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Rodlike particles in gas discharge plasmas: Theoretical model
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Recently, complex plasmas with strongly asymmetricllike) particles were investigated experimentally in
rf and dc dischargeV. I. Molotkov et al., JETP Lett.71, 102(2000; B. M. Annaratoneet al., Phys. Rev. E
63, 036406(2001)]. In this paper, a theoretical model is proposed which describes the behavior of such
systems. Major results of the proposed model are the following: Equilibrium charge is calculated for particles
orientated perpendicular and parallel to the ion flabectric field; equilibrium states of particle®rientation
angle and levitation heighare obtained; energy of electrostatic interaction between rods is derived, depending
on the mutual orientation. Comparison of experimental and theoretical results shows quite good agreement. In
conclusion, some important theoretical issues as well as possible new experiments are discussed.
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[. INTRODUCTION rods floated near the top of the vertical ensemble in the cen-
tral region, and near the bottom at the periphery. Usually, the
Crystallization of charged microparticles in a radio- vertical rods arranged themselves in ordered hexagonal
frequency(rf) [1-3] and dd4—6] discharges was discovered structures, similar to those observed in experiments with
about one decade ago. This triggered enormous interest gpherical particles. Levitation of the rods was only possible
study properties of strongly coupled complédusty plas-  for the discharge pressure above 5 Pa and power higher than
mas. Currently, experimental and theoretical investigations ibout 20 W.
this field are going on in many laboratories throughout the For experiments in a dc plasnia2], the same particles
world. Recent review§7—9] discuss various aspects of the were used. The experiments were performed in the discharge
complex plasma crystallization. tube [5] filled with neon gas. The rods were suspended in
So far, almost all complex plasma experiments were perstrong electric field existing inside standing striations. Par-
formed with particles of a spherical form. Also, theoreticalticles formed ordered hexagonal structures in horizontal lay-
investigations usually neglect the grain shape, assumingrs, with a few layers evenly spaced in the vertical direction.
spherical particles. It is well known, however, that colloidal All the rods, irrespective of the size, were oriented horizon-
suspensions, which have many common properties wittally, being aligned in the same direction, as shown in Fig. 2.
complex plasmas, exhibit variety of possible states in theéSimilar to the rf experiments, relatively high discharge
case of strongly asymmetric particlgs0,11. Along with a ~ power was necessary to levitate the particles. Generally, it
liquid phase, several liquid-crystalline and crystalline phasesvas more difficult to suspend larger particles. In order to
have been observed. Difference between these phases is devitate them, a neon-hydrogen mixture was used, which
termined by the positional and orientational ordering. Justaused steepening of the electric field profile inside the stria-
recently, levitation and formation of ordered structures in theiions.
subsystem of very long rodlike particlesieedlesor rods
(length-to-radius or aspect ratio varied from 80 up t0)240
suspended in dc striations and rf sheaths have been reported
[12,13. Also, levitation of weakly asymmetric grown par-
ticles (aspect ratio~3) in a rf plasma has been observed
[14].
The rf discharge experiments with rofi3] were per-
formed in a Gaseous Electronics Confereti@&C) refer-
ence cell[15] filled with krypton or argon gas. The nylon
(density =1.1 g/cn?) particles of diameters 7.6m and
lengths of 300um and 600um were used. Among those
“monodisperse” particles, there was a small fraction of very
long “freak” particles of 1-3 mm length. Levitation of
needles was observed in a rf sheath, where electrostatic force
on charged particles balances the gravity. The particles
formed a horizontal disk-shaped layer. Longer rods floated FiG. 1. Top view on rodlike particles levitating in a rf sheath
horizontally, mainly in the center of the system, while the (from Ref. [13]). Dots at the periphery are vertically oriented
shorter rods settled around vertically—parallel to the strongshort” rods (L =300 um); “long” particles (L=600 um) levi-
electric field of the sheath, as shown in Fig. 1. The horizontatate horizontally in the center.
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changes ag, =2\, In(L/p)—4\y(Z/L)? i.e., the radial poten-
tial distribution coincides with that for an infinite charged
string. Far from the particle, whegip?+z?=r>L, the first
term in the expansion of E@l) corresponds to the isotropic
potential of a pointlike chargep,=Q/r. The screening be-
comes important at=\p., wherehp, is the (electron De-
bye length(Both in rf sheaths and dc striations, the ion drift
velocity exceeds significantly the thermal velocity, and,
hence, ions do not contribute to the screenirg. experi-
ments,\ pe Usually exceeds the particle length, and therefore
we can use the “vacuum limit” potentidll) for the estima-
tions below.

For conductive particles the self-consistent charge distri-
bution is not uniform, but changes along the rod in order to
provide constant surface potentiaFor the cylindrical con-
ductive particle the problem cannot be solved analytically,

FIG. 2. Top view on rodlike particles levitating in a dc striation but we can consider the rod as an axially symmetric ellip-
(from Ref.[12]). Irrespective of the particle length, the levitation is soid, with the semiaxek/2 anda. The resulting expression
always horizontal. for the potential around the ellipsojd6] is more compli-

cated than Eq(1), but in fact these expressions converge as

In this paper, we make an attempt to formulate a consisthe ratioL/a increases. If the parametdr which character-
tent quantitative approach for description of complexizes elongation of the particle,
processes which determine the behavior of rodlike particles
immersed in a plasma with a strong electric field. We analyze A=In(L/a),

relevant physical mechanisms. and major p_Iasma process sufficiently large(for experimentsL/a=80-240, so that
involved, and compare theoretical results with experimentaly _ 4 4_c 5), then Eq(1) and the potential of the conduc-
observations. The paper is organized as follows: In Sec. ive ellipsoidal particle coincide with accuracgA ~1): The

