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Long-range attraction between particles in dusty plasma and partial surface tension
of a dusty phase boundary
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Effective potential of a charged dusty particle moving in homogeneous plasma has a negative part that
provides attraction between similarly charged dusty particles. A depth of this potential well is great enough to
ensure both stability of crystal structure of dusty plasma and sizable value of surface tension of a boundary
surface of dusty region. The latter depends on the orientation of the surface relative to the ion flow, namely, it
is maximal and positive for the surface normal to the flow and minimal and negative for the surface along the
flow. For the most cases of dusty plasma in a gas discharge, a value of the first of them is more than sufficient
to ensure stability of lenticular dusty phase void oriented across the counter-ion flow.
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[. INTRODUCTION oscillates in as much of Cherenkov wave generation.
This effect is well known in the usual electron-ion plasma
A gas-solid phase transition observed in different dustyf13—15. When the charge is moving, the static Debye

laboratory plasmagl—8]. It counts in favor of presence of screening modifies so that the potential in the oncoming flow
strong long-range attraction between similarly charged dustpf electrons grows approaching to the Coulomb potential
particles. By now some physical mechanisms are proposed #ith an increase of velocity, while the potential in the out-
explain formation of a regular arrangement of micron-sizedvard flow decreases up to alternating of its sign.
particles embedded in a gas discharged plasma. A part of Similar effect was found15,16 in a system of gravitat-

them is based on the account for electrostatic fields of strat?9 Masses where the static screening is absent and account-
and walls of discharge tubés]. In doing so, a generality of N9 for the dynamical screening gives rise to an alternating

solution of the problem of the effective attractive potential ispotﬁ?ga;i?; gg?\;gzt'opi,e'mera:tgr'is to propose a general
lost and, in particular, the situation of dusty plasma crystal in P bap prop 9

a thermal dusty plasma of gas burfi} where there are no model of dynamical screening of field of dusty particle
y pas 9 . i charge to explain the observable interparticle attraction. It
walls and external fields drops out of such interpretations.

may be supposed that the distance from the particle to the

T_he most promising approach holds thgt the iop streamingractive minimum of the wake potential determines a pe-
motion causes an attractive wake potential behind the dusf,q of the resulted lattice of dusty particles.

