PHYSICAL REVIEW E, VOLUME 64, 046403
Interaction potential of microparticles in a plasma: Role of collisions with plasma particles
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The interaction potential of two charged microparticles in a plasma is studied. Violation of the plasma
equilibrium around the dust particles due to plasma-particle inelastic collisions results in three effects: long-
range(non-Yukawa electrostatic repulsion, attraction due to ion shadowing, and attraction or repulsion due to
neutral shadowingdepending on the sign of the temperature difference between the particle surface and
neutral gas An analytical expression for the total potential is obtained and compared with previous theoretical
results. The relative contribution of these effects is studied in two limiting cases—an isotropic bulk plasma and
the plasma sheath region. The results obtained are compared with existing experimental results on pair particle
interaction. The possibility of the so-called dust molecule formation is discussed.
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[. INTRODUCTION ous exchange of matter and/or energy between micropar-
ticles and the surrounding plasma, i.e., the particles play the
A complex (dusty plasma is an ionized gas containing role of a sink for a plasma—electrons and ions are absorbed
small solid or liquid particles. The particles can grow in theon the particle surfacéwhere they recombine Therefore,
plasma due to various processes, or they can be introducddgsma equilibrium is violated in the vicinity of a particle
into the plasma externally. Particles can acquire large electrigue to absorption, and the electrostatic potentialak p is
charge due to electron and ion collection and sometimes dueot of Yukawa type but has a different long-range
to electron emissioffl]. In the absence of emission, the asymptotic,U(r)or~2 [10]. Another consequence of the
equilibrium charge of a particle is negative and is determinecquilibrium violation is the existence of an attractive inter-
by the balance of the plasma fluxes on its surface. In acco@ction between two particles proposed by Tsytovétral.
dance with the so-called orbit motion limit¢@®ML) model,  [2,11]: The anisotropy of the plasma flux striking one par-
the dimensionless surface potential of a spherical particle iticle, due to plasma absorption by another particle, results in
an isotropic plasmaz=|Z4/e?/aT, (Z4<O0 is the particle attraction between the particles. A similar mechanism of at-
charge numben is the particle radius, anl, is the electron  traction (repulsion is also possible because of neutral scat-
temperaturg depends on two parameters only—the electrontering, if the particle surface temperature is lowhighe
to-ion temperature and mass ratios=T./T; and x  than the neutral gas temperat(if€]. These forces are often
=m,/m; (provided the electron and ion number densities aréeferred to as the “shadowing forces,” and the correspond-
equa) [1,2]. The corresponding flux balance equation ising “shadowing” pair potential has am~* dependence.
exp(—2)=+u/7(1+z7). Figure 1 showg for different gases Hence, at large distances the shado_wn'_]g interaction might
and different values of the temperature ratio. Note that in @vercome the long-range electrostatic interactior (%).
flowing plasma the particle charge is a rather complicated he effective lengths of the long-range electrostatic interac-
function of the plasma drift velocity3]. tion as well as of the shadowing interaction are determined
The interaction potential between microparticles is one of
the most interesting issues in the physics of complex plas- 5
mas. This question is not only of fundamental interest but is
also important for interpretation of recent plasma crystal ex- 4
periments [4-9]. An isotropic screened Coulomigor
Yukawa potentialU(r)ocexp(~r/Ap)/r is normally used in
analogy with charged colloidal suspensions. For an isotropic
plasma, the screening lengthNig= (A 2+ A p2) ~ Y2 where
Npeiy= (4me®ngy I Tey) ~ V2 is the electror(ion) Debye ra- 2r
dius andT ;) andng;, are the electrofion) temperature and
number density, respectively. The screened Coulomb poten- 1t
tial is derived from the linearized Poisson equation assuming
that electrons and ions have equilibriyBoltzmanr) distri- : . e
butions around the grain. This approach is reasonable for 1 10 100
colloidal suspensions but generally is not correct for com- Atomic mass (a.u.)
plex plasmas for the following reason: There exists continu-

