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Abstract. We have examined single dust particle dynamics in a plasma sheath near the surface of 
solid bodies in space, considering conditions which resemble those of planetary system bodies, when 
photoelectric effect can be neglected. The forces on the dust particles are assumed to be from the 
electric field in the sheath and from gravitation only. As the dust particles will charge negatively in 
the sheath, these forces will act in opposite directions and may balance. 

The charge delay of a moving dust particle is responsible for many of the interesting dynamical 
properties, and we show that for a stationary plasma, dust motion is unstable to about one Debye 
length out from the surface of the solid body. This part of the sheath will therefore be devoid of dust 
particles as they will either fall down, escape completely from the solid body or collect and make 
damped oscillations at stable positions in the outer part of the sheath. With increasing plasma bulk 
speed towards the surface, the inner unstable part of the sheath will decrease in thickness. 

The sources for the dust in the sheath are assumed to be mainly ejecta from meteorites and 
micrometeorites, but may also, for the smallest solid bodies, be from electrostatic levitation of very 
small dust particles. We have for different sizes of solid bodies calculated the sizes of ejecta that can 
be ‘floated’ in the sheath. For the solar wind plasma, the suspended dust particles range from less than 
1 pm for the Moon to about SO pm for an asteroid with radius 1 km. These particles create a ‘dust 
atmosphere’. 

The results in this paper hold when the dust particle density is so low that the charges on the dust 
particles do not contribute significantly to the total space charge; a higher density will lead to a 
modification of the sheath. 

Our calculations show that ejecta below a certain size will be accelerated in the sheath and totally 
escape from the body even if they have near zero initial vertical velocity, while ejecta above this size 
will need a much larger velocity to escape. This is especially significant for the small solid bodies 
(radius of order km and less) which will therefore act as important sources of micronsized dust. This 
could be of significance for the dust production and the size distribution of dust in planetary ring 
systems. 

1. Introduction 

Dust particles are present in very many astrophysical, planetary and earth phenom- 
ena. Dust may be absent or play a minor role especially in dilute and hot media, 
but in other cases, e.g. comets and planetary rings, dust can be the dominant 
particle. We also know that dust is abundant on some planetary and moon surfaces, 
and this may be the case for asteroid surfaces as well. The dust on such surfaces 
is probably mainly produced by the impact of large and small particles. The physics 
of impact processes and the effectivity and manner in which dust is produced is 
not very well known. We also know little about the way the dust behaves after it 
is produced on these surfaces. The absence of a thick atmosphere on moons and 
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asteroids excludes winds as a means to redistribute dust over the surface as happens 
on the Earth’s and the Martian surface. However, Gold (1955) suggested the 
possibility of electrostatic charging of the lunar surface and electrostatic dust 
transport though levitation of dust. 

Singer and Walker (1962b) found that the electric field on the sunlit lunar 
surface is insufficient to levitate dust, but showed that ejected dust after micromete- 
orite impacts could be ‘floated’ in the electric field in the plasma sheath above the 
surface. This would then lead to a substantial amount of lunar dust being trans- 
ported along the lunar surfaces over cosmological timescales. 

There have been many observations of dust near the lunar surface. Several 
Surveyor spacecraft observed light scattering (‘horizon glow’) from dust probably 
only lo-30cm above the surface of the Moon after the local sunset (Norton et 
aE., 1967; Rennilson 1968; Gault et al., 1968; 1970; Criswell, 1972; Rennilson and 
Criswell, 1974). Apollo 17 astronauts observed ‘streamers’ accompanying the local 
sunset, believed to be light scattering from dust up to 120 km, the altitude of the 
spacecraft (McCoy and Criswell, 1974). A dust sensor placed on the Moon by the 
Apollo 17 astronauts detected moving dust above the surface (Berg et al., 1976). 
The Lunokhod 2 vehicle measured scattered light up to at least 260 m above the 
lunar surface (Severny ef al., 1974). 

It appears that impact of micrometeorites does not inject dust fast enough to 
explain the observation of elevated dust at the local sunset on the Moon (Rennilson 
and Criswell, 1974). Criswell (1972, 1973), Criswell and De (1977) and De and 
Criswell (1977) have developed a model where considerable electric fields are 
created between illuminated and dark parts of the Moon near the terminator, 
causing levitation of dust. 

Mendis et al. (1981) discussed the electrostatic charging of the cometary nucleus 
and showed that submicron particles can be electrostatically levitated and also be 
totally blown off the cometary surface. 

The ‘spokes’ of Saturn’s rings are probably caused by electrostatic levitation of 
dust from large boulders (Goertz and Morfill, 1983, Morfill and Goertz, 1983). 

A solid body in a plasma will be surrounded by a plasma sheath. The type of 
sheath will depend on factors such as the ambient plasma, the type of the solid 
body, and on whether the body is illuminated by sufficiently strong ultraviolet 
light (e.g., Singer and Walker, 1962a; Guernsey and Fu, 1970; Grard and Tunaley, 
1971; Fu, 1971; Walbridge 1973; Lafon, 1976; Besse and Rubin, 1980; see also 
references in Whipple, 1981). 

In this paper we will study the dynamics of dust in the plasma sheath above a 
surface in space, e.g. above the surface of satellites and asteroids and examine 
the possibilities and conditions of dust suspension in the sheath. 

