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Thermoacoustic instability in a fluid monolayer complex plasma is studied for the first time.
Experiments, theory, and simulations demonstrate that nonreciprocal effective interactions between
particles (mediated by plasma flows) provide positive thermal feedback leading to acoustic sound
amplification. The form of the generated sound spectra obtained both in experiments and simulations
excellently agrees with theory, justifying thermoacoustic instability in the fluid complex plasma. The
results indicate a physical analogy between collective fluctuation dynamics in reactive media and in
systems with nonreciprocal effective interactions exposing an activation behavior.
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Introduction.—Thermoacoustics has a long history, dat-
ing back to Rayleigh [1,2], who noted that a gas heated
synchronously with compression and cooled with rarefac-
tion stimulates acoustic oscillations, which may result in
thermoacoustic instability [3-5]. Thermoacoustic instabil-
ity can provide a highly efficient transfer of chemical
energy to acoustic oscillation energy during exothermic
reactions, which is attractive for modern applications, e.g.,
in engines and combustion technologies [6—11]. From the
fundamental point of view, thermoacoustic instability may
cause pulsations at flame fronts, leading to their acceler-
ation and change in the combustion regime in reactive
media [12-15].

In addition to chemical systems, the activation dynamic
behavior can arise in open systems with nonreciprocal
effective interactions between particles, e.g., in two-dimen-
sional (2D) complex (dusty) plasmas [16,17]. Complex
plasmas are weakly ionized gases containing (negatively)
charged microparticles. In the plasma of a capacitively
coupled (CC) radio-frequency discharge, injected mono-
dispersed spherical microparticles levitate above the elec-
trode where the gravity is balanced by the electric forces
and form a monolayer. Because of the vertical plasma flow
which is focused downstream of each microparticle
(“plasma wakes”) [18-21], their effective interactions are
nonreciprocal. In this nonequilibrium environment, the
dynamics of the system is determined by the interplay
between the energy source due to nonreciprocity and the
dissipation due to neutral gas damping [22,23]. If the
effects of nonreciprocity are weak, the system demonstrates
effective Hamiltonian dynamics, which was employed to
study generic phenomena in classical liquids and solids,
e.g., melting and crystallization [24-29], diffusion [30,31],
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heat transfer [32,33], and plastic deformations [34-36].
Otherwise, nonreciprocal interactions can induce mode-
coupling instability (MCI) in crystalline [37—41] and fluid
[42,43] complex plasmas due to coupling between in- and
out-of-plane modes, resulting in unstable hybrid modes.
Developed MCI exhibits an activation thermal behavior,
similarly to chemically reactive solids [41,44]. However, to
the best of our knowledge, thermoacoustic instability has
never been studied in complex plasmas.

In this Letter, we present the first study of thermoacous-
tic instability in a monolayer complex plasma fluid. Using
experiments, molecular dynamics (MD) simulations, and
theory, we demonstrate that nonreciprocal effective inter-
actions between particles provide a positive thermal feed-
back, resulting in sound amplification. The profiles of the
sound spectra obtained both in experiments and simulations
remarkably agree with the theory, justifying thermoacoustic
instability in fluid complex plasma. Our study proves a
physical analogy between collective fluctuation dynamics
in reactive media and in systems with nonreciprocal
effective interactions exposing an activation behavior.
The results open novel prospects in studies of collective
dynamics in nonequilibrium and dissipative systems, span-
ning areas from combustion, thermochemistry, and chemi-
cal physics to multiagent systems, soft matter, and materials
science.

Experimental study.—We conducted the experiments in
a modified GEC cell filled with argon gas at 1.25 Pa in
a CC rf glow discharge at 13.56 MHz and forward rf
power 20 W. The technical details of the experiments
were the same as in Ref. [41]. Melamine-formaldehyde
microspheres with a diameter of (9.19 +0.14) yum and
mass m = 6.1 x 1071 g were injected in the discharge.

© 2018 American Physical Society
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Sound wave generation by the fluid complex (dusty) plasma: Evolution of the (a)-(c) thermal and (d)—(f) hydrodynamic

energies of particles. The white contours in (a)—(f) mark the melted area where T > T,, ~ 12 eV. (g) Evolution of the hydrodynamic
energy in the radial direction of interest (DOI, coincides with the lattice principal direction) shown in panel (d). The white solid and
dashed lines in panel (g) correspond to the flame front velocity, v; = 3.61 +£0.2 mm/s, and longitudinal sound velocity,

C; =30+ 0.3 mm/s, respectively. See also Video S1 [47].

