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Avalanche Excitations of Fast Particles in Quasi-2D Cold Dusty-Plasma Liquids
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We study the spatiotemporal cooperative microexcitations in quasi-2D cold dusty-plasma liquids
from the view of the coupled subexcitable nonlinear dynamical system. Under the interplay of thermal
noise and mutual coupling, cooperative fast-particle clusters are excited in the xyt space. The fast
hopping plays a major role in the superdiffusion with non-Gaussian velocity distribution and causes the
loss of bond-orientation memory. The size distribution of the excited clusters in the xyz space follows a
similar avalanche-type power-law relation as in other subexcitable systems.
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The dynamical behavior of the nonlinear subexcitable
spatiotemporal system under noise is an interesting prob-
lem. Although noise might have disruptive effect, it also
shows constructive influence and induces spatiotemporal
coherence, especially enhanced under spatial coupling.
Noise-induced spatiotemporal excitations have been
observed in a large variety of physical, chemical, and
biological systems [1-6], similar to the noise-enhanced
signal in temporal systems through stochastic resonance.
Pulses in diode array and subexcitable media [1,2],
avalanche excitation of spiral waves in Belousov-
Zhabotinsky (BZ) reaction [4], and waves in a cultured
network of rat brain cells [5] are a few good examples.

Similarly, a liquid is also a coupled many-body system
under thermal fluctuations. Regardless of its disordered
long time micromotion, whether the noise can also induce
coherent excitations of microstructure and motion at the
time scale shorter than the thermal equilibrium time and
their generic statistical spatiotemporal behaviors are in-
teresting open issues. In this Letter, from the point of the
noise-induced coherence in subexcitable dynamical sys-
tems, we address this issue experimentally using a cold
quasi-2D dust Coulomb liquid in a dusty-plasma system.

In dusty plasmas, micrometer size dust particles can be
suspended and self-organized into crystal or liquid struc-
tures [7,8]. The strong Coulomb coupling is induced by
strong negative charging (about 10* electrons per par-
ticle) from the gaseous discharges. Through direct visual-
ization, it provides a platform to understand many generic
features of the strongly coupled Coulomb system under
very low viscous damping by the low pressure neutral gas
(10> mTorr). The formation of dusty-plasma crystals,
liquids, and clusters, lattice waves, melting, defect for-
mation, etc., are examples studied in recent years [7-13].
The thermally excited microdynamics in liquids has been
less well explored.

Figure 1 shows the typical particle motions in our
quasi-2D dusty-plasma liquid. Unlike the small ampli-
tude caged oscillation in the triangular lattice site for the
crystal state under the strong Coulomb coupling, the
stronger thermal noise can drive disordered long time
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motion [Figs. 1(a) and 1(b)]. However, at the short time
scale [Figs. 1(c) and 1(d)], temporally ordered domains
with triangular structure coexist with hopping strings or
vortices. Namely, particles alternately exhibit small am-
plitude caged oscillation in the temporally ordered do-
mains and cooperative hopping. Cooperative fast-particle
motions have also been observed experimentally in the
melting transition of 2D dusty plasmas [9] and in the 2D
and 3D liquids or glass transition of other systems [14,15].
The fast hopping motion is not fully thermalized and
causes non-Gaussian velocity distributions at the short
time scale [14,15]. For motion, we can treat the fast
particle as in the state excited from the quiet caged
motion by noise. The excited region can relax back to
the quiet ordered triangular lattice structure. Structurally,
hopping causes lattice distortion and, in turn, the
cooperative excitations of defect sites losing bond-
orientational order (BOO), also in the form of clusters
in xy space [Fig. 1(f)] [12,13]. We can measure the local
BOO, ys(r) = NLZI exp(i66;), where 6; is the angle of the
vector from the particle at r to its ith nearest neighbor,
and N, is the number of the nearest neighbors [16]. || =
1 at the perfect sixfold lattice sites and <<0.4 for the
defect sites, respectively [17]. Noise plays two roles under
mutual coupling: (i) Initiating local excitations through
the local accumulation of favorable perturbation and
(i1) supporting as well as breaking the cascaded spatio-
temporal propagation of cooperative excitations in xyt
space as a percolation process [4]. Namely, the coopera-
tive excitation events also appear in the form of clusters
with various sizes in xyf space.

