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Abstract. In this work we show that a repulsive force between nearby dust grains
in a plasma can exist, due to scattering of the incident radiation. Two types of
forces are discussed, one of them being formally identical to electrostatic repulsion.
This leads to the definition of an effective dust charge of the dust grain, which
only depends on the scattering process. Our discussion shows that such a repulsive
interaction occurs in quite general physical conditions.

1. Introduction

Interaction between nearby dust particles in a plasma is an important and recurrent
problem in plasma physics [1]. Various types of attractive and repulsive forces have
been discussed, such as induced dipole [2], shadow forces or ion drag forces. In this
paper we consider a different kind of force, due to radiation scattering. Such a force
is repelling and leads to the existence of an effective electric charge of the dust
grains that is different in nature from their usual electric charge.

The idea is simple and has already been considered in the context of cold atom
physics [3], where it leads to observed oscillations of the confined cloud of atoms
(or atomic molasses) in magneto-optical traps [4,5]. The same kind of phenomena
can eventually occur in a dusty plasma under the action of a radiation beam.
Electrostatic waves could also lead to a similar effect.

We consider a dusty plasma under the action of radiation with frequency w
and energy density Wy(w). Such radiation is scattered by the dust grains. The
scattering process is complex [6-8], due to separate contributions from the dust
particles themselves, which leads to the well-known Mie scattering, and from the
plasma electrons in the neutralizing Debye screening existing around the dust.
For short wavelengths, the Mie scattering will dominate over the Debye scattering,
as shown by Guerra and Mendonga [8]. However, the mechanism discussed here
is independent of the detailed cross section, which only has an influence on the
quantitative value of the repulsive force between nearby dust grains.

The radiation scattered by a given dust grain will interact with the nearby grains
and produce a radiation pressure, which can be seen as a repulsive radiation force
between grains. Such a radiation force will approximately decay with the square
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of the distance between dust grains, and can therefore be formally analogous to
a repulsive force between electric charges of the same sign. Effective electric field,
charge and potential can then be defined.

Here we first discuss the forces due to the incident radiation acting on a single
dust grain in plasma. We then consider the secondary effects due to radiation
scattering, and establish an expression for the repulsive radiation force between
two nearby dust grains. Finally, we consider the case of uniform turbulence, where
instead of a single incident beam of radiation we have angularly uniform incident
radiation, and introduce the concept of the effective charge of a dust particle.

2. Radiation forces on a dust grain

We start by considering the radiation forces on a single dust grain in a plasma. The
electric field associated with an incident wave with frequency w and wavevector k
is given by

E(r,t) = Eg exp(ik - r —iwt) + c.c. (1)

For simplicity, the long wavelength limit is considered, such that kA <1, where
Ap is the Debye length. We also assume that the dust grains are spherical, with a
small radius, a < A\p. These assumptions have no direct influence on the qualitative
aspects of the effects to be discussed here.

Let us first consider the electron equation of motion, assuming that the ion
response to the high-frequency field (1) is negligible. We can write it in the form

ov e VP e

5 = o E—V9)
where —e and m are the electron charge and mass, ng is the equilibrium plasma
density, ¢(r) is the electrostatic potential associated with the Debye screening
and P is the electron pressure. The first term on the right-hand side is the linear
oscillating force (per unit mass) associated with the incident field and responsible
for the radiation of a scattered field. The second and the third terms guarantee the
maintenance of the Debye screening, and the slowly varying part of the last term
describes the radiation pressure.

Let us first note that, in the absence of an incident field Ey = 0, the electrons
will stay at rest around the dust, due to the balance between the potential and the
pressure forces. Noting that the pressure depends on the local electron density inside
the neutralizing region around the dust grain, P = n(r)T, where T is the electron
temperature in energy units, we obtain dv/0t = 0 for n(r) = ng[1 + ep(r)/T]. For,
e <T, this corresponds to the Boltzmann equilibrium of the electron gas in the
Debye shielding potential, as given by

n(r) = ng exp [%q&(r)} . (3)

Taking the time average of the electron velocity over a period of the incident
field, we get from (2) an equation of motion for a single particle belonging to the
neutralizing cloud around the dust grain, as
0 (k) e?
&M T om T 2me?
where we have assumed that the Debye shielding was not significantly distorted,
which is true for moderate intensities of the incident radiation.