FIG. 1. Dimensionless surface potential of a microparticle,
=e?|Z4|/aT,, versus the ion maggas type for different values of
*Permanent address: Institute for High Energy Density, RASthe electron-to-ion temperature ratie= T /T;: 1 (O), 10 (A), and
127412 Moscow, Russia. 10 (0).
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by the spatial scale of the idmeutra) Maxwellization—the a2 2e| b

mean free path of ion-neutrd) (neutral-neutrall,) colli- sirfd,=—1| 1 > , (2
. . . . . 2 2

sions. Atr=I; (r=I,) the ion(neutra) distribution becomes r mjv

isotropic and the shadow forces vanish. Typically1, are where ¢ is the surface potential of a particle; for vacuum

much larger thanp . . .
Note that ground-based experiments are normally pergapa0|.tancea(<.)\D) we have| ¢S|_|Zd|e/ a. Then the elec-
ostatic potential around the particle at large distances

formed in the region of the plasma sheath, where a strorﬁ .
vertical electric force on the charged particle balances grav=" 2VZ7 andr=Apln(Ap/a) can be written a$2,10,1]
ity and allows particle suspension. The ions in the sheath 2
drift toward the electrode with a velocity much higher than ee(r) ~— 1+2z7 a
their thermal velocity. This makes the interparticle interac- Te 4(1+7) (2
tion strongly anisotropic and can lead to the appearance of

conelike vertical potential structures around the particles—ENote that the dependendfgr)r ~2 at large distances from
the so-called wakeEL3]. In addition, the particle polariza- the absorbing body in a plasma is well known from probe
tion can be important in some casdst]. However, in the theories[10].] The potential energy of electrostatic interac-
(horizonta) direction, perpendicular to the ion flow, the par- tion between two grains can then be written as

ticle potential was measured to be of the Yukawa tyae

©)

least atr <3\p, With \p~\pe) [15-17. Uei(r)=Zge(r). 4
In this paper we focus on the interaction between micro-
grains, in particular, the effects caused by absorpfaom/or B. lon shadowing potential

scattering of plasma particles. We investigate the depen-  apsorption of plasma on microparticles leads to a long-
dence of the interaction potential on parameters of complexange attraction force: The absorption on one particle
pla_smas in the range typical f_or recent experiments. C_O”trichanges the plasma flux on the neighboring particieking

butions by the three effects discussed above are considereganisotropig, and vice versa. This leads to an attractive drag

long-range electrostatic interaction, attraction due to th§grce (Note that electrons essentially do not contribute to
shadowing effect associated with electrons and ions, and thgig shadowing force, because their mass is much smaller

shadowing effect associated with neutrals. We investigatgyan that of the iong.The effective length of the ion shad-

the relative magnitude of these effects in two limiting o\ing interaction is determined by the mean free path of

cases—an isotropic bulk plasma and the plasma sheath—afighs The attractive force can be calculated as follows:
show the range of the plasma parameters where the shadow-

ing interaction can be important. The possibility of “dust
molecule” formation is also discussed. Fi:mif Vo aig(v)fi(v)dy, )

where g;q represents the effective cross section of the ion-
particle collisions. It consists of two parts: direct nonelastic
Usually the particle size is much smaller than the screencollisions (ion collection by the particle surfagand elastic
ing length,a<<\p, and in turn\p is much smaller than the Coulomb scattering of ions in the particle field. Integrating
ion mean free pathyp<I; (these are also conditions when with the OML collection cross sectiof2,11] and Coulomb
the OML theory is applicable In the following we consider Scattering cross sectigi8] one gets the following result for
the pair interaction potentia) (r) in the rangexp<r<l; for ~ the ion shadowing force:
electrostatic, ion shadowing, and neutral shadowing forces.