Fhe elt_actric potential distribution' grqund very elongated ro.dsself—consistent surface charge density for the ellipsoid is al-
is defined. In Sec. lll, the equilibrium charge on a rod is o« onstant in the middIEL6], and deviates noticeably

calculgted for particl_es_orientated perpendicular and P?fa”er om the uniform distribution only in narrow regions close to
to the ion flux(electric field. In Secs. IV and V the equilib- the ends:L/2—|z|<L/A. Capacity of the rod tends to the

rium states of a rodorientation angle and levitation height . ) o _
suspended in external electric field are derived. In Sec. Vliafgj'\ty[lg])f the conductive  ellipsoid C,=Q/ ¢:(a,0)

the influence of the ion drag force on the equilibrium states is

discussed. In Sec. VII, the energy of electrostatic interaction lIl. CHARGING OF A ROD

between rods is calculated, depending on the mutual particle

orientation. Finally, in Sec. VIIl, we compare major experi- Let us study charging of aonductiverod immersed in a
mental and theoretical results and show that there is quitBomogeneous ion flow. Practically, a rod can be called “con-
good agreement between them. We also discuss some impdéiuctive” when the chargeelectron redistribution due to
tant theoretical issues that need to be analyzed in future, @®nductivity is much faster than the plasma processes deter-
well as possible experiments that would allow us to checkmining the charging. The time scale of the conductive charge

the proposed theory more carefully. relaxation is of the order of the electron resistivity of the
particle material[17]. For any conductor material, this is
Il. POTENTIAL OF A UNIFORMLY CHARGED ROD much shorter than the charging time scale due to the plasma

absorbtior{18]. Therefore, electrons in the particle redistrib-
First, we consider the case ofiformly chargedlielectric  ute themselves in such a way that the resulting surface po-
cylinder (rod) with the total charg€)<0, lengthL, and ra-  tential is kept constant. Hence, instead of calculating the ion
diusa. Simple integration yields the following expression for flux density at each element of the particle surface, it is suf-
the electrostatic potential around the r@d the absence of ficient to solve much simpler problem—to determine the to-

the plasma screeniig tal ion flux on the particle.
In order to obtain the ion absorptiofTollection cross
be(p,2)=No[IN(£4+VE + D) +In(é_+\E +1)], section. one has to calculate the deflection of the ion trajec-

(1) tories due to the electric field of the rod. We neglect the
influence of the externdlrf sheath or dc striationelectric
E.=(3L=*2)lp, field which (i) polarizes the rod angli) changes trajectories
of ions while they interact with the rod field. As discussed in
where \o=Q/L is the linear charge densityp(z) are the the preceding section, fak>1 the constant surface poten-
cylindrical coordinates with the origin in the center of the tial actually implies the constant charge density. Thus, we
rod, z is pointed along the rod axis. In the vicinity of the assume the uniform surface charge distribution and use the
middle part of the rod|z|<L andas<p<L, the potential potential given by Eq(1). (In the following section, we dis-
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cuss how the charge distribution is changed due to the polar- 5
ization) Influence of the external field on the ion trajectories [
can be neglected when the external potential does not change e e )
strongly along the rod, i.e., when its spatial scale is larger ar I A
thanL. We suppose that this condition is satisfied. In addi- LT
tion, the ion motion is supposed to be collisionless—the ion
mean free path should excekd Y3/ ¥, (vertical, high-M limit)
Experimentd 12,13 show that only two types of the rod
orientation are possible—perpendiculborizonta) or paral-
lel (vertical) to the external electric field. Below we consider
these cases.

¥, (horizontal)

1 1 1 1 1
A. Horizontal rods 0 1 2 3 4 5
M=u/c,

The rod axis is perpendicular to the flux of ions. The ion
drift velocity, u .exce(.eds significantly the thermal veloc?ty, FIG. 3. Dimensionless potential of a rod of lengtfand radius
vy, =VTi/m; (it is typical both for rf sheaths and dc stria- 5 ., —5A¢|Q|/LT,, versus the ion Mach numbev = u/c. . Solid
tions, where particles usually levitaté&quilibrium charge is  line corresponds to the horizontal rgsblution of Eq.(2)], dashed
determined by the balance of the ion and electron fluxes ofine shows the highM limit for the vertical rod[solution of Eq.(6),
the rod surface).—J;=0. The flux for the Boltzmann dis- valid for M=3]. Calculations are for argon gas amd=In(L/a)
tributed electrons isly= \/ﬁaLnevTee* % [19], where y, =4.5. For reference, dotted line shows the dimensionless potential

—2A€|Q|/LT.=(|Q|/C,)/(T./€) is the dimensionless par- of a spherical particley,=e€|Q|/aT,, calculated forT,/T;=100.
ticle potential(in units Te/e), andvr = \Te/me is the elec- o _
tron thermal velocity. The ion flux is;=2ppLn;u, where time 7=ut/L (dots denote derivatives with respect #p.
the absorption impact parameteadiug for the horizontal The patrticle field does not affect considerably the ion motion
cylinder, p,= a1+ 27, /M?, is given by the orbital motion a_tlong thez axis: Ratio_of t_he energy that ionfzcan gain in the
limited (OML) expressiorf20], M = u/c; is the Mach num- field, =A&g, to the kinetic energy, is =M "“A(Eq/Te).
ber, andc,=\T./m; is the ion acoustic velocity. We note The ion flux is supersonic, and the self-consistent calcula-
again that the particles are assumed to be sufficiently elorfions of the chargesee the end of this sectipahow that the
gated,A>1 (conditionp,<L should also be satisfigdThen ~ factorA(&q/Te)= y,/2 is about unity. Therefore, the vertical
we can neglect the “end effect§21] and obtain the follow- ion velocity can be approximately considered as constant.
ing equation for the particle potentietharge v, : Then one can set the dimensionless time varying in the range
0=<7=<1 while an ion passes the rod ¢hanges froni./2 to

[ M Ne —L/2).

