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Abstract. In this paper the results of experimental investigation of the dynamic
behaviour of macroparticles charged via photoemission are presented. The
experimental data have been obtained for bronze particles subjected to solar
radiation under conditions of microgravity (on board the Mir space station). The
distribution of velocity, temperatures and charge, as well as the friction coefficient
and diffusion constants, have been found. The analysis of the results obtained has
shown that the polarization effects of opposite charges may appreciably influence
the transport processes in a two-component electron—dust plasma, consisting of
positively charged dust and emitted electrons.
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1. Introduction

The dusty plasma s an ionized gas containing micron-sized charged condensed grains (dust). The
combined action of the interaction between dust grains and dissipative processes in a dusty plasma
can lead to the formation of both steady-state dusty structures (similar to fluids or solids) and
complex dynamic configurations associated with large-scale transport processes [1]-[10]. The
plasma-dust structures play an important role in the processes occurring in the upper atmosphere,
where the main ionization agents are cosmic rays and solar radiation [11]-[13]. Under these
conditions, the charging of atmospheric aerosols is governed by two competing processes: the
absorption of atmospheric ions and electrons by grains, and the emission of electrons from
the grain surface. Under the action of intense solar radiation, the grains are mainly charged
via photoemission. Micron-sized grains can acquire a positive charge of 10>-10° elementary
charges, which can result in the formation of ordered structures [6, 14]. Moreover, the emission
processes make possible the existence of two-component systems consisting of positively charged
grains and the electrons emitted by them. Recently, experimental studies of dusty plasmas under
microgravity conditions have attracted great attention [6]—-[10]. These experiments allow one to
investigate various phenomena (the charging of atmospheric aerosols and the dynamics of large
dust grains ~100 um in size) that cannot be studied on the Earth [6]—[8].

The main process responsible for the dust mass transfer is diffusion, which determines
the dynamic characteristics of dust systems (the phase state, wave propagation conditions,
and formation of dust instabilities) and governs energy losses (dissipation) in them. Both the
dust grains suspended in the buffer gas and the gas molecules or charged plasma particles can
undergo diffusion (Brownian motion, self-diffusion). The transport properties of a plasma-dust
cloud consisting of charged dust grains, ions and electrons can be significantly affected by the
concurrent diffusion of the oppositely charged particles (ambipolar diffusion). A simple case
of ambipolar diffusion in the absence of a magnetic field was investigated by Schottky (1924).
However, direct experimental observations of this phenomenon without attendant processes,
such as ionization or vortex currents under the Earth’s gravity conditions, are missing at the
present time.
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The first results on the polarization effects related to the separation of opposite charges
in a two-component system consisting of dust grains and photoelectrons under microgravity
conditions are presented in [7]. Most experimental methods for determining the diffusion
coefficients of ions and electrons are based on indirect measurements of the particle mobilities
in an external electric field [15]. However, these methods introduce significant perturbations
in the system under study and hence are inappropriate to diagnose particles in a plasma. In
order to determine the transport properties of dust grains, spectroscopy and photon correlation
methods are traditionally used. The range of applicability of these methods is limited by the
short-range ordering related to the interaction between grains [16]. The methods rely on different
hydrodynamic models; thus, the main problem is to determine the conditions under which these
models are applicable.

The dusty plasma is a good object for experimentally studying transport phenomena in a
system of interacting particles because the behaviour of dust grains can be captured by a video
camera, which greatly simplifies the use of direct and indirect diagnostic methods. A weakly
ionized dusty plasma can be regarded as a dissipative system of grains with the Yukawa interaction
potential ¢ = eZ,exp(—r/A1)/r, where eZ,, is the dust grain charge, A is the screening length,
and r is the intergrain distance. The correlation between grains is governed by the dimensionless
coupling parameter I, = (1 + k& + k?/2) exp(—«)T", where I' = (eZ)znéﬂ/ T,, T, is the kinetic
temperature of the grains in energy units, n,, is their number density, and k. = n; 1/3 /1. Numerical
simulations show that, at ', > 1, short-range ordering arises in Yukawa systems, the critical
value of the coupling parameter I', at the melting point being close to 106 [17, 18].

In this paper, we report the results of the first experiments on the grain dynamics in a
dusty plasma initiated by solar radiation under microgravity conditions. The experiments were
performed on board the Mir space station. The photoemission charge, velocity distribution, and
friction and diffusion coefficients of dust grains, as well as the coupling parameter of the dust
system, are determined. The polarization effects related to the separation of opposite charges in
a two-component system consisting of positively charged dust grains and the electrons emitted
by them are observed.