particles. Originally it was developed 0,11 for particular Because of an anisotropy of the wake potential, the re-
case of supersonic flows which is realized in the sheath ofyjted attice likewise is to be anisotropic. There are many
radiofrequency discharges. Later, it was extended with pafexperimental evidences of such anisotropy down to format-
ticipation of one of the authors of Reff10] to the case of ting of cylindrical structure$7,8].
subsonic ion flowg12], but physics of shielding of dust  On the other side, an appearence of crystal structures
charged particles was supposed to be strongly modified witlvithout preferred directions of crystal axes says in favor of
mandatory regard to anisotropy and asymmetry of the ioran alternative mechanism of the isotropic attractive interac-
temperature in the sheath. tion between dusty particles. A model of this kind for an
Below is shown that the attraction between similarly equilibrium dusty plasm#&l17] can be mentioned here. It is
charged particles can be resulted from a dynamical screeningpssible that this model of attraction can give rise to forming
of the Coulomb potential remaining in the frame of a singleof crystal structure, but it is irrelevant to the obseryée 4]
physical mechanism for both supersonic and subsonic redependence of the lattice period on the ion flow velocity and
gimes. The distinction of the dynamical screening from theforming of hierarchies along the flow.
static Debye screening is due to a motion of particles relative In general, different mechanisms of attractive interaction
to screening chargegounter-ions or electropsFrom the  are possible in such complex system as the dusty plasma but
physical point of view, this effect can be interpreted as ahere only one of them, namely, the dynamical screening ef-
consequence of loss of spherical symmetry of the Debyéect will be considered.
screening cloud around the moving charged particle resulted Besides, the interparticle attraction is to give rise to a
in a space charge with the opposite sign forming in its wakesurface tension of a dusty phase interface. Really, this ex-
Not only do this space charge compensates the particle’s p@lains a sharp nondiffusion character of a particle density
tential but may also give rise to a local wake potential of thevariation observed at the interfaces in the experiments on
opposite sign. In the supersonic regime the wake potentiadusty plasma crystals. The most characteristic phenomenon
of such kind are voids in a homogeneous dusty plasma. The
anisotropy of the wake potential gives rise to a strong depen-
*Electronic address: abas@idg.chph.ras.ru dence of the surface tension coefficient on the interface ori-
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entation relative to the ion flow. In particular, the interfaceswhere
oriented along the ion flow possesses the negative surface
tension and thus canot exist. This property explains lenticular k* [k-u
and pancake-shaped forms of the observable \difls-22. e(kk-u)=1+ EW( E) 2
The notion of the surface tension of a dusty phase was
mentioned briefly by Tsitovich23] but his estimation of its is the dynamical permittivity of the ion subsystem. Here
value was erroneous. Conceivably that might be the reasoa[4xe’n, /(kgT;)]Y? is the ionic Debye wave numbes,
why the surface tension was not mentioned in the subsequent(2kgT; /m) 12 i5 the mean heat velocity of the ions and
papers by Tsitoviclias a co-authgron the theonf24,25 of
spherical voids. W(t)=1—Jmte © erfi(t)+iate 3)
The outline of the paper is the following. In Sec. Il, the o ) ) )
model for effective nonpotential attractive forces of interac-where erfi€) is the imaginary error function. Let us choose
tions between dust particles will be developed. This modefin axisz alongu and introduce dimensionless variablés
can explain an appearance of the lattice structure both in gas (Z—ut)x, X=x«, K=k/x and the Mach numbeM
discharge dusty p|asma and in thermal dusty p|asma of gas u/v relative to the ion heat velocity. Then, in the test par-
burner. In Sec. IlI, a surface tension of a boundary of dustyficle’s frame accounting for the cylindrical symmetry, we get
phase is estimated and conditions of stability of a lenticular .
void in the dusty plasma are examined. B(r)= &f” d(bfwdﬁj dKK2sing expiKA}
272 -7 " Jo K2+W(M cos#)

Il. EFFECTIVE INTERPARTICLE INTERACTION =Qko(X,Z;M), (4)

The system under consideration consists of negatively, o o
charged dusty particles of the chaiQe= —Z,e and concen-

trationn,, and positively charged counter-ions of the charge 1

e (for definiteness sake we will consider singly charged )ions e(X,Z;M)= 3 Sain 1(X,Z;M),

and massn. For simplicity, neutral molecules of a buffer gas (X2+25)

are neglected here and dusty particles are considered as point A=X sinf cose+Z cose. ®)

charges.

While forming of the negative charges ,Of dusty particlesthg triple integral (X,Z:M) determines the departure of the
the electrons are condensed on particles’ surfaces and thelffective potential from the Coulomb potential to which the

concentration in particles’ vicinities of the Debye ionic first member ofe(X,Z:M) corresponds. When the Cauchy
screening radius, =[kgT;/(4me’n;)]"* vanishes. As a re- integral overK is taken it becomes the double integral
sult, when calculating the dynamical screening of the

charged particle by ions, we can restrict our consideration to 1 (= -
the simplified model of one-component ion plasma in which 1(X,Z;M)= —zf d¢f de
the negatively charged dusty particles are immersed. 4m=) —m 0

If the negative test point charggis moving in the system X i o Ty T
of ions and dusty particles with the velocityit gives rise to sin 0\/\/—\/[2 I sinfLA V= W) Ci( IA\/V—V)
some perturbations of the system state. Due to great differ- +cosh A VW) (7 +2i Shi(AYW))], (6)