II. LONG-RANGE INTERACTION POTENTIAL

Ta*
Fin= Vbt ®)

A. Electrostatic potential

The approach proposed recently by Tsytowttal.[2,11] | in
to calculate the electrostatic potential around a spherical
grain and the shadowing force between grains is based on the %
representation of the ion distribution function at a distance x1=2| (y*+z7)%exp—y?)dy, (7)
from the particle in the form i

(V)= fo(v),  0>0, 1) Xzzzzfzf (1+z7ly?)exp(—y?)In Ady. (8)
' 0, 6<9, Y2

. _ o ) _ The lower limits of integration are
wherefy(v) is a Maxwellian distribution function and is

the angle betweem andr. The angled, defines the solid ylza\/z-/r, 9)
angle in the velocity space where the ignsoving from the

particle are absent due to absorption. At large distances yzza\/z_q-/)\D, (10)
from the particle the anglé, is small and can be determined

using the OML approach, and the argument of the logarithm in E®) is
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4y*\2/a2+ 2272 et al.[12]. Sincel, usually exceeds , the kinetic approach
= %. (11)  can be used to calculate the neutral shadowing force at
(2y“+2z7) <l,. The result i12]

The termy, represents the contribution of the ion collection. 3 n,T,a*

The lower limit of integration in Eq(7) represents the nec- Fn(r)= T( VTs/Th=1) 2 (14)

essary condition sif, <1. It implies that the approacti)

and (2) is valid (for the calculation of the ion shadowihg \yheren, and T, are the neutral gas number density and

when the influence oy, is negligible in Eq.(7), i.e., when  temperature, respectively, aid is the particle surface tem-

y1<1. This impliesr>a./zr, and the resulting expression perature. If the surface temperature is smaller than the sur-

for x; is rounding gas temperature the interaction is attractive; in the
opposite case it is repulsive. Assumifig=T,+AT and

1=\ (3l4+ 27+ 2272). (12 |AT|<T,, the expression for the corresponding potential en-

ergy of interaction may be rewritten as

[Note that the expression for the electrostatic poteriBal
has the same limitation on] The termy, represents elastic U.(r)=
Coulomb scattering. In deriving E@8) integration over the " 8 r
ion impact parameter was performed. The lower limit of in- .
tegration was set equal to the maximum impétlection  Note thatUy(r) filrl‘dUi(f) have the same long-range scaling
parameter for ion absorptiob (v)=a(1+ 2e|¢J/mp?)¥%  proportional tor ~*.

for the upper limit the cutoff akp was used. Then, after the

final integration over the velocity distribution we get the Ill. COMPARISON OF ION AND NEUTRAL SHADOWING

limit (10). It is noteworthy that the lower limit of integration

:QqE?i %3]) ;‘;‘3 ?:geégaosr?‘tbegé?;ntg];eg’nbeegcst‘?'vseeﬁo[zge whereas' the sign of the neut.ral shadow(ig) is determined
- ' by the difference of the particle surface temperature and the
yﬁlus the potential energy of interaction associated wit heutral gas Femperatu_rA_,T. The.value OfAT depend§ on
the ion éhadowing effect can be written finally as Qhe competition of radiative cooling and plasma heating rate
due to electron and ion recombination on the particle surface.
4 For particular plasma parametd20] the ratio AT/T was
niTa (13  Shown experimentally to be about0.2, i.e., in this experi-
ro- ment the particle surface temperature was higher than the
background gas temperature. A heat transfer model was pro-
The results obtained here differ from those in RE2s19): an ~ Posed to interpret these results, but a few important param-
additional factor (3 z/y?)*2 appears in the integral in Eq. €ters(such as particle emissivity and absorptiyigre only
(3.32 of Ref.[2] when calculating the shadowing force as- known within an order of magnitude.
sociated with direct ion bombardmeftollection. Because It is useful to estimate the value pAT| that is necessary
of this factor the integral diverges logarithmically ypt-0  for the neutral shadowing to exceed the ion shadowing.
(therefore, the integration starts fropm in [2]), and the re-  Since Ug(r)<a’r? and U;(r),U,(r)<a’/r [see Eqgs.(3),
sulting force is overestimated by \zr. Lampeet al. [19] (4), _(13), and(15)], it is reasonable to considgr th_e case_of
considered only the effect associated with ion collectionSufficiently large particles, when the shadowing interaction
Their results[Eq. (A4)] are functionally identical to ours ¢an be relatively strong compared to the electrostatic repul-
[Eq. (12) herd]; the only difference is an additional numeri- Sion. Assuminga=\p/\z7 (note that typicallyz~1-3, 7