2. Experimental setup

A schematic of the experimental facility is shown in figure 1. The main component of the working
chamber was a glass ampoule containing bronze grains (with average radiusa = 37.5 um) coated
with caesium (with a work function of W = 1.5 eV). The grains resided in a buffer gas (neon)
at a pressure of P = 40 Torr. The ampoule was a cylinder, one end of which was a flat uviol
window for illuminating the grains with solar radiation (figure 2). The ampoule was located near
a quartz illuminator on the Mir space station under the action of intensive solar radiation. The
grains in the ampoule were further illuminated with a laser beam (‘laser knife’) with a thickness
of ~500 um. For this purpose, a 0.67 um-diode laser was used. The image recorded witha CCD
video camera was stored on a magnetic tape (with a frame frequency of 25 s~!). The presence
of intense solar radiation in the viewing field of the CCD camera determines the experimental
field of view (i.e. all the illuminated dust particles were registered). The viewing field of the
camera was a rectangle 8 mm x 9 mm in size. The camera was focused on the axis of the
cylindrical ampoule. The depth of focus (at a chosen iris value of 16) was ~9 mm (see figure 2).
The video recording was treated with a special computer code enabling the identification of the
displacement of individual grains in the viewing field of the video camera. It should be noted
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Figure 1. Schematic of the experimental facility.
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Figure 2. The geometry of the glass ampoule.

that the intensity of solar radiation is comparable with the intensity of the laser diode radiation.
As a result, the number of observed grains was determined by the depth of focus of the video
system, which allowed one to monitor the grain positions over a time ¢ > Sv ! long enough to
analyse the transport properties of the system (here vy is the friction coefficient, determined by
the collision frequency of the dust grains with the buffer gas molecules).

3. Description of experiment
In the first stage of the experiment, the grain behaviour under microgravity conditions in the
absence of solar radiation (the ‘dark’ regime) was investigated. The aim of the experiment was

to evaluate the characteristic time it takes for the grains to lose the velocity acquired by initially
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shaking the ampoule. Since direct measurements of the damping rate of the initial perturbations
in the sheet of the laser beam were unfeasible, the grain dynamics was analysed by measuring
the dependence of the grain number density n, (determined by the number of grains inside the
laser sheet) on time . These measurements showed that 2—4 s after shaking the ampoule, the
grain density n, sharply decreased from ~10° to ~200-350 cm™. One can assume that the
fast loss of grains is related to their deposition onto the ampoule wall due to the high adhesion
coefficient. Then, for the time ~20 min, the registered number of grains changed only slightly
(np, ~ constant).

In the second stage of the experiment, the shaken ampoule was exposed to solar radiation.
During the first 10 s, the grain density remained almost equal to the initial density ng = n,(0) ~
900 cm 3. The time it took for the grains to depart to the ampoule wall was ~5 min. Comparing
with the ‘dark’ regime, it is reasonable to assume that the electric field arising from the irradiation
of the system somehow impedes the grain adhesion on the ampoule wall. The time behaviour
of the grain velocity V after the dynamic action on the system is shown in figure 3 for different
regions of the viewing field. It can be seen that, over a time r &~ 5-10 s after the dynamic action,
the grains are involved in vibrational motion with a frequency of @ ~ 4.5-5.2 s~! (a period of
~1.2—1.4 s) against the background of their translational motion toward the wall.

In the third stage of the experiment, the dynamics of grains under the action of solar radiation
was investigated. Initially, the bronze grains resided on the ampoule wall; hence, the experiments
were carried out as follows:

(1) dynamic action (kick) upon the system at the closed porthole curtain;

(2) ageing in darkness for a time r &~ 4 s > v; ' in order to reduce the grain velocities acquired
with the initial kick;

(3) exposure to solar radiation; and

(4) therelaxation of grains to the initial state (return to the wall), after which the porthole curtain
was closed again.

This procedure was repeated several times. The kinetic temperature and the degree of correlation
of the dust grains increased for the first 3-5 s after the onset of solar illumination. The pair
correlation functions for the illuminated dust cloud obtained by exclusion of the intergrain
distances shorter than /,,/2 (where el, = n; 1/3), are shown in figure 4. Although these functions
cannot be used for the quantitative analysis of the degree of grain correlation in a dusty structure,
they reflect qualitative changes in the system under study.