ence in masses and concentrations of ions and dusty particles
we can restrict our consideration to a perturbation of the ionwhere Shif) is the hyperbolic sine integral function. It is not
component onlyjust as a perturbation of an electron com- difficult to calculate numerically the value of this integral in
ponent is taken into account only, as a rule, in the problem ofin arbitrary range of the parametdrvariations at any point
screening of an ion charge in the electron-ion plasBach X, Z. Detailed discussion of the similar numerical calcula-
perturbation of ionic subsystem is described by the set of thg§ons can be found elsewhefsee, e.g., Re{13,14)).
linear Vlasov equation for a distribution function over coor-  Corresponding results fdn =3 are illustrated in Fig. 1. It
dinates and velocities of ions and Poisson equation for & seen here that there is well defined negative minimum of
potential induced by the perturbation of ion density and movthe potential along the axisat a distance of order of the 5 D
ing test charge. Interactions between ions and neutral moFadius, which has been formed as a result of deformation of
ecules of the buffer gas are neglected H&@. screening Debye cloud in the vicinity of the moving particle.
Such simplified model is well studied in the test-particle  In gas discharges, where forming of crystal structure of
approach to the electron-ion plasma theft—19, so we dusty particles was observed, a diffusion ion velogitys
can omit intermediate calculations and write down at oncaletermined by their mobility and an electric field strength. To
the resulted form of the effective potential of the moving testdefine the mobility, we are to take into account a tendency of
charge, ions to unite with molecules and atoms into complexes of the
types N, O, , Ne; , He, , and recharge effect also. Ac-
cording to Ref.[28], the diffusion velocity of the complex
Q 5, EXpK- (r—ut)} Ne® is of ord £ 50 mcl | h -~ i
d(r,t)= _f d3k—— (1) e, is of order o mc* in a characteristic for glow
22 ks (k,k-u) discharge fieldE/p=1 Vcm ttorr ! and the heat velocity
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FIG. 1. The reduced potentiad=®/(Qx) of the negatively its first minimu_m moves away from thg particle. Rdr>2
charged dusty particle &=0 moving relative ions along axis  the graph in Fig. 5 can be well approximated by the expres-
with the reduced velocity = u/7 = 3. sion|Zpinl = 1.8yM?—1, which is close to the experimental

data[1-4] on the periodL of a crystal lattice in a dusty
$=400 mc? (at T=300 K). ThenM =0.125. For the ion plasma if it is identified ak =|Z,;,|. It should be noted here

Ne", the diffusion velocity decreases near-threefold as 5hat e>_<per|mental qle_tectlon of the m|n|r_num_Lo¢M) corre-
sponding to the minimum of the graph in Fig. 5 would be a

consequence of the resonant recharge, ¥er0.05. In the ood evidence in favor of the approach under discussion

case of strong field, the ion drift velocity may not only ap- 9 PP '

proach to the heat velocity but surpasg48]. Because of The valuesM >1 cqrrt_espond_to a supersonic movement
this, a wide range of values of the paramédter u/g will be when Cherenkov radiation of ion-acoustic waves takes a

considered belowasymptotic casél>1 was discussed in place that e>§plains an appearance of space oscillations of the
Refs.[10,11) wake potential. It should be noted that in the range of values

Observed quasicrystal structure in a thermal plasma, thac%f.'\{I from 1kt0 ~3'|3 an mcreafsmgﬂl of th? depr:h of thﬁ f'ert
is, in the dusty flame of gas burnfgs,8,29, can be treated minimum takes a place but at further gainlfthe depth o

; the first minimum decreasésee Fig. 4.
also as a consequence of movement of charged particles rela In the incoming flow Z>0) the effective potential varies

tive to ions of the flame. To obtain quantitative estimations of

o i continuously with a gain oM from the Debye potential
the effect, the additional data on a gap of velocities of par~exp{—z}/z to Coulomb one-1/z. This indicates that the

ticle and ion flows are necessary. This gap is determined bYorward art of the Debve screening cloud is not pressed b
conditions of injection of the dusty particles into the flame, ard pe y ; 9 Pres y
the incoming flow to the particle but blew away from it.

and in the steady state limit it is likely to go to a sedimenta- The neaative minimum of the wake potential points to
tion velocity of charged particles in the rising flow. 9 po ap
The graphs ofp(X=022<0:M) for different M in the presence of a space charge of the opposite sign. Thus, the

wake of charged particle are illustrated in Figs. 2 and 3. Aslarge charged particles moving relative ion subsystem to-

can be seen, the depth of the negative mininfgmy;| in- ge_ther attendant space gharges consti.tute asystem .of Qipoles
creases with’an increasing bf from 0.01 to 1(see Il‘r;g 3 quented along.the dlrequon of.the relat|v9T motion. This gives

