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The Coulomb explosion of clusters, as a source of multiplygdenergetic ions, electrons,
and photons, has been extensively studied in the past ddesgleriments by Barkan and Mer-
lino in a Q-machine [1] have shown that micron sized neghtigharged dust grains can be
confined, in the electric field of anode double layer formethaplasma discharge, in the form
of a spherical cluster with roughly 1000 particles and wgexin spacing~ 0.5 to 1.0 mm. It
was noticed that when these confining fields were removed litgtsng off the anode volt-
age, the cluster exploded due to inter particle repulsiolcrdvh sized dust grains were seen
to be accelerated up te 3g (where g is the acceleration due to gravity). Dust cluskgio-
sion thus provides an efficient method of accelerating migized particles at the expense
of plasma thermal energy. Dust cluster explosion has beggested as a means for achiev-
ing micro propulsion in space using a plasma engine [2]. this desirable to investigate and
model dust cluster explosions in plasma discharges. Oseptavork is devoted to a molecular
dynamics (MD) simulation study of the dust cluster explasio

Our simulations study the dynamics of spherical clusterseghtively charged dust particles
that are confined in a square well potential of variable va@uRrior to investigating explosions,
we have verified the recently predicted Electrostatichisonal scalindgx: DVd‘Z[S] in the large
volume limit, where the particle density is low and couplieffects are weak (herg: is the
electrostatic pressure acting on charged particlesvgnsl the dust ball volume in which dust
particles are confined). This study benchmarks our code.

To study the explosion dynamics, the run is initialized wiNj (=1000) particles in the
confining potential@ont. The particles interact among themselves via Yukawa piaieand
equilibrate to a desired temperature, which is controledising a Gaussian thermostat. The
thermostart is removed after the desired equilibrium isuaed. In the afterglow phase of the
discharge, when the anode voltage is switched off, pastitieve in a time varying inter-particle
potential and plasma conditions. To simulate this phasecdnfining potential is removed and
the time evolution equations af Te and the normalized dust chargg (= qq/€) along with the
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equation of motion of particles are solved self consisyehtl the afterglow phasey changes
due to losses on the walls of the plasma vessel and surfaoebatation on dust particles
while changes i are mostly due to collisions with background gas neutrdie fime scale
of these changes is set mostly by the neutral gas preBsunce changes in and T, affect
the inter particle potential througly andqy, it follows that the nature of the explosion and the
maximum dust acceleration that can be obtained dependmllyuan R,. Therefore we have
carried out simulations in both low pressure as well as higisgure regimes.

In order to describe the afterglow phase we adopt the zerodakhof Ivievet al [4] which

consists of the following equations for time evolution chgina densityle andZgy
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where T, is the temperature of the background neutral gas and is lpwglual to the ion

temperaturer, andt, are given by
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Where‘IN'e = Te/Th > 1, len andliy are the electron-neutral and ion-neutral mean free patthis an
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are roughly equal i.eljy ~ legn = (nna)*l, Nn, Ng andry are the neutral gas density, dust particle
density and the dust particle radius respectively, is the ion thermal speed,= Zy€?/rqTe
andA~? = (n/H) (2.4/R)2, R andH being the radius and height of the plasma column
respectively. The background gas presstre: n,T,. The time evolution oZy is governed by

(eq)
dZd__<Zd_Zd )_T o V2mg,
dt [ ’ Z_Vthil’d (1—|—Zeq)ﬁ
whererr= n/np, N being initial plasma density argdy is given by

20 = Zer g Te /€2 (4)

(ne/ni) v/ Tee 2 = \/me/my (1+ Tezeq) (5)

Here Ayo = (eoTi/ezno) 1/2, Ne &~ Nj = N andng is the plasma density in the confined phase
just before the removal of the confining potential. Typigalt complex plasma experiments,

T, < Tp, T; , hence the dust charge is always determined by solving Hoi(z and then using
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Figure 1. (a)Temporal decay of electron density, electemnperature and dust charge, in the
afterglow phase, in high pressupg = 500Pa (left column) and low pressur@, = 1.5Pa(right

column) regimes.(b) Max. dust acceleration vs gas pressure

the relationZy = ZéeQ) = zeqrdTe/e2 to obtain the dust chargee is a weak function offe in
Eq.(5)). The dust neutral collision frequency is small omtime scale of the cluster explosion.
Now in the low gas pressure case, whege< 1, the plasma density decays rapidly on a time
scale set mostly by diffusive losses to the walls. While, i éitvsence of enough neutrals,
andZy decay on much longer time scale and thus remain close toviakies in the confined
phase just before the removal of the confining potentiglTees Tey, Zg = Zé%q) = zeqrdTeo/ez.
The decay of plasma density removes the shielding betwegatinely charged dust particles
in the afterglow phase, causingCaulomb explosion of the cluster with full dust char@é%q)
(=~ 10%) and thus maximum particle acceleration. In the high pmessase;Te and henc&y
decay rapidly in the afterglow phase (Egs.(1), & (4)). Ondkiger hand, because of the direct
dependence af, onn, in Eq.(3), the plasma loss to the walls is slowed. Also dué¢odtecay
of electron temperaturg, the recombination on particles surface also slows dowe.tDthese
two factors the overall plasma density decay time scale ©rtanger tharr,.. Thus, in the high
pressure regime, screening is preserved in the afterglasgyltausing dikawa explosion with
reduced dust charge and thus smaller particle accelerdtnacritical gas pressure for roll over
between these two regimes is roughly given by the conditjor T .

In our MD simulation of cluster explosion, we solve the eguabf motion of dust particles
with a time varying inter-particle potential which is detened self consistently at each step by
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solving Egs.(1) - (5) fon, Te andZg in the afterglow phase. We have used the parameters of
experiment in reference [1], in our simulations. In Fig)e& shown, Te andZy as a function
of time in low and high neutral gas pressure regimes. Thes glonfirm that in the low pressure
regime the density decay is much faster than the decay afdZy, while in the high pressure
regimeTe andZy decay much faster. In each run we evaluate the average eatt@heof a dust
particle at each time step. In the low pressure regime thele@tion increases as a function
of time and attains a maximum value with plasma density decayremoval of shielding. We
have carried out a series of runs to obtain the critical presfor the transition from Yukawa
explosion to Coulomb explosion. We show dust acceleratidumegafor a range of neutral gas
pressures in Fig.1(b) which clearly shows a transition atiad P, = 300Pa. For neutral pres-
sure of~ 1.5Pa, we obtain an acceleration ef 20 m/s? which is quite close to the observed
value of 3 in Barkan and Merlino’s experiment. At higher gas pressutgsinulations show
much weaker acceleration which is in agreement with thenteeeperimental observations of
the afterglow phase of a complex plasma in the regime 400 Pa by Filatovat al [5] and
Merlino [6]. In this pressure regime the explosions are ples®to be much weaker.

To summarize, we have simulated dust cluster explosiorgusirero-d model for the after-
glow phase of a complex plasma discharge. The nature of @gpl@nd the magnitude of the
dust acceleration are seen to depend critically on the press the back ground neutral gas.
A comparison of our simulation results with experimentaseivations shows that our simple
model reproduces most of the essential qualitative featafea cluster explosion in various
pressure regimes. Further work to include electron depliainderway.
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