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Stability of particle arrangements in a complex plasma
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It is shown that the stability of the vertical and horizontal confinement of colloidal “dust” particles levitating
in a complex plasma appears as a nontrivial interplay of the external confining forces as well as the interpar-
ticle interactions and plasma collective processes such as the wake formation.
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Stability and arrangements of macrosize colloidal “dust” effects associated with the symmetric Debye screening al-
particles in a complex plasma is a subject of growing recentows us to elucidate the role of more complex asymmetric
interest[1]. In the laboratory experiments, the micrometer potentials.
sized highly charged dust grains levitate in the sheath region Thus we consider two cases of the interaction in the ver-
of the horizontal negatively biased electrode where there igcal direction:(1) when the interaction potential is symmet-
balance between the gravitational and electrostatic forcedc of screened Coulomb-type; artd) when the interaction
acting in the vertical direction as well as externally imposedpotential is asymmetric. We stress that the latter can be of
confining potential applied in the horizontal plane. The ver-different physical origin, for our purposes here it is sufficient
tical confinement involving the gravity force and the electro-to assume only that it can be parabolically approximated near
static force acting on the dust particles with variable chargethe equilibrium. As an example of the asymmetric potential,
is a complex process exhibiting oscillations, disruptions, andhe wake potential can be considered; it has the following
instabilities [2—6]. A characteristic feature of the particle approximate expression along the liftiee z axis) connecting
confinement is also the strong influence of plasma collectivéwo vertically oriented particles[7]: ®\=2Q cos(Z/
processes; such as the plasma wak8). It was shown theo-  LJ/|2(1—v2/v3), wherev, is the ion flow velocity is the
retically [9] that the ion focusing associated with the wakejon-sound speed, andsz)\D‘/vg/vSZ_ 1. Note that this ex-
can induce instabilities in the horizontal chain of dust grainpression is only applicable on the line behind the dust grain;
related to interaction of transverse and longitudinal modegenerally, within the Mach cone the wake potential has more
via the plasma ions focused in the sheath below the levitatingomplex structur¢7] while outside the Mach cone the par-
grains. However, an instability of particle equilibrium may ticle potential can be approximated by the Debye formula.
appear even for two particl¢S,10] when obviously we can-  Therefore, the potential acting on the upper particle due to

not relate it to any cooperative lattice mode. the lower particle, see Fig.(i), is the simple Debye repul-
In this paper, we study the stability of the combined ver-sjve potential.

tical and horizontal confinement of two dust grains. We dem-  The balance of forces in the horizontal direction involves
onstrate that the potentials confining particles in the direcaction of the externalhorizonta) confining potential as well
tions perpendicular to the particle motions can disrupt theass Debye repulsion. We note that in experiments, the sym-
equilibrium and discuss qualitative consequences for the eXmetric horizontal potential can be obtained using the ring or
periments. disk electrodes. For example, the glass cylinder was used to
Consider vibrations of two colloidal particles of mass create the “square well,” that is, the parabolic confining po-
M, and charge®); ,, separated by the distangghorizon-  tential in Ref.[5]; in the experimenf4] the circle grid elec-
tally (i.e., aligned along the axis), see Fig. 1a) or zy ver-  trode was used for this purpose. In our experiment done at
tically (aligned along the axis), see Fig. ). In the sim-  the University of Sydney10], copper and glass rings were
plest approximation, the particles interact via the screenedsed. Thus for the external horizontal potential we assume
Coulomb (Debyg potential ¢p=0Q;Q,exp(—|r|/\p)/|r|.  that the external confining force acting in thelirection can
where\p is the plasma Debye length. Here we note that forbe written asF®'= — y,(x—x,), where y,~QdE>Ydx is
particles levitating in the plasma sheath, the interaction pogssumed to be a constant axylis the equilibrium position
tential in the vertical direction is actually such that the forcespf g single dust particle or two vertically aligned particles

between them are asymmetric because of the ions flowingrig. 1(b)]; for further convenience we assumg=0. The
towards the negatively charged electrode. However, it is also

instructive to consider the case with Debye interaction only

even in the vertical direction; there are two reasons for that] a) b) z
First, in the microgravity experiments, such as those on 29 70,=70, 47,
board the International Space Station, the dust particles ca
levitate in the plasma bulk where the effects associated with ° Zy e
the ion flow can be negligible. Second, consideration of the 1 2 Lero
X g/2 °| %4/2 = ol -
*Email address: S.Vladimirov@physics.usyd.edu.au FIG. 1. Sketch of the particle configurations.
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equilibrium distancexy for the case of two horizontally alignment, we have to assume that the particles are identical.
aligned particles, Fig. (&), appears as a result of the action First, we introduce small horizontal perturbatiafs , where

of the external confining and Debye repulsion for¢este i=1,2, and assume that the vertical displacements are zero
that for the horizontal alignment of two levitating particles (note that in the linear approximation the vertical and hori-
we have to assume them to be identical, i@;=Q, and  zontal modes are decoupledy including the phenomeno-