; . ) : A rise to formation of hierarchies of particles-dipoles along
and its locationZ,,;, shifts to the particle. At [owM |Z il lines of the ion flow
depends orM as |Z,in|=1.6—1.7InM (see Fig. 5. When :

further increasing oM, the potential becomes oscillating and Moreover, this interaction between dust particles is asym-
g oM, P 9 metric in such a way that attractive force is communicated

only downstream the ion flow. This situation was clearly

i ' ' ' ' ' ' demonstrated in the experiment30,31 where upper or
0005 |
E ooz b B 04
c 0.1 =
L I} © 03
g -0.0025 f 0.2 & 0.2
& 3
—0.0075 |
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FIG. 2. The same as in Fig. 1 along the aXist M=0.1, 0.2, FIG. 4. Dependence of the depth of negative minimum of the
0.3, correspondingly. reduced potential oM.
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9
(=]

perturbations of the ion density anbl,;, in the ion-dusty

plasma should be proportional #®"? [34] and UxZ%? in

contrast to linear theory. Really, strong decay of the wake

potential dependence an was found by Winske35] by

numerical dusty plasma simulation Bt=1.2 andZ>3.2

x 10*. Besides, in the theory of nonlinear energy loss of

highly charged Z~10%) heavy ions, there was four{@6]

that nonlinear stopping depended on the ion charge state as

Z%2atM <1 and became proportional # asM increased.

6 2 4 6 8 10 12 14 On this basis, the modified condition of the hierarchy stabil-
M ity at the same values of dusty plasma parameters becomes

| ®minl>10"2 which is fulfilled atM >0.1.

N
w

[\
(=]

Distance to well minimum
— o
(=] n

w

FIG. 5. Dependence of the position of negative minimum of the

reduced potential oM.
Ill. SURFACE TENSION OF DUSTY PHASE

lower particle was pushed by the laser beam and it was just One of the characteristic feature of a dispersed phase in

e e e Pty plasa s presence of shamandifusion boundary
P . . T 'y surface of a dusty clougtdusty drop”). Considerable recent
conservative character of the interparticle interactions ex:

cludes any possibility to introduce an effective potential Ofattentlon has been focused on the problem of formation of

the interaction voids (“dusty bubbles”) of the dispersed phase. It is reason-
Besides as. it is seen in Eig. 1. the resulted negative Oa_\ble to suppose that both phenomena are of the same nature
SORSN . 9- L, ) 9 PYelated with presence of a surface tension resulted from the
tential is long-range in the transverse directd§nalso, that

; ) ) ; . attractive interaction between charged patrticles.
provides an attraction between particles from neighbor hier- . e :
In general, the surface tension coefficient of an interphase

arch|es gnd, n |.ts turn., causes the particles from ne'ghbotgoundary is defined as the integral of a difference between
hierarchies to shift relative one another along the ion flow for,

a distance of order of a half dipole length. Because of thiﬁtransversepi and longwisep; pressures over an interphase
. S - . ayer of thickness,

interaction is much weaker then along the flow, the situations
can take place when the lengthwise attraction appears quite 12
strong for the hierarchies formation but too weak for trans- 7—j [P (z1)—py(z1)]dz, 9
verse ordering8]. -1z

Thus, the movement of the charged particle relative ion here th iz directed al th Lo the |
flow gives rise to anisotropic potential field in which an en-Where he axiz, directed ajong the normarto the 'ayer.

ergy of anoter Simiar parice of the charge s U() (O I moleculr e, & pressure can be witen n e
=Q®(r)=Q%«¢(r). Then, the effective force of interaction densityn(z,) 'rqal of a force of 'ntermglec lar interaction
between the particles is ityn{z,), viri ' viart :

F(r) and radial correlation functiog(r), wherer=r,—r is
au(r) do(r) the distance between particles. For a bulk equilibrium fluid
F(ry=-— =—-Q% . (7)  the functiong(r) is calculated as a rule with the use of the
or ar Born—Green equation. At an interphase surface the situation
is much more complex; this being so, notably rough approxi-
Y¥mations are used here. One of them is Fowler’s step approxi-
mation, when the number densityz,) is regarded as con-
stantng within the liquid phase and zero outside the liquid,
and radial functiorg(r) within the surface layer is assumed
to be the same as in the bulk liquid. Then the surface tension
coefficient is determined by the Fowler formizv,38