In the initial stage of illumination, the grain velocities are randomly directed. Then,
1-3 s after the onset of illumination, the grain motion acquired a directed motion towards the
ampoule wall. The time of the grain migration to the ampoule wall is 3—4 min, which is nearly
five orders of magnitude shorter than the characteristic time of the total diffusion losses due to
Brownian motion at room temperature. The grain parameters measured at the instant ~5 s after
the onset of illumination are shown in figures 5-9. Figure 5 shows the trajectories of 40 grains,
and (figure 6) demonstrates the time behaviour of the relative grain density n,(¢)/ng. The initial
grain density ng = n,(0) varied in the range 195-300 cm >, which corresponded to the results
obtained in the first stage of the experiment. The spatial distributions of the drift and thermal
grain velocities, the velocity distributions of dust grains, and the self-diffusion coefficients during
the first 10-15 s of the experiment are shown in figures 7-9. An analysis of the experimental
results is presented in the next section; it is mainly based on the data from the third stage of
experiments, which were repeated several times and demonstrate the necessary repeatability.

New Journal of Physics 5 (2003) 102.1-102.17 (bttp://www.njp.org/)


http://www.njp.org/

102.6 Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

(a)14 _ T

er mmy/s ’ V., mm/fs

1.0 ¢

06 1

02

03 b 1@
02 +

a1 r

0p
0 1 2 3 4 5 6 7 8 9 10

Figure 3. Grain velocities V, and V, along (a) the X-axis and (b) the Y-axis
versus time for different viewing-field sections: x = (1) 0-1, (2) 4-5, and (3) 7—
8mmaty =0-8 mmand y = (4) 0-1, (5) 1-2, and (6) 6-7 mm at x = 0-9 mm.
The dashed curve shows the approximation V(t) = V(0)exp(—Tyaxw?), and
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4. Results and discussion

4.1. Temperature and velocity distribution of dust grains

Irregular variations in the magnitude and direction of the velocities of individual grains against
the background of their general drift motion (see figure 5) can be associated with the grain kinetic
temperature, which in the case of Maxwellian distribution over the velocities V, and V), can be
expressed as

Tiy = mpy((Vi,)) = (Vi) (1

X

where the angular brackets stand for averaging over the ensemble and time. During the first
10-15 s, the spatial distributions of the mean (drift) velocities (V) of dust grains toward the
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Figure 5. Particle trajectories after irradiation.

ampoule wall and the thermal velocities V[, = ((sz(y)) — (Vi)H'/? changed only slightly
(see figure 7). The recorded grain distributions over the V. and V|, velocity components turned
out to be close to Maxwellian with the temperatures calculated by formula (1) (see figure 8).
At ng = 195-300 cm 3, the temperatures obtained by formula (1) for different regions of the
ampouleare 7, = (51£5)eV, T, = (2242)eV;i.e., they are much higher than room temperature
T = 0.03 eV. We note that the kinetic energy of random grain motion in the plasma can be non-
uniformly distributed over the degrees of freedom (i.e., Maxwellian distributions with 7, # T,
can occur) and the kinetic grain temperature can substantially exceed the temperature of the
surrounding gas. These effects can be related, e.g., to the grain charge fluctuations or the spatial
inhomogeneity of the plasma-dust system [3], [19]-[21]. The anomalous heating of grains has
been repeatedly observed in experiments on dusty structures in laboratory plasmas [3], [21]-[23].
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Figure 6. Measured time dependences of the relative density n,/ ng for ng =195
and 300 cm ™3 (®, O). The light curves show the calculations by method of
molecular dynamics, curves 1 and 2 correspond to approximation (15), and curve 3
shows the functionn,/ ng = exp(—vqt). The (#) and ({) show the time behaviour
of 1/R for n) = 195 and 300 cm ™ respectively.

