to the wave propagation an@le: 60°) and another almost vertical (corresponding
to the wave propagation anghe~ 0°), are seen (two equivalent directions, by symmetry, in the
crystal). The synchronisation effect can also be well idiedtthrough the increase in the mean
value of the synchronisation indew). (v) The degree of phase synchronisation is maximal
when the probability to find the frequency locked in the vigiof the hybrid resonance is also
maximal. (vi) The pair correlation functiog(r) shows that the crystalline structure preserves
for a long time. Att > 3 s, when the oscillations become too intense, the crystéknibe

synchronisation degree goes down and the particle oseiiate-synchronise.

Discussion and conclusion

It was shown that during the mode coupling induced meltihg,formation of the unstable
hybrid mode leads to the partial synchronisation of theigarmotion in the direction of the
main instability. It was evidenced by analysis of the ins&daeous phase, instantaneous fre-
guency and synchronisation index. The frequency and thegbynchronisation processes can
be explained by the fact that only wave modes at the hybrglieacy have a positive growth
rate while the other modes are well-attenuated by the dagnpin
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