A charged dust particle in a plasma sheath will be acted upon by the electric 
field in the sheath and the gravitational force from the Moon or the asteroid. The 
charging of the dust and the surface of the main body is considered to be by 
impact of electrons and protons. In other words, we study the dust on the dark side 
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of the moons and asteroids or above all surfaces of objects which are sufficiently far 
from the Sun or in dense or hot enough plasma environments that the photoelectric 
effect can be neglected. The results may also be applied to a laboratory plasma 
with only electric and gravitational forces. 

The electric field and the equilibrium charge of a dust particle as functions of 
the position in the sheath are computed in Sections 2 and 3 and the position where 
the electric force on a dust particle at charge equilibrium balances the gravitational 
force is found in Section 4. The charge delay of a moving dust particle is taken 
into account in Section 5 by numerical solution of the equation of motion and in 
Section 6 by solving the linearized equation of motion. In Section 7 we compute 
under which circumstances dust particles ejected from the surface will be ‘floated’ 
and come to rest in the sheath and we also discuss possible dust sources for the 
sheath. 

2. The Sheath Model 

The conductivity of the lunar surface is very small (Olhoeft et al., 1972) and we 
assume this to be the case for all the surfaces we consider. We also take the radius 
of curvature of the surface to be much larger than the Debye length, i.e. we 
consider one-dimensional thin and collisionless sheaths. The ambient plasma part- 
icles are taken to be electrons and protons and we neglect any photoelectric effect. 

Since electrons have a much higher thermal velocity than ions, the surface will 
have a negative potential if we consider an equilibrium situation. The electric 
potential V in the sheath is determined by Poisson’s equation 

d2V -= 
dx2 (1) 

with the appropriate boundary conditions. Here x is the distance above the surface, 
e the magnitude of the electronic charge, Izi the ion density, IZ, the electron density 
and e. the vacuum permittivity. 

We regard the dust particles as test particles and do not include their charge in 
the total charge density in Equation (1). 

We now make an estimate of the Debye sheath potential V(x) (e.g., Chen, 
1984) by assuming that the electrons within the sheath have a Boltzmann distribu- 
tion with density 

while the ions are cold with a drift velocity ui,dr into the sheath at its outer part. 
In Equation (2) no is the ion and electron density far from the surface, T, the 
electron temperature and k the Boltzmann constant. 
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Due to the acceleration in the sheath’s electric field the ion density ni is a 
function of V of the form 

&=%(I--$J$), (3) 

where mi is the proton mass. We now insert Equations (2) and (3) in Equation 
(1) and change variables to Y = eV/kT, and z = xl&, where AD is the Debye 
length. We further define Ju = uj,drl(kT,lmj)1’2, multiply Equation (1) with Y’ =’ 
dY/dz and integrate to get 

(4 

where the boundary conditions Y(w) = 0 and Y’(m) = 0 are used. 
The drift velocity IJ~,~= can be found by a series expansion of Equation (4) for 

Y G 1, i.e., in the outer part of the sheath, giving 

($Yfl-5): 

which for real solutions require J@ 2 1 or 

kT, “’ 
Vi & 2 - ‘0 * 

mi 

(5) 

(6) 

This is the so-called Bohm sheath criterion which states that the ions must enter 
the sheath with at least the ion acoustic velocity (kT,lmi)‘“. 

We may integrate (4) if we know Jll and the wall potential Vs. The Maxwellian 
electron distribution far from the surface is given by 

(7) 

where m, is the electron mass. The electron current to the surface, j,, is due to 
those electrons which have a velocity towards the surface larger than 
Ve,min = (-2eVslm,)1’2. This gives 

j,= -e~u~man,^ r ufe(u)d~xd~,dux. (8) 
, -O” -- 

Integration of Equation (8) gives 

j,= -nae(zTexp(z); (9) 

while the ion current is given by 
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, 

Since in equilibrium we must have j, + ji = 0 we find from Eqs. (9) and (10) 

eT/,- - -2.84 + InA!. 
kTe 

(10) 

The surface potential is determined by the Mach number ~8% and the electron 
temperature. 

On surfaces which are directly accessible to the solar wind, we expect that the 
value ui ,&. is determined mainly by the solar wind velocity, giving on the average 
&Q 5 (e.g. Holzer, 1979) and eVJkT, = -1 for normal incidence of the solar 
wind. If the solar wind impacts with an angle of incidence 4, the ion current to 
the surface will be determined by Ui,dr cos + and At in Equation (11) is to be 
replaced by A cos 4. However, the minimum value for ~4 will be 1 because of the 
Bohm criterion. 

The drift of electrons is neglected because the electron thermal velocity is usually 
much larger than the solar wind speed. In regions with only thermal ions and 
electrons, which should be the case for moons within planetary magnetospheres, 
which are shielded from the solar wind, we expect A! = 1 (stationary plasma) 
unless the difference between the orbital velocity of the moon and the plasma 
planetary corotating velocity is large. In such cases we can have At > 1. 

In regions where the solar wind cannot impact directly, conditions may be quite 
different and an initial depletion of ions, in the same manner which has been 
proposed for the dark side of cometary nuclei (Mendis et al., 1981), could lead to 
substantial negative surface potentials. We do not consider such situations here. 

3. Dust Equilibrium Charges in the Sheath 

We now consider a spherical dust particle with radius a G AD in the plasma sheath. 
The electric field of the dust particle will then be practically identical to the 
Coulomb field. We assume that the dust particles are charged by plasma impacts 
only and we consider Maxwellian electrons and cold ions as before. 