The microparticles were illuminated by a laser sheet and the
scattered light was recorded at a speed of 250 fps by a
Photron FASTCAM SAG6 camera fixed at the top of the
chamber. The particles were then tracked using a standard
approach [45,46]. An additional side-view camera Edmund
Optics 0413M was used to verify that the microparticles
formed a single layer. The sound generation was studied for
the case where the plasma crystal “ignites” (in the densest
region, where the growth rate of the crystalline MCI is the
highest [37—40]) and the “flame front” expands radially
outward [41]. To illustrate the sound generation by the fluid
complex plasma, we calculated the thermal and hydro-
dynamic energies of particles using video images:
T =m((v; = (v;))?)/2, K =m(v;)?/2, where v; is the
instantaneous in-plane velocity of the ith particle and
(---) means the averaging over all the particles within
the radius 2.4a around the ith particle, and a = (390 +
20) pum is the mean interparticle distance between the
neighboring particles in the crystal.

Figure 1 illustrates the evolution of the thermal energy
(kinetic temperature) and hydrodynamic energy in our
experiment. Figures 1(a)-1(c) show the expansion of the
melted area (flame front propagation), similar to that
observed in Ref. [41]. Figures 1(d)-1(f) clearly demon-
strate that the flame front, propagating at a low velocity
v = 3.61 £ 0.2 mm/s, is accompanied by intense sound
wave generation, as indicated by the radially diverging
waves. The white contours in Figs. 1(a)-1(f) mark the areas
where the temperature exceeds the melting temperature of
crystal, T > T,, ~ 12 eV (T, is calculated from the crystal
parameters, see details later in the Letter). The evolution of
the hydrodynamic energy in the radial direction of interest
[DOI, marked in Fig. 1(d)] is depicted in Fig. 1(g) and

exposes the radially diverging waves released from the
melted area. Therefore, our experiment reliably proves that
the sound is generated by the fluid complex plasma and
then propagates in the crystal.

Thermoacoustic instability.—To explain the mechanism
responsible for the observed sound generation in fluid
complex plasmas, we consider the equations [41,48]

op B ov 1
E‘i‘V(ﬂV)—O, E+(V'V)V——;VP—DV,
oT 2u
E'F(V'V)T—){AT—E(T—TO)—FQ. (l)

Here, p = mn and n are the mass and number densities of
particles, respectively; v is the hydrodynamic velocity; P is
the pressure; v is the damping rate (Epstein rate in case of
complex plasmas, v~ 1.5 s~! for our experimental con-
ditions); T is the (kinetic) temperature of particles; y is the
thermal diffusivity; C is the heat capacity per particle (in 2D
complex plasmas, C ~2-3 due to the vertical motions of
the layer); T is the equilibrium temperature in absence of
heating; ¢ = Q(n, T)/Cn is the heat source; and Q(n, T) is
the released power due to nonreciprocity of interactions.
We consider a compression wave propagating across the
system. Let fluctuations of density, velocity, and temper-
ature be small and proportional to exp(—iwt+ ik -r) +c.c.,
where @ and k are the (complex) frequency and wave
vector, respectively. The linearization of (1) near the state
n=ny, T =T, v=_0 yields the dispersion relation

[w(w + iv) — 2k?] [w + i<;(k2 + 2—5 - qr)] = iek?, (2)
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where € = g,Pr, Py =m ' (OP/3T)y, q, = (0q/0n),,
qr = (0q/0T),, ¢* = (0P/0p), is the squared sound
velocity, and the subscript 0 denotes the calculation at
n = ny, T = T,. The parameters g and ¢, characterize the
thermal feedback of the media to the temperature and
density fluctuations. In fluid complex plasmas, g = yT/C,
where y is the fluid MCI growth rate [42]

Y Q2 h Q2

p P

where @, = /2xQ%n/mA is the 2D plasma frequency, A is

the Debye length, Q, is the particle charge, Q, is the
vertical confinement frequency, @, is the (crossing) fre-
quency between the in- and out-of-plane modes, / and g are
the effective length of the wake and its dimensionless
charge [47]. One can see that g, 7 > 0 in fluid complex
plasmas, which is crucial for observed sound generation.