4.2. Friction coefficient and thermal diffusion coefficient

In the system under study, the grains reside in a viscous medium; hence, dissipation due
to collisions with the buffer gas atoms significantly affects the grain motion. At room
temperature, the mean free path of neon atoms is determined by the relationship /, (um/Torr)
~ 50/ P (Torr) [15] and, under our experimental conditions (P = 40 Torr) it is /, & 1.25 pum,
which is much less than the minimum radius of the bronze grains (a, = 25 um). In this case
(ap > 1), the friction coefficient vg can be written in the Stokes’ approximation [24]

vy = 6mrna/m, = 4.57](,0513))’1, (2)

where p is the mass density of the grainand n ~ 10~* g cm~! s~! is the viscosity of neon at room

temperature. Thus, for bronze grains with a mean radius (a,) = 37.5 um, we have v, ~ 4 s~
The diffusion coefficient of the non-interacting (Brownian) grains can be calculated by the
measured grain temperature as

Dy = T3 fvgm,, (3)

Then, for vy, = 4 s7', T, = 51 eV, T, = 22 eV we have D = 107 cm?s™! and
Dy = 4.4 x 107° cm®s™'. The grain thermal diffusion coefficients D can be directly
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Figure 7. Spatial distributions of the drift velocity (V') (¢, O) and thermal velocity
VT (#, ®)of dust grains over (a) the X - and (b) Y -axes forn) = 195 and 300 cm .
The dashed-and-dotted curve shows the minimum radial grain velocity for a dust
cloud transparent to the emitted electrons.

determined from the experimental data, taking into account the regular grain drift velocities
(Vi(y)) (see section 4.1):

DOt = [(Ar (1Y) — (Ve (0)P)/21, @

where (Ar(t)?) is the mean square displacement of an individual grain along either the OX (or
the OY) axis. When the interaction between grains is negligible, the self-diffusion coefficient
Dg(” at t — oo should obey the Einstein relation (3); i.e., D;(y) (t - o0) = Dg(y). Figure 9
illustrates the dependences D;(Y)(t) measured in some regions of the ampoule and the results
of averaging these dependences over all the experiments. At ¢t = 4 s, the measured Dg(y)(t)
values are equal to Dy ~ 1.3 x 105 cm? s™'and D} = 5.7 x 107% cm? s7'; i.e., they are ~30%
higher than those obtained by equation (3). We note that the value vy &~ 4 s~!, obtained for the
grain mean radius (a,) = 37.5 um, may not correspond to the effective friction coefficient for a
polydisperse dusty system. We also note that, in the preliminary ‘dark’ regime, the probability
for a grain departure to the wall is higher for smaller and hence more mobile grains.
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Figure 8. Particle distributions over the V, velocity component (¢, ) in the
region (x = 7-8 mm, y = 0-8 mm) and the V| velocity component (®, O) in
the region (y = 5-6 mm, x = 0-9 mm) for ng = 195 (¢, ®) and 300 cm >
({0, 0). The dashed curves show the approximation of the experimental data by

Maxwellian distributions with temperatures 7, = 51 eV and T, = 22 eV.
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Figure 9. Time dependences of the diffusion coefficients D and D; (dashed
curves) measured in one experiment in the regions (x = 7-8 mm, y = 0—-8 mm)
and (y = 5-6 mm, x = 0-9 mm), respectively, and the values of Dg(y) averaged
over several experiments (®, O) and their fits by formula (7) (solid curves).

The time dependence of the self-diffusion coefficient for non-interacting grains can be
represented as [18]

DY (1) = Dy {1 — (1 — exp(—vt)) /vt ). ®

Using the measurements of D;“”(r) we can restore both the friction coefficient vy and the

diffusion coefficient D} = D™ (t — 00). The approximation of the experimental D3 (1)

—1

dependences by equation (5) for T = 51 eV and T} = 22 eV (see figure 9) gives v, = 3.1s7,
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Dy =14 x 107 cm? s™'and Dy = 6.2 x 107°cm? s!. It can easily be seen that the measured
behaviour of Dg(y)(t) is in good agreement with equation (5) for non-interacting grains. Note
that, for strongly correlated dust systems (I', > 40-50), the time dependence of the diffusion
coefficient D, is nonmonotonic; in contrast to the experimental data shown in figure 9, it has a
pronounced maximum [18].

