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Dusty plasmas in a constant electric field: Role of the electron drag force
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We investigate the forces experienced by a microparticle immersed in a weakly ionized plasma with constant
electric field. These are electric force and the forces associated with the momentum transfer from electrons and
ions drifting in the field(electron and ion drag forcgdt is shown that the effect of the electron drag, which
is often neglected, can be substantial in a certain parameter range. Numerical calculation of the forces for a
reasonable set of plasma parameters is performed to illustrate the importance of this effect.
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I. INTRODUCTION mined by the balance between the electric field force and
momentum loss in collisions with neutrals. In this case
Ui/ Ug~ (Mo/ M) YT/ T)Y( 0o/ 73), Where o, and oy, are

H1e effective momentum transfer cross sections for electron-

be easily observed, since the characteristic time scale is ¢feutral and |2n-neutral collisions. The force ratio is then

the order of a fraction of a second. This allows us to inves'i/Fe™ (Te/ T)*(den/ ain). In noble gasesoy, is typically

tigate a variety of fundamental procesgphase transitions, MOre than one order of magnitude larger thapand we see

transport, wave phenomena, gtat the most fundamental |mmeQ|ater that_ electror_n drag would dominate provided

(kinetic) level. Not surprisingly, complex plasmas have re- I¢/ Ti iS not too high(In this context the noble gases argon,

ceived much attention in recent years. krypton, and xenon are of special interest sircg has a
One of the most fundamental issues concerning dugpronounced minimum for the electron energies of about

grains in plasmas is the question of the forces that the grains €V—the so called Ramsauer-Townsend effggjt) The

experience. The knowledge of the forces is essential whefonclusion is, therefore, that the electron drag force cannot

equilibrium states as well as transport properties of the graiftiWays be neglected.

component are considered. Depending on plasma conditions N Order to get further insight into the problem we con-

forces such as gravity, electric, ion and neutral drag, thermo?'qer details of the momentum transfer in electron-grain co.l-

phoresis were demonstrated to play an important [bkg]. lisions. An accurate expression for the_ elect_ron drag force in
The focus of the present paper is on the electron dra&omplex plasm_as is then obtained. Using this res_ult we com-

force F,, arising due to the momentum transfer from the elecPare the magnitude of the electron drag force with the elec-

trons drifting relative to the charged grain. This force was!ic and ion drag forces acting on a negatively charged dust

often ignored previously: Based on the small electron mass gra/in 1n a weakly ionized plasma in an external eIeptnc field.

was assumed to be much weaker than the ion drag férce It is s_hown that the electron drag force can dominate for a

[4,5]. A rough estimate of the ratio of the ion to electron dragCertain range of plasma parameters.

force in a quasineutral plasma can be obtained using the

Coulomb scattering the_ory for pointlike grain; and gssumir_lg Il. ELECTRON DRAG FORCE

that the Coulomb logarithms for electron-grain and ion-grain

collisions are of the same order of magnitude. Then for sub- Let us consider a dust grain immersed in a weakly ionized

thermal drifts the force ratio is F/Fg plasma with a constant electric fiel. The electrons and

~ (/Mo YT/ T)¥(u;/ue), where my;, and T, are the ions drift in opposite directions with velocities

mass and the temperature of electrgimns), and ug;, de-

notes the relative drift velocity between electrgitns) and Uo=— eE u = €E (1)

the dust grain. When; andu, are comparablée.g., for grain ¢ me T my’

motion in a stationary plasma backgroyrhe electron drag

force is smaller than that due to ions(ifi/m)¥3>T,/T, (a  Wherewy; is the effective collision frequency for electrons

similar estimation can be found in R¢&]), which is always (ions). In a weakly ionized plasma collisions with neutrals

satisfied. However, whem,> u;, the usual practice to neglect play a dominant role. For sufficiently weak electric fields the

electron drag is less obvious. This situation is, howeverdrifts are subthermal. In this casg=n,o.wr , wheren is

quite natural for a weakly ionized plasma in a constant electhe neutral density andTu=\s‘°Ta/ma is the thermal velocity

tric field (e.g., the positive column of a dc gas dischayge of either electronga=e) or ions(a=i). The ratio of the drift

where the drift velocities of electrons and ions are detervelocity to the thermal velocity is then, /vy =eEl,/T,,

wherel ,=1/n,0,, denotes the mean free patﬁ. Weak electric
fields corresponding to subthermal dri(usasma) have to

*Electronic mail: skhrapak@mpe.mpg.de satisfy the inequalitE<maxT./el., T;/el}.

