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Effect of a dipole moment on the wake potential of a dust grain in a flowing plasma
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The effect of a dipole moment on the wake potential of a dust grain in a collisionless plasma with a
supersonic ion flow is studied. It is found that both the point charge and the dipole moment can be responsible
for the oscillatory potential behind the dust. The dipole moment is dominant in forming the wake potential
when the dipole momeni becomes of the order 0Q|\p, whereQ is the dust charge and, is the Debye
length.

PACS numbgs): 52.40.Hf, 52.25.Vy, 52.35.Fp, 52.75.Rx

The theory of the wake potential has been proposed as&herep is the dipole moment of a test chargee, is a unit
possible candidate for the formation of vertical arrangementsector in the directiom, r=|r|, and\ is the plasma Debye
and alignment of grains in the dust-plasma crysfdls4].  length.

The wake potential was experimentally confirmed to be re- As has been shown previously, the first term should be
sponsible for the attraction of two dust grains in a plasmanodified in a plasma with an ion flow in a way to produce a
crystal[5]. The simplest theory is based on a test dust paryake potential behind a point test chafde-4]. Oscillations
ticle which is characterized by a point charge. However, the the potential occur due to the excitation of an ion-acoustic
recent observation of the formation of plasma crystals ofyaye standing in the flow downstream of the dust gfaih
finite-size dust grains, both in experimef and in simu- | s hapner we show how the dipole moment will modify
Iatlons[tY], prtcr;m?ted u,? to |r]1\/tﬁst|gatke theteff?.(:tl O_It;[]he deOIethe wake potential behind a test dust grain in an ion flow. Let
moment on the formation of the wake potential. The appear; : - :
ance of a large dipole moment for a dielectric dust grain in tEe dESt gratljn be_tmfade up of distributed point chargesso
supersonic flow has been studied in the context of the charg- € charge density 1S

ing process on the surface of the dust grain, but using an

unscreened Coulomb potential neglecting the plagara po(r,H)=> q:8(r—r;—vit)

therefore wakgeffects[8]. RN . b

In this Brief Report, we point out the effect of a dipole 1
moment on the formation of the wake potential behind a dust _- _ e e
grain in the presence of a flowing plasma. We do not attempt Y EJ: Ek: aj exlik-(r=rj=vjv, @
the difficult self-consistent calculation of the dust charge and
dipole moment in an array of grains with wake potentialswhereV is the volume of the system, amgl andv; are the
here. We instead consider the wake potential produced by @cation and the velocity of the distributed dust charges, re-
single dust grain which is characterized by a given ch&ge gpectively. We assume a small displacemént about the

and a dipole momenp. For simplicity, we do not consider gintr for each distributed charge, oj=ro+Ar;, and set
the process of dust charging, thereby assuming that the test

dust grain has a givefconstant charge and a dipole mo- v- Expanding exptik-Ar)=~1-ik-Ar, we obtain
ment, for example those calculated without the wake poten- 1
tial effect, for a grain in various gases in Rg8]. Further- po(r,t)= v E Qexdik-(r—rg—vt)]
more, the dust grain is assumed to be placed in the ion flow K
in a collisionless plasma which supports plasma collective 1
modes. Our approach of treating the charge and dipole mo- v > ik-pexdik-(r—ro—vt)], (3
ment as parameters is necessary to form a basis for later k
self-consistent calculations which can avoid unphysical as-
sumptions such as the neglect of the wake fields. where
The potential of a distributed test charge in a plasma with-

out ion flow may be written, retaining the monopole and sz q, pzz Arjq; . (4)
dipole contributions, as i ]
_q r p-& r r Following our previous procedurd], we find the potential
b= Fexp(—)\—D +r_2(1+g exp(—g), (D) of the dust grain to be

dw )
¢(r,t)=; fzexp[l(k-r—wt)]qﬁ(k,w), (5)
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where Imw>0 and sumingr,=v=0 (i.e., for a stationary grain at the origin of
the reference frameandd®k=2wk? sin #dadk as
" _477 i exp —ik-rg) i 6

(15

fo(r,t)= 14—
bio(r,t)= 2 o

r
ex E .
We note that the dipole correction appears in such a way as
to effectively modify the charg® in Eq. (6). The poles in  On the other hand, for cylindrical symmetry assuming

Eq. (6) are from =e,2y, vV=eu, andd®k=Kk, dk, dk,d® we obtain
o—k-v=0 (7) p z—zg—vt |z—zy—vt|
¢Ipo(p'z't):_T DY
d pAp |2—2o— vt Ap
an (16)
e(k,w)=0. (8)

wherep is thez component op, and the cylindrical coordi-
nates p,z) are used. For an ion flow induced dipole mo-
ment, p is in the reverse direction to the ion flowp$0).
Equation(15) agrees with the second term of Efj). As was

As in Refs.[1-4], we choose the dielectric response function
for a plasma with cold flowing ions, and finite temperature

electrons, done previously[4], all the pole contributions should be
2 taken into account. We find that the potential given by Eq.
e(K,w)=1+ __ @ , (99 (16 is canceled in the downstream direction by the part of
K2\Z  (0—kyuwg)? the potential produced by the ion contribution, HG2).