Consider an acoustic wave with w ~ ck + éw(k), where
dw(k) is a small perturbation caused by thermoacoustic
interaction. Then, the increment of instability I' = Im(w) is
readily obtained from Eq. (2) as

v € k2
k)~ —=+= .
(k) 2+2c2k2+(;(k2+2u/C—qT)2

4)

According to Eq. (4), I'(k) can be positive at a small
damping rate if ¢ >0 (or g, > 0, since Py is always
positive), which means the amplification of the sound in
the fluid.

Figure 1 clearly shows the strong sound waves (observed
in the crystal) generated by the fluid complex plasma.
Owing to the fluctuation-dissipation theorem [49], the
generation spectrum corresponds to the positive part of
['(k) in the active media (fluid plasma in our case) and its
form can be found as

(k) o< log [I(k) /1o (k)] (5)

where I((k) and I(k) are the fluctuation intensity spectra in
the crystal before and during the sound generation, respec-
tively. Since the long-wavelength sound freely propagates
in the crystal from the fluid, we use the measurements in the
crystal to obtain experimentally the positive part of I'(k),
related to the thermoacoustic instability in the fluid.

To prove that the experimentally observed sound gen-
eration is caused by thermoacoustic instability, we analyzed
our data. The experimental current fluctuation spectra in the
plasma crystal were obtained by applying the Fourier
transform to the particle velocities in the manner reported
in Refs. [41,50]. To obtain dimensionless fluctuation
currents, particle velocities were normalized to the thermal
value vy = 4/2T/m in each frame (we used the current
temperature 7T in the region of analysis) and the equivalent
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FIG. 2. Experimental evidence of thermoacoustic instability:
Particle current fluctuation spectra (in principal direction) in the
plasma crystal (a) before and (b) during sound generation from
the melted area. (c) Intensities of fluctuation spectra I(k).
(d) Spectrum of thermoacoustically generated sound: experimen-
tal points with error bars compared with the theoretical fit by
Eq. (4) shown by the red solid line.

number of frames was analyzed before the activation and
during sound generation. The spectra were measured in
the plasma crystal (with 7'~ 0.1-0.5 eV) at a distance of
23 mm from the center in the DOI shown in Fig. 1(d). The
frequencies and damping rates depicted by symbols and
bars in Figs. 2(a) and 2(b) were obtained by fitting of
intensity spectra to two Lorentzians in the way reported in
Refs. [50,51]. The white solid lines are fits by the
theoretical dispersion relations [39,40] for a 2D system
of particles interacting via the Debye-Hiickel (Yukawa)
potential ¢(r) = (Q3/r)exp (—r/4) (since the effect of
plasma wakes on phonon spectra is negligible in stable
crystals far from the MCI [39]), which determines the
screening parameter & = awy/A = (7A’n)~'/> (where
awy is the Wigner-Seitz radius). We obtained the charge
Qs =—(17£1.0) x 10%¢, the screening parameter x =
1.15 + 0.1, and the longitudinal and transversal acoustic
velocities C; = (30.3+£2.0) mm/s and Cr = (6.6+
0.4) mm/s, respectively. At these parameters, the plasma
crystal melts at the temperature 7', ~ 12 eV [52,53].
Using the density of fluctuation states A(k, @) shown in
Figs. 2(a) and 2(b), one can obtain the spectra I(k) by
integrating over frequencies, I(k) = [dwA(k,w); the
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results are shown in Fig. 2(c). The spectrum I'(k) obtained
using Eq. (5) is shown by symbols in Fig. 2(d). To compare
the theoretical form of the spectrum (4) to experimental
results, we calculated separately the thermal diffusivity y.
By fitting the theoretical self-similar profile for the temper-
ature in the propagating flame front (as in Ref. [41]), we
obtained the thermal diffusivity y = (8.47 £ 0.3) mm?/s,
which is in good agreement with Refs. [33,41]. Since y
changes slightly when the system undergoes melting [33],
we used its value to fit (4) to experimental data using the
least-square method. As a result, we obtained ¢ = (32.7 +
7.8) mm/s (which is close to C;) and gy —2v/C =
(8.27 £3.0) s7!'. The red solid line in Fig. 2(d) corre-
sponds to the fitted positive part of Eq. (4). One can see
excellent agreement between experimental and theoretical
profiles of the sound generation spectra, revealing ther-
moacoustic instability in the fluid complex plasma.

