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Radiometric force in dusty plasmas
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It is shown that inhomogeneous heating of the dust grain by ion flow in a glow discharge results in a
photophoresislike force. According to our estimations, this radiometric force can be comparably-valued with
the ion-drag force under the conditions of microgravity dusty plasma experiments.
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Numerous industrial applications, such as material pro- The steady energy flux due to the plasma recombination
ceeding, has triggered active research on the phenomena adfects only one side of the grain resulting in some inhomo-
sociated with dust dynamics in a low-pressure glow dis-geneous heating. The stationary temperature distribution
charge. A dusty plasmal,2] is formed by introducing T(r) inside the grain can be evaluated by means of the Fou-
micron-sized grains in a plasma. Since the grains are negaier’'s equation
tively charged due to the higher mobility of electrons with
respect to ions, the medium is composed of particles with div [»gradT(r)]=0, (]
fixed charge(electrons and ionsand variable chargédust . . . )
graing. Typically, the grains can be easily charged td" 10 where x is the grain thermgl conductivity. Eq“a,“,o('?)
—10° electron charges. In a low-temperature radiofrequenc:?hOUId b.e supplemgnted with a bounqlary conplmon. We
discharge, the grains can be electrically suspended in thgharacterize the grain surface by a unit veatodirected
sheath above the electrodi@, where the gravity is exactly outwards. Then the boundary condition reads
balanced by the electric force. Under certain conditions, the

; . aT
grains form ordered lattice structures, known as Coulomb Jo= %(_ +0(Ts—To), 3
crystals. njg

The plasma boundary near the electrodes is characterized _ _ _ o .
by highly nonequilibrium conditions. In particular, the grains Where the subscriptreminds that this equation is applied to
undergo a supersoni@ccording to the Bohm criterigrion  the grain surface only. The functial is an external energy
flow, resulting both in an ion-drag force and specific attrac-flow onto the grain, which is caused by the recombination.
tive forces between the graifg]. It is well-known from  The first term in the right-hand side of E@) represents the
aerosol physics that there are various forces provided by th@nergy flow in the interior of the grain. We emphasize that
density, temperature, etc. gradients of the neutral gas. Howhe grain permanently interacts with the neutral gas, which is
ever, aside from thermophore§6], the role of such forces assumed to be uniform, with some temperafiigediffering
in a dusty plasma is an open question. from the grain’s surface temperatufg. The interaction re-

In the present paper we focus on the so-called radiometrigults in heat transfer, which is described by the second term
force. We found that the ion flow results in inhomogeneoudn the right-hand side of Eq(3). The rate of this natural
temperature distribution of the grain surface. Then the intercooling is characterized by the factot
action with the neutral gas results in a force similar to pho- For a grain suspended above the electrode, the external
tophoresig7], but it is provided by a plasma recombination €nergy flow may be taken in the form
at the grain surface.

Let Q be the energy released in each act of ion recombi- Jm —Jon  fortop half,
nation. Typically, the value of) is of the order of ten eV. s 0 for bottom half.
We assume that this energy is absorbed by the grain and
results in the heating of its surface. Recall that the ion flow in  Equations(2)—(4) provide a complete description of the
the sheath near the electrodes is strongly nonisotropic. Themperature distribution inside the grain. For a uniform
widely spread approximation is that zero-temperature ionspherical grain, they are readily solvable in terms of Leg-
move towards the electrode with the same supersonic velo@ndre polynomials.
ity Mcg, whereM>1 is Mach number, and; is the ion To proceed it is necessary to specify the collision of the
sound velocity. Then the energy flux per a unit square of théeutral molecule with a grain surface. We undertake the as-
grain surface oriented normally to the ion velocity, can besumption of complete energy accomodation. Since the size
estimated as of a grain is usually small compared to the mean free path of

the neutral molecule, the distribution function of the neutral
Jo=anMcgQ, ) gas in the vicinity of the grain can be taken as a combination
of two Maxwellian distributions:

wheren; is the ion number density. The dimensionless factor fOT g -0
a, which is typically of the order of two, takes into account f(v)= m(To)  for nv<0,
the attraction of ions by the negatively-charged grain. fm(Ts)  fornv>0.
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It should be noted that the number density of the neutral 1 7R2ngkJ,
particles moving towards and outwards the graip 4ndng, F= 3 1 . 9
respectively is different: ol 14 28| +2(1- €
2 R
NoVTo=Ns\Ts (6)

in accordance with the conservation of the particle flux.The relative contribution of the first term in the denominator
Quantityn, is identical to the average number density of theof Egs.(8) and(9) is characterized by dimensionless ratio

neutral gas.
Using Eq.(5) one can evaluate the last term in the right-
hand side of Eq(3). By definition, the energy flux from the oR _nogR 2kTg
grain’s surface, which is associated with the neutral gas and x % mm
directed outward the grain, reads
mo?2 3 2k3 3 a For typical conditions of dust dynamics this ratio is negli-
f f f nv——f(V)dv=\/—(nsTs"=NoTo ), (7)  gible. Let's consider the argon gas witl3= 10" cm™2 and

To=300 K°. Taking »~10° erg/seeccm-K° (glasses we
wherem is the mass of a neutral atork,being the Boltz- estimate thabR/x=1 for R~3 cm. Thus, under the labo-
mann constant. By insertingy from Eq.(6) one can see that ratory conditions, the contribution of thermal conductivity

the right-hand side of Eq7) is of the forma(T,—T,) with ~ dominates for all reasonable values of grain radius. For a
hollow grain, say with 1 3= 1/30, the radius should be less

2k3T, than 0.1 cm. Then the final expression for the radiometric
=N\ force reads

In a similar way, one can evaluate the neutral gas pressure 5
7TR nokJO

1 F= 3 ! (10)
P=§nok\/T—0(\/T_o+\/'ITs). 6x(1—€)

Note, that the pressure depends on the local surfac@herel, is given in Eq.(1).
temperature. Due to the inhomogeneous temperature distri- |t should be noted that the ratio of this force to the gravity
bution, the interaction with the neutral gas results in a forcegrce is independent of the radius of the grain. Generally, it

expressed as the integral is extremely small. Let us compare the radiometric force
with the ion-drag force, which is believed to play an impor-
= j f (—Pn)dS tant role under conditions of recent microgravity experiments

with dusty plasma$10].

The ion-drag force is estimated asFg,g

over the grain surface. = awR?n;m;(Mcy)?, where the physical meaning of factor

In a case of a uniform spherical grain, the integration can i< identical with that in Eq(1). Hence

be carried out analytically. The cumbersome final expression
simplifies greatly in the ultimate case ©f— Ty<T,, which

is the only one of interest here. The resulting force takes the F kRnQ
form = )
Farag 6xmMcy(1— €%
WRZnokJO
Ay ®
6| o+ = Note, that this ratio is independent on ion number density.
R To estimate the order of magnitude of the radiometric force,

we assume tha¥l ~1, electron temperaturé,=3-10* K°,
thenc,=2.5-10° cm/sec,Q=15.8 eV(argon andx, n, and
1— €% are the same as above. Then the discussed radiometric

whereR is a radius of a grain.
Equation(8) closely resembles the known relation for the
photophoretic forcé7,8]. The difference is due to the differ- force is of the order of the ion-drag forcB/F gy~ 1, if R

ent physical meaning of the terd. In the case of the pho- _ 102 cm. The effect, therefore, should be observable for a

tophoresis, the inhomogeneous heating is a result of externalust lasma composed of relatively larae hollow arains un-
radiation. In a dusty plasma, the force is provided by the io y P P y1arg 9

n . . ",
L der microgravity conditions.
recombination.

In some experimentf9] the dusty specie is formed by This work was performed under the financial support
relatively big hollow microspheres. Let the inner radius of agranted by the Netherlands Organization for Scientific Re-
microsphere beR with constante<1. Assuming that the search(NWO), Grant No. 047-008-013. We also acknowl-
energy flux through the inner surface is negligibly small, oneedge the support from Integration Foundation, Project No.
can easily obtain the following more general expression ~ A0029.
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