Thus the total potential in the rangg+ v t<z<z,+uvt and
wherev is the ion flow velocity in thez direction (we set  |z—zy—vt|>p(M2—1)2 may be written as
v¢<0) and\p in the case of a supersonic ion flow coincides

with the electron Debye lengtlsince ions cannot participate 2M? 1Np 5
in the shielding procegsThe dielectric function may be con- d(p,z,t)= Mz—lg,zJ' dk, (k. Ap)“Jo(k.p)
veniently written as (M*=1)"Jo
1 1 1 0 X Qsin{—ki(z_z_,\_ﬂzo_lvt)
e(ko) @Ok w) Dk o) a
where the electron and ion contributions are separated as kP k(27 27 o) (17)
- co ,
YM2-1 YM?-1
1 k?\3 . . o
= 5 (11) wherel, is the zeroth-order Bessel function of the first kind;
e@(k,0) 1+K\D the Mach number is defined &8=|v—uv,|/Cs. The near-
field approximationk, p<1, is given by, for|z—z,—uvt|
and >\p,
1 Q¥ wi 2/(1—M~2)
A = . 12 P(zt)=———
e(k,0) 1+KA\3 (0—kwo)?— w? (12 12— 2y~ vt
Here, we define P ) Z-2zy—ut )
' X - co
2yt S<>\D\/M2—1
k?C2
= (13 p |z—zy—vt]
1+k3' - sin( : (18
P Ao yMZ—1 | ApyMZ—1

with C4 being the ion-acoustic speed. We note that the con-
tribution to the dipole potential term in E@5), due to the ~and for|z—zo—vt[<\p by
electron dielectric functiorgll), can be written, in the limit

V—oo, as _ 2
HED= e [Pl (19
o d*k A3 _
¢I0(r’t):47’f (27)% 1+K2\2 (—ik-p) Equation(18) indicates that the dipole moment plays a major
T D role in forming a wake potential if the magnitude of the
xexdik-(r—ro—vt)], (14)  dipole momentp approaches the order ¢Q|\pM?—1.

We also see that arourrd- zo— vt=—\p(M?—1)¥2 the di-
where the subscriptO indicates the contribution from the pole moment will modify the potential structure in a way to
pole given by Eq(7), just with the electron term Ed11). distort the oscillatory character. A recent analysis of the di-
Equation(14) may be evaluated for spherical symmetry as-pole moment of a dust grain of radiasplaced in a super-
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FIG. 1. The wake potentialp, normalized by M?|Q|/(M?

BRIEF REPORTS PRE 61

treme casespg /|Q|A\p=1 (ion flow induced dipole mo-
men) andpg/|Q|\p= —1 (electric field induced dipole mo-
men). We see that the downstream potential maxima, where
other dust grains may reside in stable equilibrium, are stron-
ger and more distant from the original grain if the ion flow
induced dipole moment is included, as is expected for this
orientation of the moment, whereas the maxima are stronger
and closer to the grain for the electric field induced dipole
moment. These characteristics of the oppositely directed di-
pole moments may provide a way for experimental observa-
tions to distinguish between the mechanisms of creation of
the dipole moment in the grains.

In conclusion, it has been shown that a charged dust grain

—1)%\,, atp=0, against distance downstream of the grain, nor-with a dipole moment creates an oscillatory wake potential

malized byhp. M=1.1 andp=0 (solid curve, p=|Q|\p (dashed

curve, andp=—|QJ|\p (dotted curve

sonic plasma flow showed the magnitude of the induced di
pole momenpg, could be significant, witpg,~a|Q|/2, due
to the assymmetric ion flow producing a strongly nonuni
form charge distribution on the surfaf®]. Thus the condi-
tion for the dipole moment to play a dominant role in form-
ing the wake potential is~\p. The dipole momenpg
induced by the sheath electric figlth the same direction as
the ion flow, i.e.pg- € <0 or pg<0) can be only neglected
in comparison with the dipole moment caused by the io
flow for a grain size<40 um [8]. Note that the momeniz

is nonzero also for a conducting grain, in contrast to the cas
of the dipole moment induced by the plasma flow. Figure
shows the normalized wake potential for a negatively.
charged grain ap=0, plotted against the normalized dis-
tance downstream of the grain—z,—vt|/\p, for M=1.1,
and forp/|Q|\p=0 (no dipole moment as well as for(ex-
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