_— = 2 Yr

2 megn; M=+ 2yer. @ The motion of ions that are absorbed by the particle can

_ be conditionally divided into two stages: At the first stage,

The dependence, versusM for the horizontal rod calcu- jons approach the particle from “infinity” ta~L/2. At the
lated from Eq.(2) (ne/n;=1, argon gakis plotted in Fig. 3  second stage, they are deflected towards the rod and get ab-
(solid ling). At small M, the charge asymptotically tends {0 g4rheq at certaim=—L/2. Far from the rod #>L/2), Eq.
tge|\|:alu|e correlsgporllldlng tho anhlinflnltle c;gllmder in ‘Zn |sotgop|c(1) reduces to the Coulomb potential and the resulting force
(bu .) plasma[19]. Note that this value does not epend on;, the p direction (xp/z%) is much weaker than the radial
the ion temperature as long as the Debye screening can tfe

. . orce when the ion passes the rodg !, at —L/2<z
neglectedthe OML approach is validand if T; /Te<; . =<L/2). Therefore, the relative variation of the radial coordi-

nate (with respect to its initial valueis small at the first
stage,~&q/&,<1 [22]. Also, the ratio of the radial veloci-
In the beginning, we neglect the thermal motion of ionsyjes that ions acquire at the first stage(EQ/miu)B, and at

and assumd&;=0. The rod axisz is pointed upward, and Aegim, is ~M LA " X(Ea 7
ions drift down with velocity—u. Then the radial motion the second stage; yA&o/m, is ~M VA (& /Te)p- It

towards the rod in field1) is given by the following equa- is shown below thap=<1 (absorption radius is always less
tion: than the rod length and thus the radial acceleration at the

first stage is usually not important. Hence, we can assume
1 1—7 T &l that the ions start a&=L/2 (r=0) with the vertical(initial)
—+ — |- Z-  velocity —u. The absorption radius for the vertical rag,
2 \/(1_7')2"_ 2 \/72+ 2 5up ~ ) ) . .
P p =p(0), is determined by the solution of E¢3) with the
To make formulas shorter we introduced the potential energjnitial conditionp(0)=0 and the absorption conditiqs(1)

scalegqo=¢|Q|/L and the initial kinetic energy., = smu®, =0 (for simplicity, p at 7=1 is set equal to zero instead of
as well as the dimensionless radial coordinatep/L and  a/L~10 2). Integrating Eq(3) numerically with these con-

B. Vertical rods
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1

Zy

00 1 FIG. 5. Orientation of the rod with respect to the external elec-
SQ/% tric field Ey.

FIG. 4. Dimensionless ion absorption radius for the vertical rodvertical rod scales asL?, in contrast taJ;al. on the hori-
of the lengthL, 7, =p, /L, versus the ratio of the Coulomb to ion 20Nntal rod(neglecting logarithmic dependenceée., the ion
Kinetic energies€o=e|Q|/L and&,= :mu?. Solid line shows the flyx on _sufﬂmently long vertical part|_cle can be anomalously
results obtained after numerical integration of B}, dashed lineis  Nigh (similar effect was observed in probe measurements;
the analytical approximation, E¢5). see, e.g., Ref$21,23). Substituting the ion flux into the flux
balance, we get the following equation for the hightimit

ditions we obtain the dependence, versus El€y of the particle potentiaicharge:

«M~2(|]Q|/L) (Fig. 4, solid ling, from which we can finally

deduce the absorption cross sectimﬁsz as a function of \ /Z Mi Ne ﬁ

the particle charge and the ion Mach number. 2 men; gh
Equation(3) is derived for the potential of a finite cylin-

der [Eq. (1)]. This allows us to take into account the end e gependence of, on M for the vertical rod calculated

effects—deviation from the logarithmic potential of an infi- from Eq. (6) (for A =4.5) is plotted in Fig. 3dashed ling
nite string. In order to check how this deviation influencesyy,. highM limit is vélid for M=3. As féllows from Eq

the value ofp, , we study the equation of ion motion in the (g), the rod charge in the hight limit depends also om
field of the infinite string, (almost linearly. However, this dependence is rather weak,
especially for largeM, and we can neglect it.
o &l For smaller drift velocities the contribution of the thermal

- ~ 4 motion into the ion flux increases, and at ldw the flux
tends to the OML value for an isotropibulk) plasma. Cor-
{espondingly, the particle potential is represented by the low-
. i s M asymptote for a horizontal rogsolid line in Fig. 3.
integral of Eq. (4) yields the energy conservatiop”  Hence, the dependencg(M) for the vertical rod lies in
=2(&Eq/&)In(p, Ip), from which we finally derive the ex- between the two curves—solid and dashed lines in Fig.

M=y.e". (6

applying the same initial and absorption conditions. the firs

pression for the dimensionless absorption radius, 3—and approaches them asymptotically in the low- and
high-M limits, respectively.
~ 2 &g
=Nz 5
u IV. CHARGE DISTRIBUTION ON A ROD IMMERSED

. . . . IN ELECTRIC FIELD
shown in Fig. 4 (dashed ling Since &/&,

EzM—Z(gQ/Te)<1, the absorption radius is always smaller  In the presence of an external electric field, the induced
thanL. We also see that the difference between &y.and  nonuniform charge distribution on the surface of a conduc-
numerical solution of Eq(3) is rather small in this range, so tive rod provides constant surface potential. Consider a rod
that the analytical expressidb) can be used for the order- immersed in a weakly inhomogeneous electric fiélgd(Z).
of-magnitude estimate. The field is a function of the vertical coordinatieeighy Z