MD simulations.—To further demonstrate that thermoa-
coustic instability observed in our experiments is due to the
reactivity of the media provided by nonreciprocal inter-
actions between particles owing to plasma wakes, we
performed MD simulations using a simplified point-wake
model [39,40,47]. The point-wake model is appropriate for
complex plasma crystals, but becomes less adequate for
fluids, when particles approach the plasma wakes of other
particles [40,42]. However, this model exhibits a reactive
temperature behavior and provides a good qualitative
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FIG. 3. Thermoacoustic instability revealed by MD simula-

tions: Results of the MD simulation within the point-wake model
[47]. The description is the same as in Fig. 2.

description of the effects caused by plasma wakes, such
as the temperature profile of the propagating flame fronts
[41]. The parameters of the point-wake model were chosen
to reproduce the experimental fluctuation spectra shown in
Fig. 2 and the self-similar profile of the propagating front of
nonequilibrium melting [47]. We used the experimental
values of the charge of particles Q,; and the screening
parameter x. The damping rate v was tuned to reach
agreement in the profile of the propagating front and its
velocity [47]. Video S2 [47], according to our MD simu-
lations, shows remarkably similar sound wave generation
to Video S1.

Our MD simulations were analyzed in the same manner
as experimental data [47]. The results are shown in Fig. 3.
Figures 3(a) and 3(b) present the fluctuation spectra before
and during sound generation. The intensities of fluctuation
spectra are shown in Fig. 3(c). Figure 3(d) clearly illustrates
that the sound generation spectra obtained in MD simu-
lations agree with the theoretical profile given by Eq. (4).

The discrepancies at k < 0.1 arise in Fig. 3(d), since the
point-wake model provides an enhanced energy release
[47] that shifts the region where ck = dw [54]. At inter-
mediate wavelengths, one can see excellent agreement in
Fig. 3(d). This result, in addition to our experimental
findings shown in Fig. 2(d), clearly provides evidence of
the thermoacoustic instability in 2D fluid complex plasmas.

Conclusions.—Although sound generation during non-
equilibrium melting in plasma crystals was observed in
previous studies [32,41], its physical mechanisms have
never been understood and discussed. Similarly to melting,
sound waves are generated during recrystallization, as it has
been recently shown in [44]. Our study proves that the
observed sound generation is due to thermoacoustic insta-
bility in the fluid complex plasma. Contrary to already
known fluid and crystalline MCls [37—43], thermoacoustic
instability occurs in the long-wavelength range.

The mechanism responsible for the observed sound
generation is related to the positive thermal feedback
provided in our case by fluid MCIL. However, one can
expect that thermoacoustic instability can arise in a plasma
crystal near the threshold of crystalline MCI, when the
energy release power is close to the dissipation through
Epstein damping. Related experimental studies of thermoa-
coustic instability in complex plasma crystals should be
performed in the future.

An activation behavior is intrinsic to dissipative systems
demonstrating bistability, e.g., driven-dissipative superflu-
ids [55], open atomic many-body systems [56-59], dis-
sipative photonic systems [60-62], and social (multiagent)
systems [63—66]. In addition to chemical reactions, non-
reciprocal systems, and open dissipative systems, positive
thermal feedback necessary for thermoacoustic instability
can arise at nonequilibrium phase transitions, e.g., at
condensation during atmospheric phenomena [67,68].
For this reason, we expect that similar instabilities can
occur in a broad range of open systems.
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Our work reveals a remarkable physical analogy between
fluctuations in chemical reactive media and systems with
nonreciprocal interactions exposing an activation behavior.
We believe that these results will stimulate theoretical and
experimental studies in related areas of physics of non-
equilibrium and dissipative systems, chemical physics, soft
matter, and materials science.

The study was supported by Russian Science Foundation
Grant No. 17-19-01691.
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