In this Letter, we identify the fast particles and their
roles on non-Gaussian dynamics and BOO temporal cor-
relation, which have never been studied in the cold 2D
dusty-plasma liquids. We then test whether the general
concept of the noise-induced coherence for subexcitable
systems can be applied to understand and characterize the
spatiotemporal behaviors of cooperative excitations,
which to our knowledge, have never been addressed
in liquid systems. It is found that the fast particles in
the non-Gaussian velocity distribution tail lead to the
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FIG. 1 (color). (a) and (b) Typical long time particle trajec-
tories for the crystal and the cold liquid state (run A), respec-
tively. (c) and (d) The typical short time trajectory plots
showing the alternate caged oscillation and the cooperative
hopping in the form of strings and vortices for run A. (e) The
short time motion for the hotter run B. (f) The triangular plot
of a snapshot of particle positions for run A. The triangles and
squares correspond to the five- and sevenfold defects, where the
lattice is serious distorted with BOO < 0.4. (g) The radial pair
correlation function of BOO for runs A and B. (h) The 3D xyt
trajectory of run A corresponding to the particles in the red box
of the upper right 2D plot which is magnified from the upper
left corner of (d). The red and green trajectories correspond to
the hopping and caged states, respectively, and the blue lines
are the corresponding projections on the xy plane.

transition from the caged subdiffusion regime to the
hopping dominated superdiffusion regime associated
with the memory loss of BOO, and eventually to the
normal diffusion regime after accumulation of many
hoppings at long time scale. The size distributions of
the excitation clusters in the xy? space follow the generic
self-organized criticality avalanche-type power-law rela-
tion, similar to the photonoise-induced cooperative ex-
citations in the 2D BZ reaction system [4,18].

The experiment is conducted in a cylindrical symmet-
ric rf dusty-plasma system described elsewhere [12]. A

155002-2

weakly ionized discharge (n, ~ 10° cm™3) is generated
in 250 mTorr Ar gas using a 14 MHz rf power system. A
hollow cylindrical cell 30 mm in diameter is placed on
the center of the bottom electrode to trap polystyrene
particles at 7 um diameter. Vertically, the suspended
dust particles are aligned with eight particles for each
chain by the vertical ion flow-induced dipoles. Particles
in the same vertical chain move together horizontally for
the liquid states in our studies. It forms a quasi-2D
system. [lluminated by a thin horizontal laser sheet, the
particle (vertical chain) positions in the horizontal plane
are monitored through digital video optical microscopy.
The mean interparticle distance a is 0.3 mm. Regardless
of the complicated heating mechanism for dusty plasmas,
we can increase the degree of disorder by increasing the rf
power. A cold liquid state after melting (run A, obtained
at 1.8 W rf power) and another hotter liquid state (run B,
obtained at 2.4 W rf power) are used as examples in this
study. Fifty series of picture frames each with 150 sec
length and 400 particles in each frame are used for
statistical measures.

Figures 1(b)—1(f) show the typical trajectories and the
typical triangular structure with defects for run A and B.
The temporally ordered domains with a few a scales
coexist with the active hopping strings or vortices. It
causes a few a correlation lengths of BOO in Fig. 1(g),
where the radial correlation function of BOO, g¢(r) =
(6(0)*hg(r)), for runs A and B are plotted.

Figures 2(a)—2(c) show the particle displacement his-
tograms at different time interval 7 and the non-Gaussian
parameter, a, = (AR*)/2(AR*)> — 1, which measures
the deviation of the displacement distribution from a
random Gaussian distribution. For a Gaussian distribu-
tion, the logP(AR?) versus AR? plot should follow a
straight line. Figures 2(d) and 2(e) show the time depen-
dence of particle mean square displacement, MSD =
(AR?), and the temporal correlations of BOO, g(7) =
(" (1)ip(0)), averaged after trailing each particle
temporally.

The 3D xyt trajectory plot of the cold run A in Fig. 1(h)
provides a clear microscopic picture for the temporal
behaviors in Fig. 2. At very short time (<7, where 7| =
1.9 and 0.5 sec for runs A and B, respectively), the motion
is dominated by the transient caging effect from the
neighboring particles and mainly exhibits high rate small
amplitude oscillation. It causes the subdiffusion with the
exponent a of MSD (i.e., MSD « 7¢) smaller than 1. BOO
shows good temporal correlation because the relative
particle position (i.e., the bond orientation) is only
slightly changed within 7,. For the intermediate time
scale (=7;), the displacement is dominated by the
stick-slip type persistent hopping (red lines) between
the caging states (green lines). It switches the transition
from the subdiffusion to the superdiffusion regime with
a > 1 at 7 = 7, where @, reaches the maximum. The
displacement histograms in Figs. 2(a) and 2(b) show the
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FIG. 2. (a) and (b) The histograms of the particle square

displacement P(AR?) for runs A and B. The two straight lines
are the best Gaussian fit for runs A and B at 7 = 1.9 and 0.5 sec,
respectively. The upward bending histograms deviated from
the straight lines indicate the contribution from the nonequili-
brium fast hopping particles. (c) to (e) The temporal depen-
dences of a,, MSD, and g¢(7) for runs A and B. 7, and 7,
correspond to the onsets of the transitions to the superdiffusion
and the normal diffusion, respectively. The gray lines and the
nearby numbers in the MSD plots correspond to the best fits and
the exponents, respectively.