The dust surface potential U is defined to be the relative potential between the 
local plasma and the surface of the dust particle, that is U = @ - V where @ the 
absolute dust potential referred to infinity. 

The electron current to a dust particle in the sheath is given by a Maxwellian 
distribution of electrons having gone through a potential V. This current is given 
by 

Z, = -noera (zTexp(g)exp(g) for UGO, (12a) 



12 TORE NITTER AND OVE HAVNES 

I, = -noera (z)liiexp(g)(l + f$ for UaO, (12b) 

(for their calculation see Havnes et al., 1987). 
The ions which approach the sheath with a drift velocity ui,dr are accelerated 

in the sheath to a velocity vi, at potential V according to the equation 

$WliUf + eV = iWliUf,& I (13) 

As the ion with the local velocity Ui approaches a dust particle of surface potential 
U its velocity is given by 

$WliVF = +UliVts + eU; (14) 

while conservation of angular momentum of the ion with respect to the dust 
particle leads to 

Uib = Ui ,&2 , (15) 

where b is the impact parameter and LQ,~ is the velocity for an ion which just 
barely collides with the dust particle. Equations (13), (14) and (15) give for the 
ion current to the dust particle 

Ii = nof?Ui,drUi = noerra2.A kT, 
l/2 

(>( 
1 - 

mi 
(16) 

where the ion collision cross-section is Ui = rb2. 
We have assumed that the effective sticking coefficient for electrons and ions 

are S, = Si = 1, i.e. the production of secondary electrons (e.g. Draine and Sal- 
peter, 1979) is neglected. 

The total (net) current to the dust particle .is given by 

(17) 

The equilibrium dust charge, which we denote by Qe, is found by setting 

I, + Ii = 0 . (18) 

The relation between dust charge Q and dust surface potential U is 

The relative equilibrium dust potential eU,,lkT, as a function of the relative 
plasma potential eV/kT, can be found by using Equations (12a), (12b) and (16) 
in (18). Solving Equation (4) with boundary condition (11) we obtain eV/kT, as 
a function of z. By combining these solutions we will also find eU,,lkT, as a 
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function of z. Figure 1 shows the relative plasma potential eV/kT, and the relative 
equilibrium dust potential eU,,IkT, as a function for z for ~!4 = 1 and Jll = 5. 

4. Forces on Dust Particles in the Sheath 

If a dust particle of given charge Q is placed in the sheath it will be acted upon 
by electric and gravitational forces and the net force (positive direction outwards) 
on the dust particle is 

where we have defined Yd = eU/kT,. The mass of the dust particle is md = $T 
&a3, where & is the material density of the dust particle. As we have assumed a 
thin sheath model, i.e., the radius R of the solid body is much larger than the 
Debye length, the gravitational acceleration g is taken to be constant in the sheath. 

The size of a dust particle abal which is in force equilibrium at z, is found by 
setting F,, = 0 in Equation (19). This gives 

abal = 

3(Eon,e)1’2(kT/e)3’2Yd dY/dz 
- 

gpd 
(20) 

Figure 2 shows the net force at charge equilibrium, Fnn,+,, as a function of z for 
& = 1 and 5, different dust particle radii and R = 1 km. Figure 3 shows the 
corresponding radius, &,ar,eq, of the balancing dust particles at charge equilibrium 
as a function of z for R = 1 km and R = 5 km. We have in this section assumed a 
material density of the dust particle of 1000 kg rne3, a mass density ( pIM) of the 
solid body of 2300 kg me3 (the assumed density of the largest asteroids), kT, = 
50 eV, kTi = 0 and IZO = 5 * lo6 me3 . For these parameters and JH = 1 the maximum 
dust particle radius, umax,eq, will be 81 pm for R = 1 km, and 8.1 pm for R = 
100 km. For the Moon with g = 1.6 m se2, umax,eq = 1.6 pm. 

At charge equilibrium and JH = 1, Figure 2 shows that for dust sizes above the 
maximum size (amax,& h t ere will nowhere in the sheath be an electrostatic lifting 
force large enough to balance the dust particle. For smaller particles there are 
two balancing points. The inner is unstable because dF,,,,ldz is positive which 
means that a small perturbation in position from the balancing position will lead 
to a force pointing away from this position. The outer position is stable. For still 
smaller dust particles there is no inner unstable point, only one stable outer point. 

The position between the stable and unstable part of the sheath is where the 
force Fn,eq has its maximum. From Equation (19) we get 
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Fig. 2. Net force on a dust particle at charge equilibrium for different dust particle radii in a plasma 
sheath as a function of distance from the surface. The curves are for a = 85 pm, a = 78 pm and a = 
30 ym and for A = 1 and A = 5. Other parameters: R = 1 km, pi = 2300 kg mm3, pd = 1000 kg rnm3, 

no = 5 .106 m-3 and kT, = 50 eV. 
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for A = 1 and 4 = 5. Other parameters: pM = 2300 kg rne3, pd = 1000 kg rnm3, no = 5 . lo6 me3 and 

kT,=50 eV. 
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dFn e .9 = - 4m(eonoe)1’2 
dz 

(21) 

We see that F ,&z) will have its maximum where 1 Yd&dY/dz)l has its maximum. 
From Equation (20) we see that this is also where we find the largest dust particles. 
The position in the sheath where Fn,eq z ( ) has its maximum we denote by zC and 
call this the criticd point. The critical point will always be at the same z-value 
regardless of plasma density, electron temperature or g because IYd,,,(dY/dz)) is 
independent on these parameters. However, the critical point will be dependent 
on At. For increasing .A, zC will decrease. Figures 2 and 3 show that z&A = 
1) = 0.8 (stationary plasma) and zC(.& = 5) = 0. 