For certain conditions, the thermal ion motion can changeand is pointed in the direction oppositeZoThe rod axis is
significantly the flux on a vertical rod. The role of a finite ion tilted by anglea with respect to the field direction, as shown
temperature is discussed in detail in the Appendix. We foundn Fig. 5. The longitudinal rod coordinae(with z=0 at the
that for relatively high velocities of the ion flux, when the rod center and the vertical coordinate are related ¥y Z,
ratio T; /&, is sufficiently low, the thermal motion does not +zcosa, with Z, the vertical coordinatéheigh) of the rod
affect noticeably the ion absorption. Thus, for lafgethe  center and—L/2<z<L/2. Expanding the field around the
ion flux on the vertical rodJizwpfniu, is determined by rod centerE.(Zy,z) =Eq+E(zcosa+-- -, we get the elec-
the absorption radiup, from Eg. (5). Note thatJ; on the tric potential of the external field along the rod,
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1 152 QLZ
bexd Z0,2) = o~ Epz COS— 5 Eq cofa—---, D=——<0 (10)
with Eq=— ¢¢,E{=—¢g, ... functions ofZ,. The ap- is the magnitude of the quadrupole momghé]. Note that

proximation of a “weakly inhomogeneous field” means that the polarization does not affect the quadrupole moment. Sub-
the spatial scale of the field variation is much longer than thetituting these results in E¢8) and retaining the first three
rod,|Eq/E{|=4€g>L. Together with the condition>1 this ~ terms in the electrostatic energy expansion, we obtain
allows us to omit the terme(L/¢g) ando(A 1), and use

. . - . E2L3 QE/ L2
the following expression for the linear charge density along _ _Eo QB
the rod[16]: Us(Zo,@)=mgZo+ Qbp— o1 coa =
Eoz X (3 coga—1). (12)
N(Z)=Ng+ ﬁcosfx. (7)

The equilibrium states are determined by the extrema of Eq.

We assume that the magnitude of the dipole part of th 12). From Uy /6Z,=0, we get the following for the levi-

charge distributiofsecond term in Eq(7)] is smaller than ation height:

Nos i-€.,3(|Eo|L/A|Ng|)<1—this allows us to use the Bolt- E.E/L3

zmann distribution for the absorbed electrons. The inequality m,g—QEy— 970" o2a=0.
can be rewritten in a more convenient foreEq|L/y, Te 24A

<1. ForL.=300um andT.~1 eV, this establishes the up- This equation shows that in addition to the gravity and

pz:t:'crrétsf%rftgii&‘ﬁ:'ﬁ;ﬂﬂiﬂi rlci(r)m(;//ffgl]d I:]?ar(;zgzg:mfll)r charge forces, the dipole force contributes to the balance in
b ! y vertical direction, m,g=QE,+dE} cog a. However, this

levitation in the rf sheath or dc striation is approximately oneforce does not affect the balance noticeably: In accordance
order of magnitude weaké¢b,24]. Hence, we conclude that y:

- - I : ith the restriction e|Ey|L/y,Te<1 which we imposed
this restriction should be satisfied in experimefi®,13 wi 0 r'e ) .
with rodlike particles. for Eq. (7), the dipole-to-charge force ratio is

5 (L/€E)(e|Eg|L/y,Te)<1. Thus, the levitation height is
mostly determined by the balance of the gravity and the
overall charge forces, such as for a spherical particle. Note
Now let us study levitation of a rod suspended in an exthat the derived equilibrium is always stable, since
ternal (rf sheath or dc striationelectric field. The equilib- 9*Us 192~ —QE(>0.
rium state of the rod, the levitation heighig and the orien- We see from Fig. 3 that the magnitude of the dimension-
tation anglea with respect to the vertical axis, can be found less potentialcharge of a rod, y,=2Ae|Q,|/LT,, is close
considering the total potential energy of the particle, whichto that of a spherical particle;s=e|Q4|/aT,. From that we
includes the gravity contributiorm,gZ,. First, we assume get the relation between the rod and sphere charges,
no dependence of the particle chargeZgnand . Then the  2A(Q;/L)~Qs/a. The rod mass scales as>a’L and the
energy is determined by the well-known expandit,25]: sphere mass amsxa®. Then we conclude that the electric
field necessary to balance the particle weighgecm/Q,
Us=m,gZo+Qepo— 3 d;Eq— § DzzE4+---, (8  should be~A times stronger for a rod, than for a spherical
particle of the same radius. Therefore, rods should levitate
with Eq<<0 andE{>0 (note that the expansion also requires ~ A {g below the level where spherical particles of the same
the external field to be weakly inhomogeneous—spatial scaleadius are suspended. Note also thatitii€ ratio for rods
of its variation should be larger than the rod lengtihe has a very weakKlogarithmio dependence oh, and thus
dipole term in Eq.(8) is given by theZ projection of the rods of different lengtl{but of the same radiyishould levi-
dipole momen{16], d,=d| cosa+d, sina, which is due to  tate at approximately the same level.
polarization[Eq. (7)]. The longitudinal dipole moment of the ~ The equilibrium orientation is given by the condition
rod, dj=3;(EqL%/A)cose, is much larger than the trans- dUs/da=0 (torque balance
verse one, dL~d”(a/L)2tana, so that we getd,

V. LEVITATION OF RODS IN ELECTRIC FIELD

~ E2L
d cog a, where (%"‘QE(,))S“’] 2a=0, 12
EoL®
d= 24\ <0 © which yields two anglesx=0 and«/2, i.e., the vertical or

horizontal orientation of the rod is possible. Condition for
is the magnitude of the dipole momdn6]. The quadrupole the stable angle, which we get from the second derivative, is
term in Eq.(8) is determined by th&Z compound of the §?Us/da’x(K—1)cos x>0, where we introduced the
quadrupole tensor of the ro®;; [16,25. The tensor trans- “orientation parameter”:
formation yields D;,=Djcos a+D, sifa, with D
~$QL? andD, = — 3Dy the principal values of the tensor. o= e[EolL\fe  2d€e
From that we geD ;, = 3D (3 co€ a—1), where oy Te