most serious non-Gaussian upward bending at 7; (e.g.,
1.9 sec for run A). Namely, at 7, the motion is still far
from thermal equilibrium. The onset of hopping domi-
nated transition also starts to induce position rearrange-
ment and causes the onset of memory loss for BOO.
Eventually, the displacement is randomized by the accu-
mulation of many random phased hopping cycles at very
large 7(> 7,). It leads the diffusion back to normal with
a = 1, the displacement histogram to Gaussian [see the
straight long time histograms in Figs. 2(a) and 2(b)], and
the serious memory loss of BOO. In run B [Fig. 1(e)],
under the higher thermal noise, particle motions become
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more violent with faster hopping mixing, which shortens
the time scale for all the transitions and decreases the
peak value of «, (Fig. 2). Note that our above three-stage
diffusion behavior is similar to that found at the melting
transition of the 2D dusty-plasma crystal [9].

We now focus on the statistical behaviors of the persis-
tent fast particles. The particles with displacement greater
than the half-width of the displacement in 7, and the
angle between the two successive displacement vectors
(separated 7, apart) smaller than 70°, are defined as
persistent fast particles. The histogram of the starting
to the end traveling distance of the fast persistent motion,
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FIG. 3. (a) The histograms of AD for runs A and B. (b) The
histograms of Ny normalized by the total number of clusters in
the xyt space. The inset shows power-law relation between the
temporal span Azp and the averaged spatial span (Ng,,) =
(Np/Atp) of the fast-particle clusters. (c) The histograms of
Np. The number nearby each gray line corresponds to its
exponent.
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ADyp, in xy plane trailing individual particle, nearly
follows an exponential distribution [Fig. 3(a)] with decay
width in the order of 0.5a. Namely, after excitations,
regardless of the few events persisting fast motion up to
a few a, most of the fast particles persist less than 1a and
reenter the quiet caged state. The higher noise level of the
hotter run B slightly shortens the persistent traveling
distance. Figure 3(b) shows the normalized histogram
of Np, the number of the connected cooperative fast
events of a cluster in the xyt space. Both runs A and B
show power-law relation with a scaling exponent about
—2. The histograms of N, the normalized number of the
connected BOO excitation events (i.e., [{¢s)| < 0.4) in the
xyt space, also show power-law relation with a scaling
exponent = —1.6 for both runs [Fig. 3(c)]. Note that the
power-law distribution of the fast-particle number in the
xyz space was observed in the 3D supercooled colloidal
suspensions, but without temporal measure [15]. The
inset in Fig. 3(b) plots the power-law relation between
the time span Az and the averaged spatial size (Np,,) =
(Np/Atp) of fast-particle clusters. The exponents equal
0.57 and 0.75 for runs A and B, respectively. The longer-
life cluster involves more particles simultaneously hop-
ping together.

Noise induces particle relative displacement and, in
turn, increases the local strain energy through Coulomb
coupling. Hopping starts after sufficient accumulation of
multiple constructive perturbations either from local
noise or local strain. Namely, it depends on the histories
of the noise and the states of the particle and its neighbor-
ing particles. On one hand, the Coulomb coupling makes
particles form an ordered lattice. On the other hand, it
transfers the kinetic energy of a fast particle to the sur-
rounding particles and further induces their cascaded
hoppings. If the constructive perturbation cannot be con-
tinuously supplied, hopping ceases. It is more difficult to
make a large area region simultaneously and persistently
under constructive perturbation to excite large clusters in
xyt space. The observed spatiotemporal scaling relations
(e.g., with exponent about —0.20) without a typical scale
is quite similar to that observed in the noise-induced
excitation in the 2D BZ reaction system [4]. It mani-
fests that the nucleationlike cooperative excitation
process is akin to the avalanche behavior in self-
organized criticality [18].

In conclusion, we demonstrate that, under the interplay
between thermal fluctuations and Coulomb coupling, the
avalanche-type microexcitation in our cold quasi-2D
dusty-plasma liquids is a new paradigm of the noise-
induced coherence in coupled subexcitable nonlinear dy-
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namical systems. The excitations of fast particles play a
major role to induce a large non-Gaussian parameter for
particle motion and the onset of superdiffusion at the
short time scale. It also affects the dynamics of BOO
and induces its memory loss through position rearrange-
ment. The cooperatively excited sites appear in the form
of clusters in the xy? space. Their cluster size distributions
follow power-law relation with exponents about —2.0 and
— 1.6, respectively. The cooperative excitation with larger
spatial span lasts a longer time.
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