We can therefore conclude that if the dust particles are always at charge equilib- 
rium the plasma sheath inside zC should be devoid of dust particles. Dust particles 
here will either fall down or be accelerated outward. 

If the motion of a dust particle in the sheath is very slow, the dust charge will 
at any position obtain a value which is close to the local equilibrium charge Q&z) 
but for a fast motion or oscillation the charge will not have sufficient time to adjust 
and the charge could remain nearly constant. 

Linearizing the force Equation (19) around a force balance point z. we obtain 
the oscillation frequency 

(22) 

The oscillation period if the dust charge is always at charge equilibrium becomes 

7eq = (23) 

while the period for constant charge (equal to the equilibrium charge at zo) 
becomes 

(24) 

Figure 4 shows an example of these two limiting oscillation periods as function of 
position in the sheath for g = 6.4. 10e4m sP2 (R = 1 km), hD = 23.5 m (corre- 
sponding to ~1~ = 5 x lo6 me3 and kT, = 50 eV) and & = 1. In the case when the 
charge is always equal to the local equilibrium value, there are no oscillations for 
z<zc= 0.8. req corresponds to zero charge delay and 7, to an infinite charge 
delay. However, in a real situation there will always be a finite degree of charge 
delay. 

By solving Equation (17) numerically, we can find the speed with which dust 
particles are charging and Figure 5 shows calculation for a dust particle of radius 
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Distance from surface (2) 

Fig. 4. Period of small oscillation for a dust particle at charge equilibrium (T~J and at constant 
charge (~3 as a function of distance from the surface. R = 1 km, A D = 23.5 m (corresponding to no = 

5 . lo6 mm3 and kT, = 50 eV) and A! = 1. 

1 pm, initially at U = 0, for different values of eV/kT,, i.e., at different positions 
in the sheath. The time for a dust particle to be charged to half the equilibrium 
potential is almost independent of the starting potential, and increases with z 
because the electron density shows the same dependency. From Equation (12a) 
(neglecting the ion current) we may make a rough estimate of the charging time 
for JI = 1. Assuming eVlkT, = 0,, an average value of eUlkT, of -1.25, an initial 
dust potential eU/kT, of zero and a final dust potential of -2.5, yields 

t & = 4.1 * lo3 (zT(fgjl(, . 1;:m-3 jls 7 (25) 

where Tev is the electron temperature in eV and ucL is the dust particle radius in 
pm. 

When g increases we see from Equation (20) that the balancing radius decreases 
and from Equation (25) this leads to an increased charging time. On the other 
hand, because of Equations (23) and (24), we expect that an increase in g leads 
to a decrease in oscillation time. This means that when g increases the charge 
delay for an oscillating dust particle will also increase. 
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0, eV/kT, = -1 and eV/kT, = -2. Other parameters: A= 1, TQ = 5. lo6 me3 and kT, = 50eV. 
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For increasing plasma temperature, Equations (23), (24) and (25) show that 
both the charging time and the oscillation time increase, and for increasing plasma 
density both the charging time and the oscillation time decrease. This shows that 
a change in plasma temperature or density will have a much smaller effect on the 
charge delay than a change in gravitation. 

For a relative large g, when the charge delay is significant and the charge is 
nearly constant during one oscillation, the force on the dust particle will mainly 
be a function of the electric field. As the magnitude of the electric field decreases 
with increasing z, dF,ldz will be negative, making oscillatory motion possible also 
in the inner part of the sheath. From the results in the next sections it turns out 
that this will be the case for g > 6 . 1O-4 m s-‘. For g < 6 . 10m4 m sC2 an increasing 
part of the sheath inside z, will not allow oscillations because dF,,ldz will be 
positive, and for g < 2 . 10m4 m SC* this will apply for all z < zC. 

When dust particles oscillate in the inner part of the sheath (inside z,) it could 
be suspected that this region might possibly not be devoid of dust particles as in 
the case of charge equilibrium (when there can be no oscillations in the inner part 
of the sheath). In the next sections we will show that the inner part of the sheath 
will be devoid of particles in all cases, regardless of the degree of the charge delay. 
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We will show this both by numerical solutions of the full set of equations and by 
solving the linearized set of equations. 

5. Dynamics of Dust in the Sheath. Solution of the Equation of Motion 

We will now examine the motion of dust particles of given sizes which are injected 
into the sheath from the surface with different initial vertical velocities and charges. 
The motion is determined by the equation of motion (19) and the current Equation 
(17) in which we use Equations (12a), (12b) and (16). These equations may be 
written as 

i’ = 3 = i’(z, Yd) , (26) 

The solution of this system of nonlinear differential equations is first solved 
numerically to give us z(t) = x(t)/&, and Yd(t) = eU(t)lkT,, which represent the 
relative position and relative potential of the dust particle, as function of time 
when the initial conditions are given. 

The fate of an injected dust particle will be one of three possibilities: 

1. It falls back to the surface, 
2. it may totally escape, or 
3. it may be suspended (‘floated’) in the sheath. 

The last possibility may come about in two different ways, either the dust particle 
is captured by the sheath directly, or it may first escape from the sheath, be 
charged in the plasma outside the sheath and then be sufficiently decelerated by 
the electric field on the way back to be captured by the sheath. 