VE?, (2)

nom  2m2w?

VIE [, (4)

https://doi.org/10.1017/50022377807006848 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377807006848

Radiation forces between dust grains in a plasma 147

This slow force (f.) pushes the neutralizing cloud in the direction of the gradi-
ent of the electromagnetic energy density. This cloud is made of an excess (or a
depletion) of electrons with respect to the plasma background, for positively (or
negatively) charged dust grains. In both cases, the cloud motion is due to the
electron response to the ponderomotive force.

Such a slow motion is then transmitted to the dust grain itself, due to the
electrostatic coupling with its neutralizing cloud. The equation of motion for the
dust grain will then be

dv,

M, dtb =F. +Fgr (5)
where M, is the dust grain mass, v, its velocity, the force F. is due to the action
of the 1nudent radiation on the neutralizing cloud and Fp is the radiation force
acting on the dust grain itself. For the present purposes, we can use the following
simple model [1]

k
FR = O'aWOE, (6)

where Wy = €y|Ep|?/4 is the energy of the incident radiation and o, ~ 7a®. On
the other hand, if we assume that in its slow motion, the dust grain keeps a nearly
undisturbed neutralizing could around it, we can assume that

= [ @ln(r) — o) e =~ 21t) )

where @Q is the dust charge, and it was assumed that the ponderomotive force (f,)
is nearly constant across the shielding region. It is also obvious that Qe = N is the
total electron unbalanced charge of this neutralizing region.

3. Dust grain interactions

Let us now consider the influence of wave scattering. The total electric field around
a single dust grain in the plasma can be written as

Etot (I‘, t) = E(I‘, t) + Escatt (I‘, t)7 (8)

where the incident field E(r,t) is defined by (1) and the scattered field can be
generically written as

- dk’
E.. E o(k, k) exp(ik’ - r — iwt) —— + c.c. 9
e, t) = o [ () exi g o )
This is the total field perceived by a second dust particle, placed at a distance R = |r|
from the first. The total force on this second particle is given by expression (7) after
replacing the incident field by the total field. Of course, this effect is reciprocal, and
both particles will suffer a similar total force. We can see that the incident field will
produce the same displacement on both particles, but the scattered field will be
responsible for an additional repulsive force between nearby dust grains, as shown
by the equation of motion in the frame of the first dust grain
dv, 2Qe R

7{ = vas(att + Mr Wscattﬁa (10)

L}

where only the scattered radiation propagating in the direction of the vector R,
representing the position of the second grain in a reference frame centered in the
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first, is relevant to the repulsive force. In general terms, the scattered radiation
intensity Wt can be determined by

Wieatt = Z%;;—WO (]9%,;/))7
where oy is the total scattering cross section and g(6, 1) is the angular form factor
for the scattered radiation. The decay in 1/R? is related to the scattered flux of
energy across concentric spheres with radius R, centered at the scattering particle
(the first dust grain). This shows that the repulsive force between nearby dust
grains has two distinct terms. The first decays with inter-grain distance typically
as 1/R? and is due to the ponderomotive force of the scattered radiation on the
neutralizing cloud. The second decays with 1/R? and is due to the direct pressure of
the scattered radiation on the dust grains themselves. Examples of o, can be given.
For instance, in the long-wavelength limit, such that the incident wavelength X is
much larger than both the Debye length Ay, and the dust grain radius a, we have [8]

R (Q>2 (M‘L//\Df (12)
) e 1+T,/T)

where oy = 87‘(7”‘8 /3 is the Thomson cross section and 7( is the classical electron

radius. Expressions for g(0,1) (as well as other expressions for o) can also be

found in [8] or elsewhere in the literature, for instance those related to metallic

clusters (see [9,10]). However we can see from (10) and from the above discussion

that this repulsive effect between nearby dust grains or atomic clusters in a plasma

is universal and is not dependent on the actual values of scattering cross sections.