L D
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This shows that the quadrupole moment is important for theion radius,py, ,. For a horizontal rodri=2p,L, whereas
orientation—the equilibrium is determined by the competi-for a vertical rod,c¢=mp2. To estimate the scattering cross
tion between the dipole and quadrupole terms in enél@ly  section, we consider two ranges of the impact parameter:
The dipole torque turns the rod along the electric field,“ arge” p=p, ~L and “moderate’p;, ,<p=<p, . At large
whereas the qU&drUpOIe torque tends to make it horizonta}J, the electric potentia| is of thecreéneﬁ00u|omb form,
Hence, particles levitate horizontally,= 7/2, whenK<1,  and therefore the contribution of this range to the scattering
and vertically, =0, when K>1. Using the equilibrium cross section is roughly the same for both orientations,
condition in the vertical directiorm,g=QE,, we eliminate ~7T|-2(5Q/5u)2|n()\oe/P*) [28]. [We remind that for our
the dependence dg, in the expression fokC, and applying  conditions ions arésupeisonic and, hence, do not contrib-
the relation betweety, andQ we derive the following scal- yte to the screeninpAt moderatep one can use an approxi-
ing: KxA2a*Ey 1 (y,Te) 3. If we assume thay, does not mate expression for potentiél) at p<L. We also assume
depend orlL and E\=const(the latter is usually true for rf that ions are deflected weakly. For a horizontal rod the de-
sheathy thenkC=A2. Therefore, the relative contribution of flection angle is= m(Eq/E,), which yields the following
the dipole term is stronger for a longer rod: Af is suffi-  contribution to  the  scattering cross  section:
ciently large the rod can levitate vertically, but for smaller  ~ m?L?(£q/&,)%(p, — pn)/L, whereas for a vertical rogis-
the horizontal orientation is more preferable. ing the kinetic energy conservatiopn we get
Let us make an important remark concerning the equilib—~ 77L2(£Q/<'€u)2 In(p, /p,). Thus we can finally estimate the
rium orientation. Figure 3 shows that the value of the particlescattering cross sections for the horizontal and vertical rods
charge,Q, might change considerably between vertical and(py, ,<L<\pg),
horizontal orientations. This means that the charge is a cer-
tain function of the angle. Therefore, in general, the interac- Z(EQ 2 [[m+In(Ape/L)] (horizonta)
tion with the electric field cannot be expressed in terms of Tho 7L &, N\ pe/py) (vertical).
the potential energysimilarly, for a particle with the space-

dependent chargeln order to derive the equilibrium orien- | et us evaluate the role of the ion drag force for the con-
tation, it is necessary to study the torque balance. We cagitions of experimentd12,13. We choose the following
present the charge versus angle dependence in the f0rﬁ1‘asma parameters; ~n,~10° cm™3, T,~1 eV, and con-
Q(a)=Qo[1+f(a)], wheref(a) is a certain even function  sjder the rod witi. ~300 xwm andL/a~ 1% ForM=1, we
of the angle. For the qualitative analysis, let us consider thgptain that the ion drag on a horizontal rod is mostly associ-
following simple casef(«) = e sin” a, wheree is a constant.  ated with the elastic ion scattering, while for a vertical rod
The torque balance is given by E@.2) from which (using  the absorption dominates. Comparison of the ion drag force
the conditionm,g=QE,) we obtainko—(1+ esifa)’=0,  with gravity givesF,y/m,g=3x 10 2 for both orientations.
where Ky corresponds t®,. This equation has a solution This allows us to conclude that for typical experimental con-
for a certain angle, € a, <m/2, if K is within the follow-  ditions, the ion drag should not noticeably influence the rod
Ing range: equilibrium.

1<Ko<(1+ 6)3' (13 VII. INTERACTION OF CHARGED RODS
Simple analysis shows that this solution is always unstable, Rodlike particles levitating in rf sheaths or dc striations
but insteadboth «=0 and w/2 become stable. This means interact with each other and for certain conditions arrange
that two “phases” can coexist, consisting of identical rodsthemselves in ordered structures, as shown in Fig. 1. In order
levitating either vertically or horizontally, with the number to reveal features of the interaction and understand difference
fractions v, /7 and 1-2a, /7, respectively. WheriCy is  from the case of spherical particles, one has to study the pair
out of the (13), there is only one stable orientation— coupling energy of rods. Rods are polarized due to the pres-
horizontal forKq<1 and vertical forkCy>(1+ €)3, such as ence of electric field, and the charge distribution along the

in the case of a constant charge. rod axis is determined by Eq7). Using the formulag,(r)

=J2 \(z')|[r—2'| *dZ, we derive the following expres-
VI. ROLE OF THE ION DRAG FORCE sion for the potential around the rduh the cylindrical coor-
dinates:
In addition to the gravitational and electric forces, the ion i

drag force associated with momentum transfer from moving Eqz

ions can influence the equilibrium states of the rods. Below $i(p,2)=| Not 5 cosa |[In(£,+VE +1)

we estimate the magnitude of the ion drag force acting on the

horizontal and vertical rod. For monoenergetic ions the ion > Eop

drag force isF;q=n;m,u?e, whereo=o°+ o® is the corre- (- +VEE+ D]+ 5

sponding momentum transfer cross sectigf,27]. It con-

sists of the collection parts®, due to the ion absorptigmand X cosa( & +1— \/gi +1). (14

the orbital part ¢, due to the elastic scattering in the field

of the rod. The deviations of Eq(14) from the potential of a uniformly

The absorption cross section is determined by the absorgharged rodEq. (1)] are the polarization terms proportional
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I 1 where T=r/L is the dimensionless distance between the
rods. The multipole expansion yields

