On plasma crystal formation
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It is shown that charged dust grains in a sheath region with plasma ion flow can attract each other
in the wake potential cone of an upstream dust particulate. Because of the periodic nature of the
potential, periodic structures of the dust grains can be formed in a base plane of the c4986©
American Institute of Physic§S1070-664X96)04902-(

Recently, the possibility of formation of Coulomb temperaturen;, is the ion(electron density, andm; is the
quasilatticeSinvolving the micrometer sized highly charged ion mass. Note that because we are interested in static dust
dust particulates has been demonstrated experimefitilly.  particulates placed in the ion flow, thee@nkov angle de-
the experiments, the dust-crystal structure is observed in theends only on the speed of the flow. The static Coulomb
sheath region where there is balance between the gravitaepulsion between the dust particles is strong if the distance
tional and electrostatic forces. The distance between the dubetween them is less than the Debye length. Here, we note
grains is of the order of a Debye length . that the main contribution to the effective Debye lengthn

It is well known that in the sheath region strong ion flow typical discharge conditiofiss due to plasma electronsp
is established; according to the Bohm criterion the speed of Ape = (T /4mn.e%)Y% wheree=—|e| is the electron
the flow exceeds the ion acoustic velodifiThe presence of charge. Below, we are interested in the case where dust par-
dust affects plasma—wall interactions; some effects havécles are subject to the Debye screening potential as well as

been investigated in Refs. 9-11. the wake potential which arises when the ion flow velocity
The drag force on the test particle in a plasma with finiteexceeds the critical speed.
flows necessarily includes collective effettsRecently, it We write the electrostatic potential of the static dust par-

has been demonstrated that if the speed of the flow exceedisle as

the velocity of ion oscillations in the flow, an oscillating

stationary wake is formed “behind” the static test partitie. d(r)=Q f
The effect is similar to the Cooper pairitfigof electrons in

superconductors, and has been studied for two-componewherek:(h k,). The dielectric response function of the

elec.tronzﬁion plasmas as well as for moving dust pasma in the presence of the finite ion flow with the speed
particles.” We note that the generation of the wake acoustlcviO [0.<vio<UTe, Where vre=(TJ/my)Y2 is the electron

fields in the case of the stationary dus.t pgrticle is analogoug,ermal velocity andm, is the electron magss calculated
to the generation of the electromagnetic fields for the charggnder condition
at rest placed in a medium moving faster than litht.

However, the oscillating potential has been calculated in  kvti<|k,vio|<kvre, 2

Ref. 13 just on the line “behind” the test particle down the . . . .
flow. At the same time, from experiments there is clear evi-Wher(_“UTi:(Ti/mi)ll2 is the ion thermal velocityT; is the

dence of formation of a crystal-like structure in the direction'®" temperature, and, as we stated already, the flow isan
. oo .. direction.

perpendicular to the flow. The possibility of the oscillating For the plasma dielectric response function, we have

potential in this direction was not discussed. In this Letter, '

we show how the collective mechanism can be responsible 1 w2,

for the oscillatory potential in the direction perpendicular to e(k,—Kkpig)=1+ 2 (=k 'p+i0)2,

the flow, and the attraction due to the wake potential can b 2io

overcome the static Coulomb repulsion. We also discuss hoyhere wpi= (4mn,e?/m)¥? is the ion plasma frequency.

the regular polygon structure can result from the wake poNote the imaginary part+iO (appearing due to causality

tential. The characteristic spacing in this case is of the ordefhich is important when integrating ovig .

of a Debye length\p, in agreement with the experiments. Furthermore, following Ref. 13, we separate in Ef).

We consider the cylindrical geometfy,¢,z); the plasma  [using the inverse of functiof8)] the static Debye and os-
ion flow is in the —z direction with velocityv;o. The test cillating wake potentials

dust particle of the charg® is placed on the positiofD,0).
Furthermore, we calculate the potential “behind” the test ~ P(r)=®p(r)+Py(r), 4
particle down the flow within the wake cone}z|

dk  exp(ik-r)
2’772k2 S(k,_kzvio)'

@

()