M;1=M,, see also below logical dampingB due to the friction of particles with the
neutral gas, and linearly expanding the interaction forces, we
202 X X obtain
%(1+—d exp(——d)=yxxd. (1)
X5 Ap Ap

d?8%y (2 doXy(p

D
== ¥xOX1(2)t Yax( X221
The balance of forces in the vertical direction, in addition dt? dt ) XTRET D =

to the electrostatic Debye and the wake potential forces, in- — SXe i) @)
cludes the gravitational forcllé?:'g= Mg as well as the sheath 1@/
electrostatic force,;=QE;*(2) acting on the dust grains. D_A~n2 2 (2/y3
In equilibrium, we assume the interparticle vertical distanceWhirez%‘x QU(|x])/clx |‘X‘:.Xd (Q%g)(2+ 2xalAo
2, to be small compared with the distance between the lowef Xd/ Ab) €XP(~X4/Ap). Thus we find that there are two os-
particle and the electrod@s well as small compared with Cillation modes with the frequency
the width of the sheajhtherefore, the sheath electric field in . 2
the range of distances near the position of the equlibrium can Oyp1= — f (’8_ Ix
be linearly approximated so that we writEo—Mg . 2 14 M
= —y(z2—20), where y,~QdE*dz is assumed to be a _ o _ _
constant and, is the equilibrium position of a particle of [of the two particle oscillating in phase with equal ampli-
massM due to the forces1g andF,, only. We stress that, ~ UdeSA1=A,, and
is the actual vertical position of the horizontally aligned two
identical particlegsee Fig. 18), M;=M,=M andQ;=Q,
=Q); on the other hand, for the vertically aligned particles
[Fig. 1(b)] the lower and upper equilibrium positions ag . . .
and zg,= o1+ 24, respectively. In this case, the equilibrium for the two particles oscnl_atmg count.e-rphase Wlth. gqual am-
balance of the forces in the vertical direction acting on thePlitudes A, =—A,). Invoking the equilibrium conditioil),
lower particle and the upper particle can be written aghe latter frequency can be written as
Fei12)(Zo12) —M 129+ F?(g\)/(ZOZ_ 20)=0, where F7y" , 2 2/\ 2
are the forces of the interaction between the particles due to P f '8_ + x —Xd b )
their interaction Debye and/or agymmetﬁnake potentials X2 2 4 M 1+X4/Np
g)lzl|Erﬁ/(};g)d\’\llz’g,\rﬁ(szf):ftlz\j)li F_l(gzo(% Dzv(\)/l/)(|zﬁg|q;|[|)|(z|f|z)/- We see that both modes are always stable. The counterphase

~Ad ’ ~d mode provideqif excited a good diagnostic tool to deter-
‘mine the plasma parameteisuch as Debye length and the
neutral frictior), by knowing the experimental values of the
in-phase and counterphase frequencies, together with the
exp( _ ﬁ) 0y 2 equlibrium interparticle distance, we are able to determine

\p Yz4d- the unknown plasma parametéos at least their ratigs

The next case to consider involves vertical oscillations of

In the case of the asymmetric potential, the equilibrium coniWo horizontally aligned particles, Fig(d. In this case, we

dition for the levitation of two identical particles gives us ~ ©Ptain the following equations of motion:

Z4
ex o

wherezy, is the distance between the minimum of the asym-
metric attracting potential characterized gyand the upper where yR,= —(Q/xd)dc1>2(|x|)/d|x|||x|=xd=(Qzlxg)(l

particle (for the wake potentialzy=Ls and in the para- 4y /\p)exp(~xy/\p). Thus we obtain that the two oscilla-

1/2

: ®

1/2

, (6
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)

In the case of two identical particles and Debye as only in
teraction between them, we obtain equation similar to(EQ.

1+ 2

2Q? Zq
Ap

Z

M

= — %2021 (2~ Y 0251

- V\ZN( 24— 2w) = Y24, (3 dt? dt

2
2 ( " z4 d 521(2) n d521(2)>
z Ap

= 0Z1(2)), (8)

bolic approximation, assuming that,y is close 102y,  tjon modes have the frequency

o= QiR IdZ,,, = [2{n® - 21Q*/ m\§lvgud/ {v .