For the formation of the crystal structure, it is necessar
that the maximum deep of the attraction enefdymi.l
=|Q® minl = Q| @minl surpass the heat motion energy, that
is,

|Umin| kBTp

KeT, >1 or |‘Pmin|>aa (8)

2
_ 7Tn0 e 4
whereT, is the kinetic temperature of the particle. Accord- Lo TJO rF(rg(rydr,  z>0. (10

ing to both experimental dati82] and theoretical estima-

tions [33] T, may sufficiently surpass the ion temperature.lt is implied here that the component of the vector is

For definiteness sake, we takg,=1000, Z,=10", «  normal to the surface. Kirkwood and Byf9] estimated the
=400 cm !, then the condition of the hierarchy stability surface tension of liquid argon on the base of this formula
becomes| i) >10"°. According to the approach under and obtained quite satisfactory val(error ~25%).

discussion(see the graph in Fig.)4this condition is fulfilled It is supposed in the Fowler formula that the intermolecu-
whenM>0.01. lar interaction is spherically symmetric that does not allow to

It should be noticed here that at the conditi(8) the  apply this formula as such to the boundary of dusty phase.
condition of the linear approximatide® ;.| <kgT; may be Rederiving the Fowler formula with due regard for the

violated. At the opposite limiting cased,,|>kgT; the  anisotropy of interparticle interaction we obtain
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FIG. 6. The typical void in dusty plasméCopied from Ref[40] with Professor H. Thomas’ kind permissipn.

né A numerical estimation of these expressions frm,{
y=- gf [Z2F (1) —xzFy(r)]g(r)dr, z>0. (11) ~10°cm ® and M=0.01 leads toy, ~10° dyncm
and y~—10" dyncm . Both of these coefficients in
whereF, andF, arez andx components of the forc€?). absolute magnitude surpass sufficiently the typical sur-
When applying to the boundary of dusty phase, the prestace tension coe{fluent of a liquid at normal conditions
suresp, andp; are to be considered as partial pressures onliq:lO2 dyglcm (as an .example., for wateryjiq
dusty component. Then, the surface tension of dusty phase /0 dyncm ). Such great difference is quite natural. Re-
should be interpreted as partial property too. ally, the negative minimundJ,, of the potentialU at given
To estimate its value some simplification will be intro- conditions is of the order of- 10 ** erg, while the depth of
duced. First, the radial distribution will be used in the form the potential well of, for example, the Lennard-Jones poten-

of the Boltzmann factor tial for noble gases is of the order ef10~'* erg. In as much
as the potential enters(with sign minus into the exponent
u(r) of the radial distribution function, the surface tension coeffi-
9(r)= exp{ T KT ] , cient appears to be very sensitive to its value. As a result, we

have|y, j|> yiq in spite of ycn? andnp<nyjq .
which is typical for dilute systems. Second, when estimating Hydrodynamic stability of a spherical gas bubble or liquid
the surface tension, the interactions within hierarchies will bedrop is determined by value of a Weber numbéfe
regarded only as it is much stronger interactions betweer=pv2a/y, which is the ratio of a dynamic hegsh? to a
particles from different hierarchies. Then, for surfaces ori-surface tension pressurga, wherea is the radius of the

ented across and along the ion flow we get bubble or drop. For the case of the void in dusty plasma, the
9 dynamic headpv? is determined by the flow of ions and
n - . L~
_ Pl 2 neutral gases with the velocity v=u=7v M=5
= — — > i
" 2 f ZF{g(ndr,  z>0, (12 x10* M cmc 1. We can puty=1y, for the slightly curved

surface of a lenticular void with the radius of curvatae
I’1,2J =2 cm sufficiently greater its size. Then at characteristic
VHZEJ xzFR(r)g(r)dr, z>0. (13 pressure of the order of 0.5 torr we haée=10* M2/, .
The coefficienty, increases with increasing M, so that the
The axisz in both equations directed along the normal to theWeber numbeiV e attains the greatest value at the minimal
surface and the forcds,(r) in the equation fory, andF,(r) from values oM, i.e. atM =0.01 wheny, =10, considered
in the equation fory; are determined by interactions along here. ThenWe,,,~ 10" 4. When the Weber number is so
hierarchies. small the surfaces of the lenticular void are stable,
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certainly. Their deviations from a spherical form can be due|
to variations ofy relative toy, as a consequence of inevi-
table (although sma)l distortions of the condition of or-
thogonality to the flow on the curved surface.