cal factor 3/(27). We believe that this is due to a misprintin ~10%, and\p=X\p;), we havey,=1 and thus the contribu-
Ref.[19]. tion from Coulomb elastic collisions to the ion shadowing

effect can be neglecteldee Eq.(8)]. Then from Eqs.(7),
(12), (13), and(15) we get

37 n,ATa*
. (15

The ion shadowing is always attractiyeee Eq.(13)],

Ui(r)=—Vm(x1+x2)

C. Neutral shadowing potential

The temperature of the particle surface is determined by § nT, 27

the balance of various processes, such as radiative cooling, |Ui(r)/Un(r)|= 3n,T, [AT/IT,| (16
exchange of energy with neutral atoms and molecules, and

recombination of electrons and ions on the surface. When theor T;~T,, the neutral shadowing dominates when
surface temperature is different from the temperature of the

surrounding neutral gas there exists a net flux of energy and ATIT,|= §ai2272, 17
momentum between gas and particles. Hence, if two par- 3

ticles are located sufficiently close to each otkeistance

less than the mean free path of neutrals,l,), an anisot- wherea;=n;/n, is the ionization fraction. In typical labora-
ropy in momentum fluxes on the particles will also exert atory experiments the ionization fraction is very low,
shadowing force between them as suggested by Tsytovich 10 °—10 7. Therefore, neutral shadowing becomes more
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2 1
A= Ez|zd|TeaZ, (19
1k
—wz?7nT;a%, case(i)
0

B=1{ 3 .. 20
V/ gnnATa“, case (ii) 20
At

and the parameters of the potential well are

2 1 2 3 4 5 _ )‘_zDi
rmin_4 a’
"7 in
FIG. 2. Typical profile of potential energys of the pair par- 1 Z7'|Zd|a4 .

ticle interaction including the shadowing attractigrormalized to |Umin|2 32 AA Ti, case(i), (21
the depth of the potential welU ), versus interparticle distance Di
r (normalized to the position of the minimurg,;,). The interaction
is attractive at large distances due to the shadowing interaction, A ~i z7Ty
Usy=—r 1, and is repulsive at smaller distances due to electrostatic fmin™ 37 n,|AT|a2’

interaction,Uyocr ~2,

97* (nya®)? (AT)? "
important than ion shadowing when the relative temperature |U minl = 128 71z T, case(ii). (22
difference is still quite small,AT/T,|~3x10 3-3x 10 2. d "
This shows that for the usual experimental conditions a temif AT>0, thenUs(r) is monotonic(repulsive and expres-
perature difference of a few degrees is sufficient for neutrakjon (22) for r,,, indicates the approximate distance where
shadowing to dominate. the repulsion due to neutral shadowing becomes stronger
than electrostatic repulsion.

IV. SHADOWING EFFECTS IN THE BULK PLASMA
) ) ) V. SHADOWING EFFECTS IN THE SHEATH REGION
In the bulk (isotropig plasma the potential energy of a

pair interaction is a combination of three effects: electrostatic In accordance with the experiments conducted so far
repulsion and ion and neutral shadowirgs(r)="Ug(r) [15,17 we restrict ourselves to the potential in the direction
+U;(r)+U(r). For simplicity we restrict ourselves to con- Perpendicular to the ion flow. We also neglect effects of
sideration of two limiting casedi) AT=0 (ion shadowing Particle polarization[14] (which are more important for
dominatey and (i) AT#0 with condition (17) satisfied ~small distances and, e.g., particle agglomeration.