Figure 6 shows an example of an orbit above the surface of a solid body with 
R=lkmandAt=l. 

We observe the following from our numerical computations (of which Figure 6 
is an example): 

1. The period of oscillation increases with decreasing g as expected from the 
discussion in Section 4. The period of oscillation will be between T,~ and rC 
as found in the previous section. 

2. There is a charge delay which can be seen as a phase shift between the 
oscillations of the actual dust potential (eU/kT,) and the equilibrium dust 
potential (eUeq/kTe). There is a corresponding phase shift between the posi- 
tion (z) and the actual dust potential. 

3. The oscillations are always damped and the dust particle will eventually settle 
down at its outer balancing position. 
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Fig. 6. Oscillation of a dust particle of radius 74 pm in a plasma sheath above the surface of a solid 
body with R = 1 km. The upper part of the figure shows the distance from the surface as a function 
of time and the lower part shows the relative dust particle potential and the relative equilibrium dust 
particle potential. The dust particle was injected from the surface with a velocity of 15% of the escape 
velocity and with zero charge. Other parameters: A = 1, pM = 2300 kg rne3, pd = 1000 kg mM3, ate = 

5 * lo6 me3 and kT, = 50 eV. 

An inner balancing point (inside z,) is unstable and in all our numerical examples 
a perturbed dust motion results in that either the dust particle falls back to the 
surface, or moves out to the outer balancing point. 

Two questions arise: Will there always be damping of the oscillations, and will 
the oscillations in the inner part of the sheath always be unstable? To answer 
these questions, at least for small oscillations, we will linearize Equations (26). 

6. Linearized Solution of the Equation of Motion 

To linearize Equations (26) we expand the functions i’ = i’(z, Yd) and Yd = 
yd(z, Yd) as first order Taylor polynoms about chosen points zo and I’d,,. If we 
set z = z. + z1 and Yd = Y,, + Y,, where z1 and Yd,, are small perturbations, the 
linearized equations are 

t(z, Yd) = qzo, YdJ + z (zo, YdO)Zl + -gY (zo, YdJYdl 9 (27) 
d 
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I'd(z,yd) = Iid(ZO,Ydg) +Jp&&1 +g%o. yhJy+ 
d 

If we define 

z(zO. yd,,) = a2, 

$(zO, ydo) = c2 > 
d 

%(,; yd,,) = u3 > 

f&O, ydo) = c3 
d 

and 

(28) 

(29) 

(30) 

(31) 

Equations (27) can be written as the linear system 

il = Ul, Zl(0) = ZlO > 

cl= a2Zlf c2ydl, k(O) = UlO > (32) 

pd, = a3zl + c3ydl, ydl(o) = ydl,, ; 

where zlo, ulo and Yd,, are the initial values. 
The characteristic equation for this system is 

A3 - c3A2 - a2A + a2c3 - a3c2 = 0 . (33) 

According to the theory of linear differential equations, oscillatory motion 
requires complex roots of the characteristic Equation (33). In this case the solutions 
zi(t), ui(t) and Y&(t) can be written as different linear combinations of 

eAlt and eRe(@ sin( IIm(A2) It + 8;) , (34) 

where Re(h2) and Im(h2) are the real and imaginary parts of one of the complex 
conjugate roots and hr is the real root of the characteristic equation. 

Consequently, the period of oscillation will be 

(35) 

and the oscillation will be damped if Re(h2) < 0 with time constant for damping 

(36) 
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From the solutions (34) it is also clear that the oscillation is stable if AI G 0 and 
unstable if AI > 0. 

6, is a phase constant (different for the 3 solutions and independent of the initial 
conditions). The phase difference 6, - S, between the dust potential and position 
is a measure of the charge delay. 

From the roots and coefficients of the characteristic Equation (33) we can extract 
more information about stability and damping of the oscillations: For complex 
solutions the roots satisfy 

Al + A2 + A3 = c3 ) (3% 

Al/i2 + h2h3 + Al/i3 = -a2 ) W’b) 

Al I A2 I2 = - (w3 - a3c2) > (37c) 

where AI is the real root and IA21 is the norm of the complex conjugative roots. 
Use of Equation (19) in Equations (28) and (29) gives 

u2 - gy: 
AdYlJ 

and 

c =LL 

’ AD yd,,’ 

(38) 

(39) 

where 

d2Y y;; = dz2 (z,,) and 
dY 

Y& = z (ZO) . 

Figure 1 shows that Y$ < 0, YI, > 0 and Y& < 0. Consequently, a2 and c2 will 
always be negative. 

From Equations (31), (12a), (12b) and (16) it is easy to find that c3 is also 
always negative. (This means that the current to the dust particle decreases for 
increasing dust potential and that the dust potential is a stable one.) 

To find the condition for a stable oscillation we have to examine the sign of the 
real root Al. Expressing the linearized Equations (32) in the case of charge equilib- 
rium we obtain 

.?I = f.?ZZl + c2yd,,,,(zl) > 

&, = a3Zl + C3Ydl,+&l) = o > 
(40) 

(the equilibrium potential Y&es will only be a function of zI). The derivatives of 
Equations (40) with respect to z (evaluated at ZO) are 
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and 

Combining Equations (41) and (42) we obtain 

= L (a2c3 - a3c2) . 
c3 

(42) 

(43) 

Using 

dz dFn 1 -= 
dz mdhD dz 

(which is found by derivating Equation (19)) and Equation (37~) in Equation (43) 
we find that 

(44) 

As c3 is always negative, Equation (44) show that the derivative of the net force 
at charge equilibrium has the same sign as the real root of the characteristic 
equation. We have shown that for oscillatory motion the sign of the real root 
decides the stability. Inside the critical point in the sheath dF,,,,ldz is positive, 
and it then follows from Equation (44) that h1 is also positive, which means that 
the oscillation is unstable. Outside the critical point the derivative of the net force 
is negative which then implies a stable oscillation. These results are valid regardless 
of the magnitude of the charge delay. 