_ 215/ i
US} 2) . ) ) . wlez__ﬁ+ ﬁ_+ﬁ , (9)
Now, consider the first case of two horizontally aligned : 2 4 M

particles located at positions—(x4/2,2,) and (x4/2,z,), see
Fig. 1(a). As we already noted, to achieve the horizontalfor the two particle oscillating in phasé&\(=A,), and
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ig (B2 v, 2%'(3Z 12 Again, both ques are alwgys staple and the counterphase
- (Z MM ) mode providesif excited) a diagnostic tool to determine the
plasmaand the wakearametergsuch as Debye length and
iB (B> v, y\Y? the position of the first potential minimumWe stress here
-5 (7 M ﬁ) (100 that very useful information can also be obtained by measur-
ing the amplitude ratio of this type of oscillations.

Now, consider horizontal oscillations of two vertically
aligned particles. In the first case, when the particle interac-
e[ion is symmetric(and of Debye typewe obtain the equa-
ﬁions of motion, similar to the case of vertical vibrations of
he horizontally arranged particlésith obvious change of
to x). Thus, we have two modes of oscillations, the first one
corresponds to Eq9), when the particles oscillate in phase
with equal amplitudegs and its frequency is equal to E).

he second one is similar to E.0), with the frequencywe

Wyz2= — 2

for the two particles oscillating counterphas&; & —A,).
We see that while the first mode is always stable, th
counter-phase modean now be unstablelepending on the
ratio y,/y,. We stress that this instability arises because o
the action of theconfiningpotential in the directiomperpen-
dicular to the direction of particle oscillations. This instabil-
ity allows an experimentalist to, e.g., disrupt an initially
stable horizontal arrangement by changing the relativ
strength of the vertical to horizontal confining potentials. . o "
By introducing small vertical perturbatiord; of the ver- invoke the equilibrium conditior2)]
tically aligned particles at equilibrium positions £§), iB (B2 v y,\ Y2
wherei=1,2, and expanding the interaction forces, we ob- Wyxo=— 7+ 2 v M) ,
tain for the case of Debye only interactions equations analo-
gous to the first case of horizontal vibrations of horizontally 3,4 A,=—A,. We see that while the first mode is always

aligned par_ticle$for simplicity, we also assume the particles giape, the counterphase mode can be unstable, depending on
to be identical, the corresponding generalization to the casge ratioy, /y,. We stress that condition for this instability is
of different charges/masses is triyialhere are two oscilla- opposite to the condition of the instability of the mode of

tions modes; the first one has the frequef@yfor the two erical vibrations of two horizontally arranged particles, see
particle oscillating in phase Wlt_h equal amplitudes,, and Eq. (10).
the second mode's frequency is given by Finally, consider the case of horizontal oscillations of two
vertically aligned particles taking into account the plasma
wake. The equation of horizontal motion of the upper par-
ticle in this case is the same as for the symmetric Debye only
interaction, while the lower particle is oscillating in the wake
for the counterphase oscillationé,;=—A,. Again, both  potential characterized by} that is its horizontal strength in
modes are always stable and the counterphase mode providie parabolic approximation. For our purposes here it is suf-
(if excited) similar diagnostic tool to determine the plasmaficient to assume thayXW is a positive constant of ordéor
parametergsuch as Debye length and the neutral fricion  slightly more thany)', see, e.g., numerical simulatiofs.

If we take into account the asymmetry of the interactionFor the two oscillatory modes, the frequency of the first one

potential (e.g., the plasma wakethe equation of vertical coincides with Eq.(5) while the frequency of the second
motion of the upper particlénumber 2 is in the Debye mode is given by
potential; motion of the lower particle now involves the

(14)

1/2

° A , (1)

_ ﬁz Yz
Wz~ — 2 T

+]=—+
4 M

ZZIN3
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wake potential. There are two oscillation modes in this case; iB [B% v ny Vs y\z’v Zw vz
the first one, for the particles moving in phase with equal ®=x2=~ 2 " | Z Ty T "M M|t 7
amplitudesA,;=A,, has the frequency9); the second fre- (15)

guency is now given by
Now, we see another important feature: the wake potential

w ig (B v, ¥, Y\ canstabilize possible horizontal instability of two vertically
et e S R VIR VIR W) aligned particlesthis can be easily seen for the cagl
=); note that for the supersonic wake potential this sta-
i [B2 [y, ¥V Zw bilization occures only within the Mach cone. The ampli-
) Z“L{M“L V( - Z_d” tudes of the second mode of oscillations are related by
27y 2 AW 1/2 AW
|34 Zdn\D )+7_ZZ_\A/ (12) A= ¥x Az . (16)
1+z4/\p) M z4 Yo+ y(1—2w/2g)

for the counterphase oscillations; their amplitudes are nofhus for the asymmetric interaction potential, the second
equal in magnitude and now related by mode of oscillations does not correspond to the counterphase
motions: the vibrations of particles ane phasenow, with
25/)\20 v, unequal amplitudes. Here, we see another ppwerful_experi—
A=— ( 2+ m) 1- Z—+ A (13 mer_ltal tool to determine the character of thellnteracpon po-
d’D d v, tential experimentally: for the pure symmetric interaction po-
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leads to the stabilization of the system with respect to the
horizontal motions; according to Ref&,10], the decreasing
input power is accompanied by the decreasing strength of the
vertical confinementy,, while the strength of the horizontal
confinementy, does not change significantly; according to
Fig. 2, this means that our system enters the stability region
().