(neutral shadowing dominatesn both cases the long-range  In the sheath region ions are accelerated by a strong ver-
interaction potential at>\p can be written in the form tical electric field and their drift velocity is comparable to the

ion acoustic velocitycg= \/Te/mi>vTi =/T;/m;. Therefore,

A B ions do not participate very much in the screening of particle
Us(r)=—+—. (18  charge, and also the ion shadowing effect is weak. Conse-

r r quently, the electrostatic interaction is then described in
terms of a screened Coulomb potential wikh~\pe. The
Jreutral shadowing potential is given by E@5). If AT<0
the neutral shadowing is attractive, and the parameters of the
potential well are

(At smaller distances particles interact via a screened Co
lomb potential with\p=X\p; .) Of most interest is the situa-
tion with B<O [this is always satisfied in cage), and is
satisfied in caséii) if AT<0]. Then potential18) exhibits
attraction at large distances and repulsion at smaller dis-
tances. A typical profile of the resulting potential is shown in
Fig. 2. The position of the potential minimum,;, (deter-
mined by the conditioWUE/arhmm:O) and the depth of the
potential well|U )| =|U(rmin)| can be directly related to the
plasma parameters. From EA8) we deriver ,;,=2A/(—B)

and |U i |=B%4A, whereA is given by Eq.(4) andB by  For AT>0, we get long-range repulsion. The distance at
Egs.(13) [case(i)] or (15) [case(ii)]. We can again substan- which the neutral shadowing dominates is determined by the
tially simplify the final results by considering sufficiently approximate conditiori23) for r,,, as mentioned earlier.

I min=Npe IN ) (23

n,a*
|Umin|~)\_|AT|-
De

large particlesa=\p/+/z7 (so thaty,=0) and taking into Note that Eq.(15) for the neutral shadowing potential is
account thazr>1. Then the approximate expressions Aor valid for anyr <I,,. Therefore we can evaluate the condition
andB are when the neutral shadowingepulsive or attractivedomi-
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nates over the electrostatic interaction evem=afp,. For 10° —
these distanced) (r)=e?Z%/r and the condition igAT| 10ef om0
zzﬁezl(nna“). This inequality is more easily satisfied for of e
larger particles Zy>a and thus the critical AT| decreases 107 a=100 e |
with the particle sizexa ?). For instance, fom~10 um 10°} RS
(Z4~3x10% and n,~10' cm 2 the necessary tempera- 10} ’
ture difference igAT|=3x10 2 eV, i.e., of the order of &3 0
room temperature. = 10
Recent “collision” experiments of Konopkat al. [17] S g0
show that experimental data on the horizontal particle inter- 102k
action in the sheath can be fitted quite precisely to a screened
Coulomb potential. Parameters of the experiments are 10°f
=45 um, Z4=15x10", T,=3x102 eV, n,=7 10 -
x 10 cm 3 (p=2.7 Pa), and\p,=0.5 mm. The poten- ! 10 100
tial was measured in the ranges3\p.. The result implies a (um)
that neutral shadowing might be important onlyrat 3\ pe
for these conditions. Then the inequality;,;=3\p. must be FIG. 3. Range of neutral gd#r) pressurep and microparticle

satisfied, i.e., the temperature difference should be suffitadiusa where dust molecule formation can be expected due to the
ciently small. Using expressior(23) for r,, we get ion shadowing effect. The results are presented for two values of

|AT/T,|=0.3 for this particular experiment, which seems tothe ionization fractione;=10"° and ;= 10"". Other parameters:
be reasonable. ratio of the electron-to-ion temperatures 107, dimensionless sur-

face potential of a particle=2.4, and ion temperaturd;=3

X 1072 eV. Vertical solid lines represent the conditiog,<I; [Eq.
VI. POSSIBLE FORMATION OF DUST MOLECULES (25)] while inclined solid lines denote the conditibd ,,|>T, [Eq.