. where
> pyM?—1, where M=v,y/vs is the Mach number,
vs=(Teni/ming) 2 is the sound velocityT, is the electron Dp(r)=(Q/|r|)exp(—|r|/\p), (5)
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and d,(r) involves the collective effects caused by the os-for z<0 and|z| > pM?—1). Obviously, this function oscil-
cillations in the ion flow: lates as we changeor z. Because oscillating potentiél0)
dk kz)\ngE exglik-r) is proportional to tk_le same dust particle cha(ggas the
cpw(r):Qf 5 e — . static Debye potential5), and contains no screening expo-
2K (1+KNp)[(—kzig+i0)"— wy] nential, there are regions in space which correspond to the
©) change of the effective potential sign and, hence, to the most
Here, o, =kv J/(1+k®\3)*? is the characteristic frequency of probable positions of the particulates. We stress that these
the oscillations in the flow; it naturally appears when weregions are not only on the line=0 [by settingp=0 in Eq.
equal to zero the plasma response funct@®n The potential  (9), we can recover the results of Ref. 13; note that the latter
(6) describes the strong resonant interaction between the ogannot be found froni10) because of different asymptotics
cillations in the ion flow and the test particulate wHegvio|  ysed, but also on the ling= —zy=const, wherez,>0. The
is close toay . . _ _ effective periodic spacing in the plane perpendicular to the
In dimensionless unitk normalized by the inverse of fioyy is of the order of a Debye length; note that this can be
the Debye length, we can write E(f) as seen not only from approximate expressid), but also

Q dk, dk, Kk? from the more exact formuléo).
Pw(n)=3—z 52 11K2 To conclude, we have demonstrated that collective ef-
° fects can provide the oscillating potential not only on the line
exp(ik-r/\p) (as in Ref. 13 but also in the plane perpendicular to the

‘e 107+ k107 "
where  k*=k2+k? and k3 ==(1-M 2+k?)/2
+[K2M ™2+ (1—M~2+k?)?/4]¥2. Note that the contribu-
tion from the poles ak,= *ik, provides the nonoscillating
part which modifies the static Debye shielding scdgin
plasmas with finite ion flows?

After integration ovel, in (7) we find

direction of the ion flow downstream from the dust particle.
Since in the experiments the most probable effective spacing
is of the order of a Debye lengtlithe estimation is
0.2~1.7\p, See, e.g., Ref.)4we see that the polygon struc-
ture can appear in plasma crystal formation. Indeed, because
the wake potential cannot change the sign of the effective
potential at distances less than thg, the dust particulates

are not expected to be arranged with distances less than the

Q dk, kf + kf Debye length. At the same time, the characteristic spacing of
Pw(r)=- ApM? 27|k, k(2)+ kf the polar radius vector in the plane perpendicular to the flow
) is also of ordei . Therefore, we can expect the particulates
exp(ik, p cose/Np) ( |klz|> (8  Onthe equal distances, on the periphery of the circle of the
1+kT+k3 Ap | radius of ordeip. This may correspond to a polygon of an

order not higher than a hexagon. Note that hexagonal as well
as square structures were observed in the experirights.
Here, we would like to mention a hydrodynamical anal-

Taking into account the cylindrical symmetry of the wake
cone, we obtain

Q (= k, dk, K2+k% 3ok, p/\p) ogy. In fluid dynamic study, it has been known as a Stokes
Pw(p.2)=~ NoMZ Jo Tkl KK 14K AK solution that a cluster of spheres, falling in a viscous fluid
under gravity, can form regular structures with the spheres at
i |k12|) ) the vertices of a regular horizontal polygh?°Plasma dust
Ap /)’ particles in a potential wake produced by a dust particle in a

whereJ, is the Bessel function of zeroth order. It is difficult plasma ion flow can attract each other forming a periodic

to find the mathematically exact expression for the potentiaPtrUcture in a way somewhat similar to that in fluid dynam-

(9). Thus below we present an estimation to evaluate théS- We stress that the proposed mechanism can provide a
asymptotic behavior of the function. The main contributiondualitative explanation of the arrangement of particles down-

to the integral(9) comes fromk, ~1. Then for distances Stréam of the test dust particulate. For a quantitative picture,
p>\p and|z] > ApyM2—1 we find the following approxi- It iS necessary to calculate the potential of an ensemble of

mate expression for the wake potential: dust particulates as well as the contribution of other factors
such as gravitation, plasma inhomogeneity, etc. Moreover,
Q Ap the regular arrangement of the particles in the fimith
Pwr =732 N 24 -
TP regard to the ion flowlayer of the plasma crystal needs more

investigations; we mention only that if the regular quasicrys-
tal structure is established in downstream layers, this may

><(cos{(w/4)+(z_ INpYMZ—1)]

z- also affect the arrangement of particles in the first layer.
cog (7/4) — (2, INpYMZ—1) Note added in proof\We note that a recent numer_ical
+ il ( z+ b | , (10 simulation by Melandsand Gore&' demonstrated formation
+

of downstream wake string around charged bodies in a su-
wherez. =| z| + p\yM?—1 > 0 (we remind that the oscillat- personic plasma flow which is in agreement with analytical
ing potential exists only in the wake of the test particle, i.e.,solution in Ref. 13 and in the present Letter.
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