The hysteretic phenomena in disruption of the vertical
and/or horizontal alignment of two particles observed in ex-
periments[4,5,10 can be qualitatively explained by Fig. 2.
Let us start with the horizontally arranged particles under the
® Transition point from conditions of the(stable region(ll). Then, if to decrease the

horizontal to vertical string . .
4 Transition point from input power and, therefore, decrease the ratjdy,, we
vertical to borizontal string enter (at the pointy,=v,+ M B?%/4) the region(lll), where
Y, only the vertical arrangement is stable, that is, the transition
from the horizontal to the vertical arrangement takes place.
FIG. 2. Stability diagram of the particle arrangements. When reversing the process, the transition from the vertical

. . _ to the horizontal arrangement occurs only at the paipt
tential of repulsive Debyéor Coulomb) type, the oscillations y,— M 32/4 and the hysteresis is observed. The strength of

of th_e seconq mode are counterphase, Wh”.e f(_)r the asyMre hysteretic behavioh y, , can be written agif we also
metric repulsive-attractive potential the oscillations are Niake into account the a{symmetric wake potentialy
z

phase(with unequal amplitudes a2 W WA
The proposed mechanism can be related to experimentallj 2 7x~MB~+4[ vx = ¥, (1=2w/z4)] and can be used for
e estimate of plasma and confinement characteristics. An

observed phenomena, for example, for the two-particle sys- X D N
tem in planar rf dischargg4,5,10, involving horizontal os- interesting observed phenomenon, a “particle junip;10]

cillations of two particles aligned in the vertical strifig0] can be attributed to thg point wherg the partiple Chaf‘ges the
and hysteretic phenomena in the disruptions of the horizontdf9'o" from the 'repulswe symmetric Debye |nte'ract!on po-

and vertical arrangemenfs,10]. For simplicity, in the fol- t_entlal to the region where asymmetry in the particle interac-

lowing analysis we consider only symmetric Debye interac 10N eXIsts, for example,_crosses the boundary of the Mach
tions of particles and draw the stability diagram for the two-0N€ of the wake potential. .

particle system, Fig. 2. We have two extreme regions: one iﬁc To conclude, we have shown that the stability of the ver-

: > 4+ M B2 ; al and horizontal confinement of dust is strqngly influ-
the region(l) where y,> y,+ M/4, corresponding to the enced by the nature and strength of the confining forces.

vertical string unstable with respect to the horizontal motionﬁ L X ) > .
of the particles, another is the regidhl) where y,> v, nsta_Lbllltles of parthle_ conﬁgura_uons_ are ar)alyzed and their
+Mp2/4 corresponding to the horizontal string unstablerEIatIon to the confining potentials S eIumda}ed_. The pro-
with respect to the vertical motions of the particles, as We"posed model also allows us to provide a qualitative ana'IyS|s
as the central regiofill) where both structures are stable. of phenomena observe;d n strqctures .Of many dust partlc!es,
Realization of the particular arrangement depends on the in{_or example the self-exited vertu_:al oscillations of particles in
tial conditions(for example, on the particle’s inserting tech- a monolayer st_r ucturg reported.ln REf] that can be relat(_ad
nique [10] to the decreasing ratig,/y, taking place when decreasing

. he input power. Similarly, the vertical oscillations of par-
icles in the periphery regions of dust structures in the planar
rf discharge(i.e., close to the electrode edgean be related

and we should expect the instability with respect to horizon-to the region Whe.r% IS Ie§s t'hany)'( as well as the enhance;d
level of dust vertical oscillations in dc and inductive rf dis-

tal motions and stability with respect to excitation of vertical

oscillations. Indeed, it has been shown that self-excited hori(_:harges.

zontal but no vertical oscillations were observed in this case This work was supported by the Australian Research
[10]. Also, it was observed that the decrease of input poweCouncil.

Since for the sheath conditions of planar rf discharge w
havevy,> vy, [5,10], we can expect that the vertically aligned
two-particle system is in this case in the regionof Fig. 2,
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