The existence of a long-range attraction, caused either b{g#]- For each value ot , dust molecule formation can be ex-
ion or neutral shadowing effects, makes the formation of £ected in the region to the right of the solid lines. The general
dust molecule possibléan association of two or more par- mitation of the model applicabilita<p; (linear particle screen-
ticles coupled by long-range attractjof2]. Two necessary ing) is indicated by dotted lines.

conditions are . . .
needed to study this phenomenon. It is also unknown if there

|Upmin = T4, (24)  are similar effects in the bulk plasma.

min With these uncertainties in mind, we use conditi@4)
Foin={1i 1} (25) with T4q~T,~T; to investigate the possibility of dust mol-
min~— i nf*

ecule formation in thebulk plasma and we treat it as a
Condition (24) requires that the mean kinetic energgm- ~ Necessary condition rather than as a sufficient one. The pa-

perature of the particlesT4 must be smaller than the depth ameters of the potential well vy andr iy, are given by
of the potential well due to the shadowing effects. Since th&=dS-(21) (ion shadowing and (22) (neutral shadowing
effective range of the shadowing interaction is determined by N order to obtain the plasma/particle parameter range
the mean free path of iorls (when ion shadowing domi- yvhere dust molecule formatloplls possible we introduce the
nateg or neutrals, (when neutral shadowing dominates 0N (neutra) mean free path &g )= oin(nrnn - The follow-
the minimum position of the potential well must satisfy con- N9 plasma parameters are used_ for the numerical results:
dition (25) (otherwise, the potential well does not exist atArgon plasma with neutrals and ions at room temperature,
all). Ti=T,=3Xx102 eV, _electron-.to-lon temperature ratio
Massive micrograins are efficiently cooled by neutral gas=100, z=2.4 (according to Fig. J and ion-neutral and
Therefore, it is usually assumed that the particle kinetic enheutral-neutral collision cross sectiong,=8x10"** cn?
ergy can be characterized by the neutral gas temperdure ando,,=4x10"*° cn?, respectively. _
~T,~T,. However, there may also be “anomalous” par-  The parameter range where one can expect formation of
ticle heating(where the particle kinetic energy substantially dust molecules due to ion shadowifigeutral shadowing is
exceeds the temperature of the neutrals and sometimes evBfglectedlis shown in Fig. 3. The particle radizsand neu-
the electron temperaturewhich was observed in many ex- tral gas pressurp are chosen as variable parameters while
periments in the plasma shedtt6,21,23. Several theoreti- the value of the ionization fractio; is fixed (i.e., n;p).
cal interpretations of these observations have been proposed€ present results fow;=10° and a;=10"" which are
e.g., energy supply by collective effects in the presence ofypical for rf discharges. The vertical solid lines represent the
supersonic ion flow[22-24, dependence of the particle condition ry,<l; [Eq. (25] which has the forma>a,
charge on spatial coordinat25], charge and plasma ran- *a; © (8g=5 um for ;=10 and a,=50 um for a;
dom fluctuation§26—2§, etc. However, it is not yet clear if =10"7). The inclined solid lines represent the condition
the anomalous heating exists only in strongly coupled systUmin|=Tq [Eq. (24)] rewritten in the form p>const
tems, or if it works also for individual particles or pairs. X a; *a~°? (where the value of the constant is determined
Additional experimental and theoretical investigations areby 7, z, andT;). In the region to the right of the solid lines
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10 neutral shadowing dominates over the ion shadowing when
|AT/T,|=10"! (for a;=10 ) and|AT/T,|=10 2 (for «;
=10 1).