2
. . . Q" QD
L 1 Urr(r,’JT/Z)—T—F

+O(r 4. (16)

a)

Using expressiolil0) for the quadrupole momem«Q, we
[ 1 [ | find that the relative correction of the charge-quadrupole

term to energy(16) is =— 5r 2. Hence, starting front
b) =L the charge-quadrupole and higher terms do not play an
important role in pair interaction, and the coupling is actually
determined by the charge-charge term only, such as in the
' ' case of spherical particles.
® r O

c) ¢ J B. Horizontal rods with common axis

FIG. 6. Top view on three configurations of a pair of parallel  This case is shown in Fig.(6). Two horizontal rods have
rods:(a) Horizontal rods with parallel axegh) horizontal rods with  common axis =0 and|z|>0 in cylindrical coordinates, or
common axisjc) vertical rods with parallel axes. #=0 andr=|z| in spherical coordinates Of course, we

assume that exceedd.. The coupling energy is
to Ey. At large distancegbut within the Debye sphere, _
< i i i Vre—=1  r+1
=\pe), EQ.(14) has the following asymptotic multipole ex- UN(r,0)=L\2
(Al

- : - 2rIn———+In——
pansion(in spherical coordinatgs 0 r nF_ 1

Q d D with the multipole expansion
¢ (r,0)= —+ —cosa cosf+ — (3 cogh—1)+O(r %),

rr? 4r3 )
h Q" QD -
Ur,(r,0)=T+—3+O(r ). (17
wherer = \/p?+ 7% and co¥=z/r. The dipole and quadrupole r
momentsd and D are given by Eqgs(9) and (10), respec- . . .
tively g y Eas(®) (10 P The relative correction of the charge-quadrupole term is
Experimentg 12,13 show that vertically and horizontally =sr 2. Thus, it is sufficient to retain just the first charge-
levitating particles never mix but separate into two “phases,”charge term at=L.
as shown in Fig. 1. Therefore, in order to study interaction
within these phases it is sufficient to consider cases of hori- C. Vertical rods with parallel axes
zontal or vertical particles separately. The pair coupling en-

. This case is shown in Fig.(6). Vertically oriented ¢
girgér?g;vgoz;ogallel rods with the centers separated by the_ 0) rods are separated lpy>0 andz=0 in the cylindrical

coordinates, ord= /2 andr=p in spherical coordinates.
Lo The rods have the induced dipole moments, and the coupling

Urr(PvZ):f lzk(z’)¢r(p,2+z’)dz’. (15  energyis

Us(r,7/2)=2L\3

1 ~
arcsin — \r2+1+r
r

2

Now we can investigate major possible configurations rel-
evant to experimentl2,13.

+ JR—
A. Horizontal rods with parallel axes 24

L [EoL
A

1 ~ 7
arcsink + 3r — §\/r2+ 1
r

This case is shown in Fig.(&. Two horizontally levitat- 4 4
ing rods (@=m/2) have parallel axesp(>0 andz=0 in ——r2\r2+14=r3
cylindrical coordinates, o8= 7/2 andr = p in spherical co- 3 3
ordinate$; the dipole moment equals zero. Substituting po-
tential (14) into expressior(15), after simple integration we Due to symmetry, the charge-dipole interaction terms cancel
derive the coupling energy as a function of spherical coordiout, and the multipole expansion contains the charge-charge,

nates: dipole-dipole, and charge-quadrupole terms:
NI 2 2d?-QD
UN(r,m/2)=2L\3| arcsink — \r2+1+T |, U’r’r(r,ﬂ-/2)=QT+2—3Q+O(r4). (18
r r
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Contribution of the dipole-dipole coupling is negligible, in Secs. IV and V requires the external electric fiéichich
since d?/QD=#(e|Eo|L/y,Te)?<1, in accordance with provide the levitatiop to be weakly inhomogeneous—the
the condition imposed for Eq7). The relative correction of spatial scale of the field variatiofiz should be larger than
the Charge_quadrupo|e terny,— %}‘_2’ is small at distances the rod IengthL The field inhomogeneity is estimated as
longer than the rod length. {£g=0.6 mm for experiments in rf sheatji$3,31, and is

The derived asymptotic expansions for the pair Coup“nd)G”EVEd to be a few times Iarger for experiments in dc stria-
energy, Eqs(16)—(18), allow us to conclude that the inter- tions[5,12]. Hence, we can use the weakly inhomogeneous
action between the rods suspended in an external electrfield approximation for the analysis of experiments in dc
field is very similar to the interaction between the sphericalPlasmas, where the conditiofe=L is satisfied both for
particles. Despite of the fact that the potential of the rodlikeshort and long rods. This approximation is also applicable for
particle can have considerable dipole and quadrupole termghort particles in rf sheaths. For long rods in a rf discharge,
the charge-charge coupling prevailat distances about the howevef, one has to take into account the strong field inho-
rod length and higher. mogeneity.