For large distances, or for weakly charged dust, the force which decays with 1/R?

is dominant. This force, associated with the direct radiation pressure of the grain,

is still present if we have a collection of suspended neutral dust in a gas or in a

liquid, where such repulsive effects remain. They even remain at the atomic level if

instead of a collection of dust we have a collection of atoms interacting with nearly
resonant incident radiation.

(11)

4. Dust in a turbulent plasma

Let us now extend the above results to the case of a turbulent plasma. Instead
of a single incident wave with a given frequency w we have a broad spectrum of
incident radiation, where for each frequency we also have different directions of
wave propagation. The case of homogeneous turbulence is particularly interesting
because the direct ponderomotive and radiation forces acting on the screened dust
grains cancel out, and what remains is purely spherical scattered radiation. As a
consequence, the energy of the scattered radiation produced by each dust grain
will be determined by

1 dw

Wi = 2 / ()W () 2. (13)

where W (w) is now the average value of the spectral energy density in the turbulent

plasma, and o¢(w) is the total scattering cross section of the dust grain. The
resulting equation of motion for the dust grain placed at a distance R from another
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scattering grain can then be written as

dv, 1 1
£ _ _ . vi_ gyt 14
i~ VR VR (14
where the weighting factors for the two different forces, o and 3, are determined by
a d
o= X‘@ /as(w)wo(w)ﬁ (15)
and
2Qe os(w) dw
= — - W, —. 16
p eomM, / w? 0(«) 2m (16)

It is interesting to compare the expression for the first force term in (14) with
the repulsive electrostatic force between two particles with a fictitious charge ges
at a distance R from each other

Fop = — —=. (17)

We can then easily conclude that the first repulsive force acting on the dust particles
is equivalent to a repulsive effective electrostatic force between the dust grains for
an equivalent dust grain charge ges given by

Getr = (4meg)'/?. (18)

This effective electric charge has no relation with the actual electric charge ) of
the dust particle, and it can even remain valid for a neutral dust particle if the
appropriate scattering cross sections are used. It is proportional to the amplitude
of the incident electromagnetic wave, and to the square root of the scattering cross
section. A similar effective charge has already been identified for neutral atoms [3].

5. Conclusions

In this work we have shown that two nearby dust particles in a plasma repel each
other in the presence of an incident electromagnetic wave. This repulsion is due to
two kinds of ponderomotive forces associated with the scattered radiation. One of
the forces is due to the slow response of the electrons responsible for the Debye
screening and decays as 1/R?. The other force is due to the radiation pressure on
the dust grain itself and decays as 1/R?. This second force is therefore dominant for
large interacting distances and for weakly charged dust particles. It even remains
for purely neutral grains in a neutral medium. This 1/R? force is similar to that of
an electrostatic interaction between two charges, which leads us to the concept of an
effective charge of the dust particles, ger, which is proportional to the incident field
amplitude and independent of the actual electric charge of the dust grains, ). The
case of a turbulent plasma was also discussed. This case is particularly interesting
because it always leads, for homogeneous turbulence, to purely radial repulsive
forces.

The concepts discussed in this work are quite general, and are qualitatively
independent of the scattering processes, and of the detailed form of the scattering
cross sections. Although we only have discussed the case of incident electromagnetic
waves, they are also present in a variety of other situations involving electrostatic
turbulence, for instance, electron—plasma or ion-acoustic turbulence. In that re-
spect they can be related to the Casimir forces that can be defined in a turbulent
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plasma [11]. However, in contrast to the Casimir effect, the present radiation forces
are always repulsive. Other related problems are the dust atom model [12], and the
influence of turbulence on the Debye screening potential [13].

Finally it should be noted that the secondary radiation processes resulting from
the nonlinear dynamical response of a dust particle and its neutralizing cloud to the
incident radiation, such as harmonic generation [10, 14|, would give an additional
contribution to the repulsive forces discussed here.
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