Our results show that in both cas@sn and neutral shad-
owing) rather large particlesa=10 um) are needed for
dust molecule formation. In ground-based experiments, such
particles cannot be levitated in isotropic plasnthslk or
presheath regions of dischargesecause the electric field is
insufficient there to balance gravity. Perhaps this is one of
the reason why associations of twar more particles in the
absence of an external confinement have not been observed

-AT/T,

10° . . yet. Presumably, experiments under microgravity conditions
1 10 will allow us to overcome this problem.
a (um)
VIl. SUMMARY

FIG. 4. Range of the temperature difference between the particle ) .
surface and the neutral géar), AT<O0, and the microparticle ra- Long-range (>\p) interactions between smala<\ p)

dius a where dust molecule formation can be expected due to théharged particles in a plasma have been studied. Three ef-
neutral shadowing effect. Other parameters: ratio of the electron-td€Cts were considered: long-range electrostatic repulsion
ion temperatures= 17, dimensionless surface potential of a par- caused by ion absorption on the particle surface, attraction
ticle z=2.4, and neutral gas temperatuifg=3x102 eV. The  due to ion shadowing, and neutral shadowing resulting in
solid line shows the conditiof ,,,|>T, [Eq. (24)] for a neutral gas ~ attraction or repulsiotdepending on the sign of the tempera-
pressurgg=5 Pa. Dust molecule formation can be expected abovdure difference between the particle surface and neutral gas,
this line, which scales ag 2. AT). Analytical expressions for the resulting potential were
obtained and compared with previous results.
molecule formation might be expected. The dotted lines in  Two situations were considered separatély:an isotro-
Fig. 3 show the general limitation of the approagk\p  pic bulk plasma where all three effects might be important
(linear particle screeningfor each value of;. The condi-  and(2) the plasma sheath region where long-range electro-
tion a=\/+\/z7, which allows us to neglect elastic ion scat- static interaction as well as ion shadowing are absent. For
tering on the particles in the expression for the ion shadowboth situations characteristics of the total interaction poten-
ing force, is well satisfied in the region where dust moleculetial and the dependence of the effects on plasma/particle pa-
formation can be expectdit is not shown here for clarily  rameters were determined.

The parameter range where dust molecule formation is For the sheath region our model results were compared
possible due to neutral shadowing is shown in Fig. 4. Heravith recent measurements on the particle pair interaction.
the difference of the particle surface temperature and the gage showed that neutral shadowing is of minor importance
temperature AT<<0, and the particle radius are chosen asfor the plasma parameters used in these experiments. This is
variable parameters, and the neutral gas pressure is fixéd agreement with the experimental results which revealed
(p=5 Pa). The solid line represents the conditidh,| no noticeable deviation from the Coulomb screened potential
=Ty [Eq. (24)] which in this case has the form AT/T,  up to distances of a few screening lengfhs,17].
=consX p~ta~ %2 (the value of the constant is a function of  For the bulk(isotropid plasma the effects of ion and neu-

7, Z, andT;). The conditionr ,i,=<I; [Eq. (25)] is not shown tral shadowing were compared. It was shown that for typical
in Fig. 4 since it is much weaker in this rangeaBndAT  gas discharge conditions a temperature differesdeof a
(and it does not depend qu). Note thatAT is not a fully  few degrees is sufficient for the neutral shadowing to domi-
independent parameter; its value can be dependent on mangte over the ion shadowing. For an attractive shadowing
parameters like ion and neutral gas number densities, particiateraction the conditions for possible dust molecule forma-
material properties, ion and neutral interaction propertiesion were studied, including experimental constraints and
with the particle surface, etc. Experimentally, it is not clearlimitations. It was shown that relatively large particles (
even if AT<O can be obtained in typical low-density gas =10 um) are needed to verify experimentally the possibil-
discharge experiments. In accordance with conditiof) the ity of such formation in the usual rf discharge conditions.
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