Let us apply the results of Sec. V for the analysis of
particle orientation observed in the experiments. It is conve-
nient to rewrite the orientation parameter in the fott

Experiment§ 12,13 performed with rodlike particles in rf = (2A€?m,g/L)(€/¥.T3). The first factor characterizes
and dc plasmas revealed a few general and interesting fe&ize and mass of a rod, while the second one is a function of
tures common for both types of the discharge. First of all, ittocal plasma parameters. The orientation of identical par-
was rather difficult to find a proper range of discharge paficles in different plasma conditions is thus determined by
rameters where rods can be suspended—e.g., relatively highe value of the second factor, i.e., by three parameters:
discharge power was necessary, as we mentioned in the Iny, andT,. For short particles in rf sheath we estimate
troduction. Simultaneous levitation of rods and spherical par=1.5, assumingy,=3.5 (high-M limit) and T,~1 eV.
ticles of similar diameter in a rf sheath demonstrated thafrherefore,C can exceed unity and the short rods should
spheres are always suspended higher than rods. This agregréent themselves vertically, in accordance with the experi-
with our theoretical results described in Sec. V, where wdnental observations. In dc striations, where all gradients are
showed that the charge-to-mass ratio for rods is alway$uch weaker compared to those in rf sheaths, one can expect
smaller than that for spheres of the same radius. Hence, imuch smaller Mach numbers and thus—higher valueg, of
order to levitate rods, much higher gradients of the electro¢see Fig. 3. In addition, the electron temperature is believed
static potential in sheaths or striations are necessary. THe be much higher in striatior{$,12] (in the head of a stria-
gradients increase with rf or dc discharge power—this is thdion, the electron energy spectrum is dominated by the ener-
reason why relatively high power is necessary in experigies close to the first excitation level, which=s16.6 eV for
ments. neor). Contribution of higheiT, andy, to the expression for

Another interesting feature is that both in rf and dc dis-X can easily overcome the increase due to higherand
charges, the rods in horizontal planes arrange themselves ithus make the resulting value of the orientational parameter
hexagonal structures. Also, in dc discharges it was possiblemaller. Therefore, in dc striatioriS can be less than unity
to form multiple layer clouds, with an almost equidistantand then the short rods levitate horizontally. The orienta-
layer separation. Crystal structures formed by rods look veryional parameter is increased logarithmically for long rods
similar to those observed in experiments with spherical parfby =(15-20)%], butthis relatively small variation might
ticles[1-5,29,30. These observations support the results ofnot be sufficient to set the orientation parameter above the
Sec. VI, where we analyze electrostatic coupling betweerthreshold unity. Presumably, this is why long rods also levi-
rods and show that it should be, in general, very similar taate horizontally in dc striations. Thus, one can see that the
the interaction between spheres. This “similarity in interac-proposed theory for the orientatiofec. \j, when appli-
tion” can also relieve significantly the numerical simulation cable, is in qualitative agreement with experiments.
of plasma crystals formed by rodlike particles: In order to For long particles in rf sheaths, i.e., when the field is
calculate the coupling energy, it is quite sufficient to use jusstrongly inhomogeneousff<L), the balance of torques
first three terms in the multipole expansion of the rod potenwhich determines the rod orientation is quite different from
tial, i.e., treat rods as pointlike particles with given charge,that derived in Sec. V. Let us consider the vertically oriented
dipole, and quadrupole moments. rod in the limit¢¢<L. In this case, a significant electric field

The major difference found between the experimental reexists only in the vicinity of the lower tip of the rod. There-
sults[12,13 for rf and dc discharges is the following: In dc fore, the torque due to the dipole moment should be rela-
plasma, all rodg“short,” of L=300um, and “long,” of  tively small (compared to the weakly inhomogeneous ¢ase
L=600um) were always oriented horizontally, but in rf In contrast, the quadrupole moment torque should be in-
plasma short particles were suspended vertically, whereageased, since the center of the electric force will be shifted
long particles levitated horizontally. Also, the latter seems tarom the center downward to the lower tip. Thus, the vertical
be in contradiction with theoretical conclusions made in Secorientation is obviously unstable in the strongly inhomoge-
V—short rods should levitate horizontally, but for suffi- neous case, and the only possible orientation is the horizontal
ciently long particles the vertical orientation is more prefer-one. Note that sometimes very long freak particles
able. However, the theoretical analysis of equilibrium stated —3 mm length were observed in a rf sheath floating hori-

VIIl. DISCUSSION AND CONCLUSIONS
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zontally. This agrees with our theoretical conclusions made 1 pJm sz
in Sec. V: The charge-to-mass ratio for horizontal particles L2
has very weak logarithmic dependence on the length, anc 1o}
thus rods of quite broad length spectrum might be levitated. BB
One can think about new “dedicated” experiments which o} \
would allow us to test the model more carefully. First of all, B \
using rods of various lengths and/or diameters, one can ob”trg| \ O\
tain an equilibrium orientation angle as a function of particle
sizes, and compare this with the theoretical predictions. Par | v\
ticularly interesting issue to check is the possible coexistence B<Be \ "
of two “phases” consisting of identical rods, levitating either ,
vertically or horizontally. Such an experiment would also 10 100 b) Vo
allow us to verify another important prediction—rather ) gQ/Ti
strong dependence of the charge on the orientdter Fig.
3): Observing difference in the levitation height of horizontal ~ FIG. 7. (a) Transition value of paramete8=(L/a)*(T;/&,)
and vertical rods, one can easily estimate the charge diffeiersus the ratidy/T;, whereL anda are the length and radius of
ence. Another important experiment might be to compare théhe rod, andtg=e|Q|/L and&,=3m;u? are the Coulomb and ion
behavior of dielectric and conductiigoated rods of the  kinetic energies. Fop= g, the ion absorption is strongly affected
same size(So far, there has been only one experiment withPY the thermal motion, fop< f;, the thermal motion is negligible.
rods coated with a thin conductive layl82]. It did not re- ~ The curveB= B, shows the transition between two regimgs.lon
veal, however, any difference in the behavior of the Coate(yrajectques for these regimes: If the thermal radial motion is not
and noncoated particlesExperiments where the mixture of @ken into account fo3> g, then all ions are absorbed af,
rods of different sizes or rods and spherical particles are used?=L/2.
can help us to explore possible phase states of complex plas-. o
mas with strongly asymmetric particles. Also, investigation"’lz'_mUthaI d|r_ect|on implies _nonzero a”??'."’“ momentum,
of waves and instabilities in such systems would help us tg/Nich results in the appearance of a texp "~ in the effec-

test recently published theoriga3,34. tive p_otential energy for .the rqdial ion motipR1]. This can
The model proposed in this paper is an attempt of consisSidnificantly change trajectories of ions as they approach

tent theoretical analysis of complex plasmas with strongl)):k_)Ser to the rod. Hence, we have to mclude_lnto consider-

asymmetriqrodlike) particles. Obviously, this model cannot ation the ther_mal angu_lar momentum. Then, _mstead of Eq.