For small oscillations it is easy to show that the oscillations are always damped. 
If we take the real part of Equations (37) and call the real part of the two complex 
conjugate roots R we get 

Al + 2R = c3 ) 

2h,R + /h$ = -a1 ) (45) 

AlI h212 = -(u2c3 - U$z) . 

Elimination of A1 and tA212 gives 

8R3 - 8c3R2 i- (2Cz - 2~z)R + Oy?2 = 0 . (46) 

In this cubic equation in R we know that c3 and uz are negative. Combining 
Equations (39) and (42) we find that 
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a3c2 = - (47) 

In Equation (47) c3 and Yd, are always negative. The derivative of the dust 
potential at charge equilibrium is also negative (see Figure 1). So a3c2 will always 
be positive. This means that Equation (46) has only positive coefficients, so any 
real solution must be negative. Because the oscillations are damped if the real part 
of the complex conjugate roots is negative, this shows that the (small) oscillations in 
the sheath are always damped. 

If the dust particle is always at charge equilibrium or at constant charge the 
force on the particle will only be a function of position, so it will be in a conserv- 
ative force field. This means that there will be no drain of oscillatory energy. 
When the dust particle is not in charge equilibrium we have shown that this gives 
damped oscillations and therefore a loss in energy. The damping of the oscillations 
will be maximum for a charge delay somewhere between charge equilibrium and 
constant charge. 

7. “Floating” of Injected Dust in the Sheath 

We will in this section assume that dust is injected from the surface with some 
initial charge and vertical velocity. We compute the subsequent motion of the dust 
particles and determine the initial conditions which lead to dust being stably 
suspended in the plasma sheath. A short discussion of possible injection mechan- 
isms is given in Section 8. 

In order to be stably suspended, a dust particle must not have a radius (or mass, 
given the density) larger than the maximum we found in Section 4, see also Figure 
3. If the dust particle has zero charge when it is injected from the surface, it needs 
a minimum time in the sheath to be sufficiently charged to prevent it from falling 
back onto the surface. If the available time is short, e.g., due to a large g, or the 
charging time is long (e.g., due to low plasma density, low electron temperature 
or small radius) the probability for suspension will be small. 

On the other hand, the initial vertical velocity must not be too great or the dust 
particle may escape, either because the initial velocity is larger than the escape 
velocity, or because the acceleration in the sheath adds a sufficient energy to make 
it escape. 

If the time in the sheath is too small for the dust particle to be sufficiently 
charged, it may in some cases still be suspended if the initial velocity is so large 
that it will go out of the sheath (but not escape) and then be sufficiently charged 
outside to be stopped on the way back. 

In the following we assume, as before, a dust particle material density pd = 
1000 kg m-‘, a solid body material density pM = 2300 kg mP3 (except for the 
Moon), and an electron temperature of kT, = 50 eV. We will examine the effect 
of changing JIX, g and no. We have in the computation assumed the outer limit of 
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the sheath at z = 10, and let the plasma outside this be Maxwellian with an electron 
and ion temperature of 50 eV. For the case with the smallest gravitation, g = 
6.4 * lop4 m SC’, corresponding to a body of radius R = 1 km, we have taken into 
account the decreasing g in the sheath in order to get a continuous transition to 
the region outside z = 10. 

The results for Jll = 1, R = 1 km, ylo = 5 * lo6 mP3 and 3 different initial dust 
potentials (relative potentials Yd, -0.5, 0 and +OS) are shown in Figure 7a-c as 
‘windows’ for the dust radius and initial vertical velocity that leads to suspension 
in the sheath. Outside this ‘window’ the parameter regions which lead to escape 
or falling back are marked. Larger dust particles in the lower right part of the 
windows are ‘directly’ suspended, and those to the upper left are suspended after 
first having left the sheath and then returned. 

The initial velocity is given as a fraction of the escape velocity. For R = 1 km 
and 100 km the escape velocity is 1.13 m s-l and 113 m s-l respectively, and for 
the Moon it is 2.38 km s-r. 

In Figure 8 we have calculated the ‘window’ for the same conditions as in Figure 
7a, except for JX = 5, corresponding to a solar wind flow perpendicular to the 
surface. 

In Figure 9 the calculations are for the same condition as Figure 7a, except that 
g = 6.4 . lop2 m sP2 (corresponding to R = 100 km). In Figure 10 we have used a 
denser plasma (no = 10’ m-“) and g = 1.6 m s-* (corresponding to the Moon). 

From these ‘windows’ we see that there are no dust particles above a maximum 
size amax that can come to rest within the sheath. For small g this is close to the 
amax,eq we found in Section 4, but for larger g, amax will be smaller than urnax+r. 