Complex (dusty) plasmas consist of ions, electrons,
highly charged micron-sized particlédust graing and neu-
tral gas. In laboratory experiments the grain component cal
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A charged grain immersed in such a plasma is affected by 15
(at leasy three forces: Electric forcE,=QE (Q is the grain
charge and electron and ion drag forces. For a negatively
charged grair andF, are directed opposite to the electric
field direction, whileF; is parallel to the field. The competi-
tion between these forces determines transport of dust grains. X
Below we calculate the relationship between these forces for <
a range of plasma parameters. 5
The electron drag force is due to two processes: momen-
tum transfer in direct collisions with a grain and momentum
transfer from the electrons that are scattered in the electric

10

field of the grain(but not collectegl The first process is often ?0.3 107 10" 10°
referred to as the “collection” force while the second is often "
called “orbital” force. The orbital motion limitedOML) ahp,

theory is applicable to describe electron collection. Accord- ]
ing to this theory an electron can undergo a direct collision FIG. 1. The value of the Coulomb logarithri for electron-

with a spherical grain only if its impact parameter is suffi- grain collisions as a function of the ratio of the grain radius to the
ciently small,p< p,, where plasma screening lengtl/\p, for three values of dimensionless
) (3]

grain potentiakz=|Ql|e/aT,. Solid lines correspond to the exact nu-

2ro(v) merical integration of Eq(6). Dotted lines show the approximate
1- C—, 2rc(v)la<1 analytical expressioli7). The dashed line corresponds to the esti-
pe(v) =a a (2 mateAgg=2InL.

0, 2rc(v)a>1

velocities satisfying E-(v)/a>1 and 2:(v)/a<1, but oth-
erwise it is straightforward. The final result can be presented
in the form

is the maximum impact parameter for collection. Here
re(v)=|Qle/mw? is the Coulomb radius for electron-grain
collisions andha is the grain radius. Expressi@R) shows that
due to the repulsive character of the interaction potential Fe = (8V2m/3)a?n.mwr UD(z L), (5)
only sufficiently energetic electrons can be collected. Assum- ©
ing that the initial electron momentum is transferred to thewheren, is the density of electrons and the factbg(z,L)
grain, one obtains the momentum transfer cross section faiccounts for the electron-grain electrostatic interactibp
electron collection, =1 for an uncharged grainHerez=|Qle/aT, is the dimen-
) sionless potential of the grain ahd-\p/a is the ratio of the

Ocol(v) = mpg(v), ) screening length to the grain radius. The contribution from
direct collisions is®S%(2)=[1+(z/2)]e™% The contribution
from scattering isbY™(z, L) = ;72A o4 Where

NG * 2x
1+4L%= dx—Zf €X1n 7—1 dx
z

which is equal to the electron collection cross section.

To describe the electron scattering by the grain the sta
dard Coulomb scattering approach can be used. It is appli- %
cable whenrc(vr)<Ap, which is usually the case. This Aed:f e In(
gives for the orbital momentum transfer cross section

\G +re(v) ]
p2v) +1éw) |’

z

0
(6)

(4) is the Coulomb logarithm for electron-grain collisiotiste-
grated over the Maxwellian distributi@nin the limit 2L/z
>1 the integration gives

Oorp(v) = Zwr%(u)ln{

In deriving Eq.(4) the integration over impact parameters

was performed frompyin=pc 10 pmax=Ap (S€€, e.g., Refs. 2L 7
[7,8]). Note that the screening length for the conditions we Aegg= Z{In— -C+ e‘”ZEi<— —)} (7)
consider (low neutral gas pressures, subthermal drifts
given by the linearized Debye radivegy=(A\p2+Ap) 2 (for  whereC=0.577 is the Euler constant. The leading logarith-
a recent discussion see, for example, R&f. For high neu-  mic term is dominant so that.q=2 In(2L/2). This result
tral gas pressures Eq&2)—4) are not directly applicable. jmproves on the estimation of the Coulomb logarithg,
Electrons are not collisionless and the screening can be quite 2 |n L used in Ref[11]. In Fig. 1 we show the value of the
different from weakly collisional casgL0]. Coulomb logarithm calculated as a function @f\p=L"1