provide universal description of the problem—there are vari-(4) the resulting equation f_or the radial motidaveraged

ous important physical processes which are not taken intgVe" the thermal distributioris

account. For example, we limited the consideration by the

case of conductive particles. The analysis of charging of di- = ©Q

electric particles oriented along the electric figidn flux), p= &y

being quite a difficult problem, might nevertheless be very

important for interpretation of experiments. Also, we derivedif the radial motion at the initial moment=0 is neglected

only asymptotic expressions for an equilibrium charge of ~ . . .
veréc/ical >;odps, in theplimits of low and h?gh ion Mach n%m— [(0)=01, then integrating Eq(A1) we get the following

bers. Of course, the range of moderate Mach numb€rs, for the energy conservation:

-L/2

™
=RIRS

<N

+ (A1)

| A
bllbl
©

u

~1, needs to be studied more rigorously. Taking into ac- ~ ~
count ion-neutral collisions and plasma screening can be im- ;2:25_Q| &_E &_1 (A2)
portant, when considering relatively long particlebout 0.5 & p Eulp?

mm and longer and/or high pressure&@bout 50 Pa and

highep: In this case, all the characteristic lengths—particleEquation(A2) demonstrates that the absorption radius for the
length, ion mean free path, and the screeniligbye vertical rod cannot exceed a limiting valyg™ , determined
length—become of the same order of magnitude. And finallyby the conditionp=0 at p=a, which yields the equation

charging and equilibrium states of rods in strongly inhomo-(pnm/a)2:1+2(5Q/Ti)|n(pnm/a). This limitation appears

A ; . »
geneous electric fields need to be investigated. because at smajp the angular momentum term changes

ACKNOWLEDGMENT faster than the electrostqtic_ p(_)t(_ential energy, and i_ons cannot
approach the central axis infinitely close. Assumiig/T;
A.G.K. gratefully acknowledges support from the Max >1, we can roughly estimate the upper limit for the absorp-
Planck Society. A.V.l. was supported by DLR under Contraction radius agp'™/a~ V(EQIT)IN(EQIT).
No. 50 WP 0203. In order to derive the absorption radius, one has to inte-

grate Eq(A2) with the absorption conditiop(1)=a/L. So-
lution of Eq.(A2) depends on two parametdi® their com-
binations: B=(L/a)(T;/&,) and E/T;. It turns out that
Consider the rod oriented along the flux of ions having athe absorption condition can only be satisfied wheris
finite temperaturd’; . The thermal velocity dispersion in the sufficiently small and we are below the curve shown in Fig.

APPENDIX: ION FLUX ON VERTICAL ROD; FINITE ION
TEMPERATURES
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7(a): The absorption radius equabsﬂm at the curvep simple scaling: The radial thermal motion is important when
=pB,, and decreases monotonically Asdecreases. A the _tim(_a whi_ch is needed for th(_ermal ions to be absorbed
—0 the absorption radius tends to the asymptote determinédvhich is, using OML approximation, of the order of a few
by Eq. (5). Low g implies high Mach numbers, singg V¥ Te/Ti/ VAEq/m~alvy) becomes comparable with
=2M?(L/a)(T;/T,). Therefore, in the highd limit the  the time during which ions pass the ro& (/u). From that
absorption radius can be approximated by B, and the we get the conditionl(/a)?(T;/&,) = B=const, which is es-
particle potential(charge is determined by the solution of sentially the boundary shown in Fig(af. [Note that the
Eq. (6) shown in Fig. 3(dashed ling The range of Mach dependencg,, versus&qy/T; is very weak(almost logarith-
numbers for this limit can be evaluated from the conditionmic), and since the variation ofq/T;> v, is limited by a
B=py. From Fig. 1a) we haveB,=8-9 [for the range factor of a few(see Fig. 3 the boundary can be approxi-
EqlTi=(T/T;)12A~20-40, assumingl,/T;~10° and  mated byB=const] Thus, we can interpret the curve in Fig.
v,~3], and thus, the hig Ilimit is valid for M 7(a) as a transition boundary between the two regimes, when
=\2(T;/Tg)!By(L/a)~3. the ion thermal motion affects the absorption strongh/ (
For smallerM, when the parametes is high enough g = By), or weakly (B<B,). For 8= B, the ion absorption at
> B,) the absorption conditiop(1)=a/L for Eq.(A2) can-  the lower part of the rod, at L/2<z=<zy, is due to the
not be satisfied. In accordance with the solution, all ions witthermal radial motion. Ag increases further\l decreases
p=<p'™ are absorbed in the rangg,<z<L/2, wherez;,,  Zim approacheg=L/2 and the fraction of the “thermal”
> —L/2 is the lowest absorption coordinate, as shown in Figions in the total flux grows. Eventually, we end up with the
7(b). Therefore, if3> B, , the concept that the initial radial €aS€ of an isotropic plasma, when the total ion flux on the
velocity of the absorbed ions is equal to zero fails: Some ion§0d iS given by the OML expression for a cylindrical particle
can have infinitely large atz— + o, but due to thehermal ~ [19] (Ji=2prLnjvy, with pr=ay2y,Te/T;). Hence, at
motion towards the center they approach the rod sufficienthgmall M the particle potential is given by the loM- asymp-
close and can be absorbed. This can be understood from thete for a horizontal rod shown in Fig. @olid line).
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