For dust particles with zero or negative initial potentials, we see that for small 
g (Figures 7 and 8) there will be no dust particles below a minimum size, amin that 
can come to rest in the sheath. The reason is that the smaller dust particles will 
be accelerated in the sheath to velocities above the escape velocity. For larger g 
(Figures 9 and lo), amin decreases and could become low enough for field emission 
to be important. At the temperature of kT, = 50 eV, field emission could have an 
effect for a < 0.1 pm (e.g. Draine and Salpeter, 1979). Field emission may lead 
to a rapid breakup of these small dust particles. 

If we assume a negative initial dust potential, Figure 7b shows that some of the 
dust particles can be suspended even with zero initial velocity because the initial 
electric force is sufficient to counteract the gravitation and lift it to its equilibrium 
position. If we assume a positive initial potential, Figure 7c shows that some small 
dust particles at a very high initial velocity will be suspended. This is because 
these small particles, because of their positive charges, are decelerated in the 
sheath and the smaller they are, the larger initial velocity they may be given. 

Figure 8 shows that for JZZ > 1 the ‘window’ is shifted to the left because the 
electric field in the sheath is smaller (see Figure 1). 

For g larger than approximately 0.1 m C2 will all dust particles have to leave 
the sheath in order to acquire a sufficient negative charge if izo = 5 X lo6 m-‘. For 
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Fig. 7. Windows showing the combinations of initial velocities and dust radii that lead to dust particle 
suspension in a sheath above the surface of a solid body. R = 1 km, .& = 1 and the relative initial dust 
particle potential are 0, -0.5, and +0.5 respectively. The figures also indicate areas for falling back 
and escape of the dust particles. Other parameters: pM = 2300 kgme3, pd = 1000 kgmm3, rzo = 

5 . lo6 mm3 and kT, = 50 eV. 
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Fig. 10. Window of suspended dust particles for the same conditions as Figure 7a except that g = 
1.6 m SC* (the Moon) and n0 = 10’ mm3. The dashed vertical line at a = 0.1 pm represents the radius 

where field emission is expected to begin. 

g larger than approximately 1 m s-‘, a plasma with ~1~ = 5 X 10 mP3 and electron 
temperature 50 eV will not charge the dust particles fast enough for suspension if 
the initial charge is zero. We have therefore used no = 10’ mm3 (‘high’ solar wind 
density) in Figure 10. 

Figure 11 shows amin as a function of the radius of the solid body for .R% = 1, 
pM = 2300 kg me3, pd = 1000 kg rne3, no = 5 . lo6 m-’ and kT, = 50 eV. amin de- 
creases much more rapidly than urnax. amin also increases with increasing plasma 
density and temperature. The dashed line in the figure is where our sheath model 
is expected to start to break down because the condition AD/R + 1 is no longer 
satisfied. 

The dust particles with radius below amin will only need a very small initial 
velocity (of the order of lo-*-lop3 m s-‘) to escape; larger dust particles will need 
an initial velocity close to the escape velocity. 

8. Dust Sources 

We expect that dust in the sheath above a surface, which could be called a dust 
‘atmosphere’, will be a result of dust particles from the surface. We will consider 
two mechanisms for this. One is ejecta from meteorite and micrometeorite (pri- 
mary particle) impacts and the other is electrostatic levitation. Capture of dust 
from the outside, or condensation of dust within the sheath, due for example to 
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Radius of solid body (km) 

Fig. 11. The minimum dust particle radius, amin below which all dust particles escape as a function 
of the radius of the solid body. A = 1, pM = 2300 kg me3, pd = 1000 kg rnm3, Q = 5 . 106me3 and kT, = 
50 eV. The dashed part of the curve is in the region where the thin sheath model starts to break down. 

outgassing from the surface, does not appear as a likely source and will not be 
considered. 

Most collisions between primary particles and larger bodies occur with a relative 
velocity of the order of km/s. Empirical connection between velocity and mass of 
the primary particle and number, mass and velocity of the ejecta (Dohnanyi, 1969; 
Gault and Wedekind, 1969; Fujiwara, 1977; see also Grtin ef al. 1984) indicate 
that most of the ejecta will get a low velocity of the order of m/s, suitable for 
being suspended in the sheath. Such high velocity collisions, in addition to dust 
production due to fragmentation, also leads to creation of a plasma cloud and 
possible charging of the fragments (Grim, 1981). The fragments that are not 
suspended in the sheath or do not escape, will contribute to the dust on the 
surface. 

By electrostatic levitation of dust we mean that dust particles lying on the 
surface of a solid body, leave the surface due to electrostatic forces. A dust particle 
lying on the surface will be a part of that surface and will have a proportional 
charge as was pointed out by Singer and Walker (1962b). As soon as it leaves the 
surface the charge will increase towards its ‘sheath’ value that was found in Section 
3. We will briefly examine the condition for levitation. 

A spherical dust particle lying on the surface will have the approximate charge 
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2- ES QS=ana --n-a’, 
EO 

(48) 

where u is the surface charge density on the body and Es is the surface electric 
field strength. 