In order to derive the electron drag force the cross secfor three different values of. The agreement between the
tions should be integrated over the electron VE|OCity diStribU'direct numerical integratio(ﬁ) and the approximate expres-
tion function. We assume a shifted Maxwellian distribution sjon (7) is good as long asl2z=1. The simplified relation
(note, however, that other distributions are also possible im ,~2 In L also agrees reasonalilyithin ~30% accuracy
gas discharggs which in the case of subthermal electron with the calculations. For very simple qualitative estimates
drift can be written ad(v) =fy(v)(1 +UV/v-2re)- The integra-  one can use\q4~ 10 for a/A\p~ 1072, independent of the
tion is complicated by the necessity to consider separatelyalue ofz
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FIG. 2. The ratio of the momentum transfer in electron colli-
sions with a charged grain to the momentum transfer in collisions FIG. 3. The figure shows the contour of a constant ratio of the
with an uncharged grainP(z,L), as a function of dimensionless electron-to-ion drag forces;;/F.=1, in the(a/\p, 7 plane for an
grain potentialz=|Qle/aT,. The calculations shown are for three argon plasma(ci,/gen~200 andz~2). The dashed line corre-
values of the ratio of grain radius to the screening ler@thy  sponds approximately to the upper limit of the applicability of the

=L"L Note that scattering increases the momentum transfer contheory used to calculate the ion drag for@le/ Ti\p =5 (see Ref.
siderably forz=1. [7]).

Figure 2 shows the factobg(z,L) as a function oz for  =2[Ze™In[(2Lx+z7)/(2x+2z7)]dx is the modified Coulomb
three different values df. One can see thaby(z,L)~1 for  |ogarithm for ion-grain collisions integrated over the Max-
z=1—the electrostatic interaction is not important in this wellian velocity distribution function for ions. Equatiqi8)
regime. Forz=1 the contribution from collection becomes is identical to Eqs(11) and(12) of Ref.[7]. The reason for
exponentially small, but the contribution from elastic scatterthe modification of the Coulomb logarithm is due to the fact
ing grows withz. The latter leads to an overall increase inthat the Coulomb radius for ion-grain collisions is often
®g(z,L) with z. Figure 2 shows that the smaller the grain thegreater or comparable to the plasma screening length, which
larger is the effect of electrostatic interaction. makes the standard Coulomb scattering theory inapplicable.

In passing we note that the expression for the electrofrrom Eqgs.(5) and (8) assumingn,=n; and taking into ac-
drag force[Eq. (5)] can be cast in the fornfF,=myryde. count Eq.(1) we get
Heremy is the dust grain mass ang is the characteristic
momentum transfer rate in electron-grain collisions. From 592 EM
the momentum conservation we immediately obtain the mo- Fi  0en®i(zr,L)
mentum transfer frequency characterizing the momenturq_
loss of the electron gas in collisions with the grain compo-
nent, veq= vgdNgMy/ NeMe, Whereny is the grain number den-
sity. The latter can be important for example when consider
ing damping of Langmuir waves in dusty plasmas, the effec
of dust grains on the plasma electrical conductivity, etc.

his expression implies that the ratiy/F; depends on the
gas compositionwhich determines the ratio,/ o, and
three parameters 7, andL. An example calculation of the
atio F./F; is shown in Fig. 3. The solid line marks the
alanceF.=F; in the (a/\p, 7) plane for an argon plasma.
The following parameters were fixed for our calculations:
argon plasma with effective cross section for ion and electron
1. FORCE BALANCE collisions with neutralsoj,=2x 10 cn? and oe,=1
X 10716 cn? (for T,~1 eV) [12], and dimensionless grain

In this section we will compare the electron drag force tentialz= 2 (this value foll f the OML th f
with the electric and the ion drag forces for different plasmapo entialz=2 (this value follows from the eory tor

parameters. Let us first estimate the ratio of the electron t3 100. Figure 3 shows that the electron drag force domi-

ion drag force, which will improve our estimations made in nates over the ion d_rag force fd—re/Ti52.5' In agreement
the introduction. For the ion drag force we use the recenVith the arguments given in the Introduction. The importance