The inclusion of nonlinear effects mentioned briefly at
the end of Sec. Il can increase the low threshold valukl of
from 0.01 to 0.1 in estimations given above. However, this
does not change qualitatively the foregoing picture.

Stability of the lenticular void ensures possibility of its {G] 4 min {1 sec
existence. The problem of its appearance remains to b
solved. It may be suggested that a phase transition of the fir{8
kind takes a place in a homogeneous dusty plasma, ar
strong anisotropic surface tension can give rise to a peculie
nucleation process. 3

IV. CONCLUSIONS AND DISCUSSIONS

The wake potential model of attractive interactions be-m:I
tween likely charged colloidal or dust particles in plasma
have been discussed here in a view to explain the observed FIG. 7. Formation of the void(Copied from Ref.[18] with
crystal structure formed from these particles. The velogity p,ofessor J. Goree kind permission.
of the ion flow relative to the dust particles is not necessary
to exceed the heat velocity of counter-ions(or ion—

B rmiin 20 Sed

! g - ! similar to a gain of a vapor bubble on the bottom of a pot,
acoustic velocity as it was supposed in Refl0]. Even at 504 may be interpreted as a heterogeneous nucleation on a
smallu whenu/t=10"2, the effective attractive interaction wall. A sharp cusplike end of the finger and its fast travel
appears to be sufficiently strong to ensure stability of crystal:y.ross the gas discharge volume count in favor of negative
like structure. o . _surface tension of the interface at its end. In the experiment
Another consequence of strong attractive interparticle inof Thomsonet al. [41] a void was formed around an object
teractions is the partial surface tensigrof the dusty phase jmmersed in the dusty plasma and in the experiments of
boundary. . _ . Merlino et al.[42,43 a void has been created with the use of
This concept was briefly discussed by Tsitoviél8] who  glectrodes inserted into the dusty plasma of a glow discharge.
estimatedy as a work necessary for construction of a bulkThese experiments may as well be interpreted as examples of
liquid of the unit surface and heighit As a result, he ob-  heterogeneous nucleation. It quite natural to expect such phe-
tained y=Upnph, then he tooklU,|=100 eV that corre-  nomena at appearance of an embryo of a new phase in a
spond to our result al=1 and foundy=10"dyncm *  system with a surface tension at interface.
neglecting the negative sign bk, . If he would account for An experimental observation of a spherical void would be
Un<<0 he would gety<0, which is natural as the work for the crucial experiment for the model under discussion. An
construction of the coupling liquid system from noninteract-existence of a part of the dusty phase interface along the ion
ing gas particles is to be negative. flow would demand a radical reconsideration of the wake
Here, the surface tension is estimated on the basis of gotential model to include some kind of isotropic interaction
generalization of the Fowler's formulas taking into accountpetween dusty particles. Up to now | did not find any experi-
the anisotropy of interparticle interactions. As a result, themental evidences of the spherical void in literature and inter-
strong dependence of on orientation of the dusty interface net. Moreover, authors of papers on the theory of spherical
is found. In particular, whenu/t=10"? we get ¥,  voids[24,25, while foundation of their model of spherical
=10° dyncm * and yj=—10* dyncm * for surfaces ori- void, referred to the experimental works dealing with the
ented across and along the ion flow, correspondingly. Sgenticular and pancake-shaped voids and even reproduced a

great negative value of; exclude a possibility of existence photo of the lenticular void from Ref18].
of an interface oriented along the ion flow. Lenticular void

fulfills this _condition. The same can be said about pa_mcake— ACKNOWLEDGMENTS

shaped voids as they having no surfaces along the ion flow
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Samsonov and Gordé8] (see Fig. 7 observed also an ap- Vityazev. The author thanks Professor R. Merlino for the
pearance of a void mode as a penetration of a finger-shapembssibility to become acquainted with his new pdg&] and
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