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1 Introduction

The motivation for the present investigatiwas to determine the drag force on a dust
particle in a flowing plasma, but the thed adopted may be applicable to other
objects in motion in a plasma. In low pseire plasmas in the laboratory there is
always an appreciable flow of ionsmards the plasma-sheath boundary. During their
travel towards the surrounding space chargaith the ions acquigevelocity near to
the Bohm velocity, which is equal to the iacoustic velocity [1]. In the present work
use is made of a “control surface”, as emptbiyethe subject of fluid mechanics [2],
together with the concept of the Maglivstress in the electric field [3].

2 The Bohm Sheath
The assumptions made in the usual model of the sheath:
* ionization in the sheath is negligible,
distribution of ion emrgies is ignored,
electric field at the plasma edgetaken to be very small.
Boltzmann relation holds for the electron density.

Poisson’s equation takes the following form
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where eV, represents the kinetic energy of imrsentry to the sheath. This equation

can be integrated once analyticallysécond integration must be carried out
numerically. The first integran gives the following equation
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This result is of considerable interest, however, since ibeanterprete physically
as a momentum/stress balance [4]. At the wall the force is due to ion impact, the
(greatly reduced) electron pressure, amdalectric force on the surface charge; the
last of these acts lika “negative pressure”.

The momentum/stress equation is valid at all points in the sheath.

3 A Basic Momentum-Stress Theorem

Let us now consider the case in point, thfain object, e.g. a duparticle, immersed
in a flowing plasma. The theory adoptess@ames that the positive ions behave as a
cold gas; the directed motion is assdnb@ dominate over any random motion. The
electrons are assumed to be in Boltzmann equilibrium
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Collisions with neutral atoms or molecslare neglected. The momentum equation
for the ions can be written

nM (VIVv)v =neE (1.4)
Differentiation of equation (1.2) gives
Vp, =-neE (1.5)
Adding equations (1.4) and.b) and substituting from Gauss’ Law we obtain
nM (VIVv)v+Vp, —&,(VCE)E=0 (1.6)
A volume integration of equation (1.6) reads
[[[nM (viV)vdz+[[[Vp.dz—[[[ & (VIE)Edz =0 (1.7)

The volume integrals can be converieth surface integrals using Gauss’s
divergence theorem, and applied to ¢thse of an immersed object, e.g. a dust
particle.

Referring to Fig.1, to the volume betwegnand S,, where§ is a surface near the
object andS, is any larger radiugjelds the result that

_U[p(v[h)v+ p.N —I[h]d8+ﬂ[p(v[h)v+ p.N-Tn]dS=0 (1.8)
where ) ;
ﬂztndszjj[go(E[n) E —%goEzn}dS (1.9)
the electric field can be described as exerting a tensigh, together with an

Isotropic pressure O%SOEZ. The first integral, however is equal to the force on the

enclosed object so that
D=—H[p(v[h)v+ p.n-Th|ds (1.10)
S

Evaluation of the integral over the surfa8gcan therefore be used to determine the
force on the immersed object.

4 Application to the case of weak flows
At large distances from the object (Fig 2¢ imormalized) velocity potential for weak
flows is given by

d=vr cos«9+i (1.11)
r

where4rzJ is the normalized flux to the object [6]v = Y andc, = ( T\-/I;ejz is the
C

ion acoustic speed. The ion velocity is gilmnthe gradient of theelocity potential.
The rate of flow of momentum leng the spherical surface is given by

167zvJ

M = [27R’pv, Sind(v, cos6 -, $n6)do =- (1.12)
0

converting to physical values we have
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whereU is the stream velocity and is the flux of ions to the immersed object.
The integral of the electron pressure over the surfatteedarge spherical surface
is given by the following expression,

jj pend3=j p.27R? sincosddou, (1.14)
0
At large distances, for weak flows only [6],
b= Jvcosf (1.15)
r
evaluating eqn. (1.14) using the Boltzmann relation,
P= 4”3‘” u, (1.16)

reverting to physicajuantities we have
[ pn MU' (1.17)

Z

The electric field at largeadii is given by the taking ¢hgradient of egn. (1.15),

The Maxwell stress could be integrated over the surface of a large spherical surface,

but sinceE? [J O( 1] the integral tends to zees r tends to infinity.

It is interesting to note that there is axflof ions across a laggspherical surface, but
no flux of the electric field .

Substituting for the first two tens in the surface integrd,
D:H[p(v[h)v+ p.n—Tn JdS=MUIu, (1.18)
S

Thus the force on the immersed objectgea to the initial momentum associated
with those ions which are destinedbe captured by the object.
The same result can also be shown to hold for the case of strong flows

5 Application to Experimental work on Dusty Plasmas
The set of basic equations (1.3), (1.4) ah@); together with the continuity equation
for the positive ions, remains to be soly8H Thus our pringyal result, eqn. (1.18),
gives the total drag force on a dust partioleerms of the ion current, which is an
unknown quantity.
The charge Q on a dust particle can bemeined in various ways, for example by
observing the period of oscillah in the background electrield [6]. An estimate of
the floating potential acquideby the dust particle can then be made using the
“vacuum capacitance” formula

QU 4re,rV, (1.19)

Hence the electron flux to the dust particla ba calculated. This flux is equal to the
positive ion flux, so using our principal result, eq (18), we obtain
eV,
KT,

D =4xr2n_e"* MU, |—= (1.20)
27zrm
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The force on the dust particle is dueda impact, a (reduced) electron pressure and
an electric force. The theory presenitethis paper does not give these individual
components, but only their sum, the total force.
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S,, any surface greater than S
U

Volume between )
S,and $ S, surface near the enclosed object

Figure 1: Diagram to illustrate
the momentum-stress calculation
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Figure 2: Diagram to illustrate
the momentum-stress calculation
for weak flows