If we use Es = 2.47 Vm-’ taken from our sheath model (Figure 1) for Ju = 1, 
we can, by using Equation (48), calculate the number of elementary charges N, 
on the dust particle: 

N, = 5.3. 10e4at, (49) 

where a, is the dust particle radius in pm. 
For radii below approximately 43 ,um this number will be below unity. As 

pointed out by others (e.g. Grtin et al., 1984) this must be interpreted that only 
a fraction of micron-sized dust lying on the surface will have one excess charge. 
To consider levitation for the most relevant dust particle sizes, we must therefore 
consider dust particles with only one excess charge. The condition for levitation 
for such a dust particle will be 

eE, > $ na3pdg (50) 

or 

a,glt3 < 4.6 - 10m2, (51) 

where a, is in pm and g is in m sK2 and where we have assumed pd = 1000 kg mP3. 
For the surface of the Moon (g = 1.6 m SC’) the radius of the dust particle must 
be less than 0.04 pm, so this mechanism is not likely to contribute much to dust 
in the sheath there. For an asteroid with radius 1 km (g = 6.4. lop4 m sC2), the 
radius of the dust particle must be less than 0.5 pm. We see that for our sheath 
model, levitation can only be important for small bodies like satellites or asteroids. 

The electrostatically levitated dust particles, being smaller than amin (see pre- 
vious section) will escape completely from the body. 

9. Discussion 

In this paper we have examined single dust particle dynamics in a plasma Debye 
sheath near the surface of solid bodies in space. The bodies are taken to be large 
compared to the Debye length in the plasma and we have especially considered 
conditions which could resemble those on planetary system bodies such as small 
and large asteroids, moons and moonlets. The surfaces are taken to be non- 
conducting and the ambient plasma conditions equivalent to conditions found in 
the solar wind or in, at least some, planetary magnetospheres. The photoelectric 
effect has been ignored in the charging of the surface and the dust. Our calculations 
are relevant for the shadowed terminator region of the Moon and the asteroids 
and for the sunlit side of bodies sufficiently far from the Sun or in dense or hot 



enough plasma so that photoelectric effects can be neglected. Our calculation does 
not apply to the wake region on the night side and little is known about the sheath 
structure there. 

We have examined the charging process in detail and solved the equation of 
motion of the dust particles. The charge delay is more pronounced in a Debye 
sheath than in a photoelectron sheath, because of the difference in the electron 
density; in a Debye sheath the dust particles are usually far from being at charge 
equilibrium. We have shown that many of the important dynamical properties, 
such as damping and instability of oscillations are due to this charge delay. 

One of the interesting results of our work is that for a stationary plasma there 
should be a dust-free region to about one Debye length out from the surface. 
Even though there may be a position in this region where gravity and electric 
forces on the dust balances, we show by perturbation analysis and by nonlinear 
numerical calculation that no stable equilibrium points exist there. Further above 
the surface dust can be stably suspended with the largest dust particles closest to 
the surface. 

It is interesting to note that the suspension of dust, and a dust-free region close 
to the surface, is apparently observed in some plasma etching processes of silicone 
wafers (Selwyn, 1989) where strong electric fields are created near the walls of 
the plasma chamber. 

In the case when the solar wind impinges on the surface, the picture is somewhat 
modified. The dust free region will be thinner and the maximum dust size slightly 
smaller. 

If the dust particles are orbiting around the body and enters a sunlit region they 
will discharge and may fall down. If they enter the wake region on the back side 
relative to the solar wind, they will probably charge to a higher negative potential 
and may escape (Mendis, 1981; Mendis et al., 1981). 

In our model, we find in principle, that all dust particles smaller than amax,eq 
(Section 4) can be kept stably suspended in the sheath. However, in a dynamical 
situation where the dust is brought into the sheath from the surface, which is the 
most likely source of the dust, the maximum size for suspension, amax, will be 
smaller than amax,eq. For the chosen plasma parameters (Section 7) we find 
a max = 0.9 ,um for the Moon and several times 10 pm for small asteroids or moon- 
lets. 

The smallest dust particles can be accelerated sufficiently by the electric field in 
the sheath to escape completely even if the initial vertical velocity is very much 
smaller than the escape velocity. The sheath will therefore both have an upper 
amax and a lower amin cut-off in dust size and acts like a filter which easily allows 
dust below amin to escape. If small asteroids or moons are sources of dust they 
should most likely eject dust particles below this size. 

The values of amin and amax decrease with increasing gravity and increase with 
increasing plasma density and temperature. 
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Also electrostatic levitation from small bodies may be a source of dust. These 
dust particles will be smaller than amin and will consequently escape. 

The ‘dust atmosphere’ according to our model, extends from about one to 
several Debye lengths above the surface and the small bodies will have the 
largest dust particles. As the Debye length is hD = 23.5(7’,v/50,v)1’2 X 

(no/(5 x lo6 m-3))-1’2 m, we expect dust atmospheres on moons and asteroids up 
to some hundreds of meters. 

In a fast collision, like micrometeorite impacts, a small fraction of the ejected 
particles leave the impact spot at high velocities (Eichhorn, 1976). However, the 
majority of the dust which is produced will be given quite small velocities and this 
must be even more the case in the slow collisions which can be expected between 
small moonlets of 0.1-10 km radius in or close to planetary rings (Cuzzi and 
Burns, 1988). Many dust particles ejected will have vertical velocities and sizes 
suitable for being suspended in the sheath and we expect that the sheath will 
collect a significant amount of dust. The results in this paper hold when the dust 
particle density is not so high that the charges on the dust particles contribute 
significantly to the total charge. For micron-sized dust and for the plasma dust 
parameters we have used, this will happen when the dust density becomes of order 
lo-100 particles/m3. A larger dust density must lead to a modification of the 
sheath. 

The collection of dust in the sheath above the surface is probably responsible 
for much of the dust transport on the surface both on the sunlit and the dark side. 
Plasma sheath effects must also be of importance for the balance between dust 
production and loss and for the dust size distribution in many planetary ring 
systems. 
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