approach of by Khrapaét al.[7,8], which is an extension of of the e[ectron drag ipcreases with increasing grain si_ze. Our
the standard Coulomb scattering theory. Similar to &. calculations are apphca_blg below t.he dashed line, Wh'9h cor-
the ion drag force can be written as _responds to the upper limit of the ion drag model applicabil-
ity (see Ref[7]). We note that the parameter range, where
F = (8V'ZT/3)a2nimivT.ui¢>i(ZT,L), (8) electron drag dominates over ion drag, seems not to be exotic
' for dusty plasma experiments in dc discharges. For example,
wheren; is the density of ionsr=T,/T,; is the electron-to-ion typical glow discharge conditiornig.~ 1 eV, T;~0.1 eV for
temperature ratio, and the factdr;=d"+®P™ accounts an argon plasma at neutral gas presspred.1 Torr were
for ion collection and scattering, similar to electron-grainreported in Ref[13].
collisions. The corresponding contributions abg®(z7)=1 The relationships among,, F;, andF, depend on more
+(z7/2) and ®°(zr,L)=(72/4)Aiq, Where Ay parameters, especially when the ion drag model of (By.
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10 ing into account the electron drag force. If one neglétts
then the grain would move in the direction of the electric
field becauseF;>F, (except for very small submicron
graing. Inclusion of the electron drag force reverses the
grain motion for the considered plasma parameters.

Finally, let us briefly discuss the parameter range where
the electron drag force can play a substantial role. First, a
significant electron drift should be present, which implies
that the force exerted on electrons by the electric field is
compensated by their momentum loss in collisions, but not
by the inhomogeneity in electron densit{pressure” term
in the equation of motion for electrons. Relevant example is
a longitudinal electron drift in a positive column of a dc
discharge. At the same time the considered effect vanishes in
complex plasmas occurring in the bulk of rf discharges.
Next, the electron drag force is very sensitive to the electron
temperature. There are two reasons for tligt Fo/F;

« (Ti/ To)?, andFo/Fq = T;/ T, (i) for most noble gases,, is
an increasing function ofT, (in the range 1eWT,
=10 eV) and henceFx o, decreases witf,. As pointed
out in the introduction the effect can be especially important
5 in argon, krypton, and xenon due to the Ramsauer-Townsend
01 1 10 effect, and also in neon wheke,, is also relatively small.

a (um) Increasing the neutral gas pressure and/or decreasing the ion-
ization fraction would lower the role of electron and ion drag

FIG. 4. () The magnitudes of the electr¢R,) and ion(F;) drag ~ forces compared to the electrostatic force. Also the electron
forces normalized to the electric forde, as functions of grain ~drag force increases with grain size as shown in Fig. 4. Sum-
radiusa. (b) The sum of the force§;—Fq—F. normalized to the ~marizing, we expect electron drag to be important for micron
electric force as a function &f. The dotted line shows th@gncor-  (and largey size grains in low pressure dc gas discharges in
rech result which would be obtained by neglecting the electron dragmost of the noble gases with relatively small electron tem-
force. For the plasma parameters see text. perature(Te<1 eV).

The obtained results have to be taken into account in
breaks down. For this reason, and in order to illustrate th@lanned experiments with dusty plasma in a dc discharge
importance of the electron drag force, we took a certain setinder microgravity conditiongPK-4 experiment Here the
of realistic plasma parameters and calculated the forces n@ravity is absent and the most important forces acting on
merically. We again consider an argon plasma at pregsure dust grains are the electrostatic, ion and electron drags and
~0.1 Torr (n,~3x 10* cm™3) and plasma number density the neutral drag forcéf a gas flow and/or grain motion is
ne=n;=2x 10° cm™3, Electron and ion temperatures afg Present As shown in the present paper the electron drag
=1 eV andT;=0.03 eV(7=33). Note that for these param- force can have a significant effect under cert@at too ex-
eters the assumption of subthermal drifts limits our calcula®tic) conditions.
tions to rather small electric field§=0.3 V/cm.

Figure 4a) shows the dependence of the absolute magni- V. CONCLUSIONS
tude of the electron and ion drag forces on grain radius. Here We have studied the role of the electron drag force in a
the ion drag force was calculated using an approximate exweakly ionized plasma in the presence of a constant electric
pression for the ion-grain momentum transfer cross sectiofield—a common situation for the positive column of a dc
proposed in Ref[14]. This approach is more accurate for the discharge. Using the accurate expression for the electron
case of “strong” interaction between ions and grgl®|, drag force obtained in this paper we were able to show that
which occurs aa=1 um for the chosen plasma parameters.electron drag can be a dominant force for certain plasma
The forces are normalized to the electric force. According tgparameters. The regimes where this can occur were identi-
Fig. 4(a) the electron and the ion drag forces are comparabléed.
and both these forces dominate over the electric force. More-
over,F.>F,; for a=1 wum. This indicates the important role
which the electron drag force can play in dusty plasmas. This work was partly supported by DLR under Grants
Figure 4b) illustrates qualitative changes arising when tak-Nos. 50WM9852(PKE-Nefedoy and 50WP0204PK-4).
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