4.3. Charge of dust grains

Photoemission charging plays an important role when irradiating grains with photons with
energy hv exceeding the photoelectron work function from the grain surface. The number of
emitted electrons (the photocurrent) is proportional to the intensity of the incident radiation. The
maximum kinetic energy of photoelectrons KCy,,x = hv — W increases linearly with the incident
radiation frequency v and does not depend on the radiation intensity. Thus, the maximum
photoemission grain charge Z,,« can be found by equating the surface potential ¢ = eZ.x/ap
to the quantity Cp.x/e [14]:

Zmax = {hvmax - W}ap/ez’ (6)

where /v,y 1s the maximum photon energy, which, in our case, is determined by the transmission
function of the experimental chamber and corresponds to the wavelength A, = 0.35 um [6].
Thus, for (a,) = 37.5 um, we have Z,,x ~ 53 000. Generally, the photoelectron flux depends
on the radiation source properties, the efficiency of radiation absorption Q, the quantum yield
Y, and the temperature T, of the emitted electrons. Moreover, the grain charge is affected by
the emission properties of grains and the presence of photoelectrons that return to the grain
surface. The latter effect can significantly decrease the equilibrium grain charge Z, compared
to its limiting value Z,, [14].

Let us evaluate the charge of bronze grains exposed to solar radiation. To calculate the
photon flux J, the solar radiation can be considered as blackbody radiation with the temperature
T. = 5800 K [13]:

Ao
J= [ feerd”*/l{exp(c2/ATe) — 1}he] da, (7)

Amin
where Ay, ~ 0.35 um, A is the boundary wavelength for the photoelectric effect, and f; is
the transmission function of the experimental windows (the uviol window of the ampoule and
the quartz window of the Mir space station). We can take f,, &~ 0.85 with good accuracy for
our estimation of Z, [6]. Thus, we have J ~ 3.4 x 10" photon s™! em~2. Since photons with
energies of <4 eV are incapable of ionizing the buffer gas, the positive grain potential will be
determined by the balance between electron recombination on the grain surface and the flux of

the emitted photoelectrons.

Let us estimate the minimal value of particle charge Z,,, assuming that the system is non-
opaque to the emitted electrons (all emitted electrons are trapped within the grain cloud). Then
the electron density 7. in a dust cloud will obey the quasineutrality condition n. = Zyn,. Here
it should be emphasized that in our case the induced radiation (A < Ay, = 0.35 wm) cannot
ionize a noble gas, such as neon, with the ionization potential / > 4 eV. Thus, the considered
system will consist of the positively charged dust grains and emitted electrons only. When the
electron mean free path /. in collisions with neutrals is comparable with or exceeds the grain
radius a, (I, > ap) the electron balance equation can be written in the form [25,26]
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8T, \1/2 hv — W — e, . Tpe hvgna — W — e
(B = v () v T )
e pe max ~

)

where m. is the electron mass, 7 is the plasma electron temperature, and Y * is the mean quantum
yield of caesium-coated bronze in the spectral range under study. The temperature T, of the
photoemission electrons depends on the grain material and, in most cases, lies in the range
1-2 eV [12,13]. Then, under the assumption 7. ~ T,,. = 1.5 eV, we obtain from equation (8)
that, for the grain radius (ap) = 37.5 um, the limiting charge Z,,x ~ 53000 is attained at
densities n, ~ 400-200 cm > (which corresponds to Y* ~ (0.8-4) x 1072, depending on the
thickness of the caesium layer and its chemical purity). Thus, at n, < 400 cm 3, the electrons
returning to the grain surface will not significantly affect the equilibrium grain charge. The
higher n,, the lower the equilibrium charge; thus, at n, ~ 900 cm™ (Y* ~ 8 x 107?), we have
Z, ~ 40 000.

The electron temperature in the system under study may be different from the temperature
T, of the photoelectrons leaving the grain surface. Thus, in the absence of an electric field,
the characteristic time of electron energy relaxation (the time during which the electron energy
falls by a factor of ~2.7) is determined as 7, ~ 16!, (where T = vnel, is the electron—neutral
collision frequency, and §~! is the number of effective collisions for electron-neutral energy
transfer) and the effective relaxation length is A, & [,.6~'/? [15]. For neon, § ~ 10~* and, the
relaxation length is A, (cm Torr~') &~ 12/P. At the given pressure, this length is ~0.3 cm;
i.e., it is longer than the mean distance /, ~ 0.15-0.18 cm between the dust grains, which are
the source of background electrons. Hence, the emitted electrons lose about 30% of their initial
energy over a distance of ~I,/2. Such an insignificant energy loss can readily be balanced by
the stochastic energy input due to the presence of electric fields in the system [15]. Accordingly,
in further calculations, we assume that 7. = T..

The theoretical estimates of Z, by formulae (6) and (8) can only provide the order of
magnitude of the photoemission charge acquired by a grain because they strongly depend on
the accuracy with which the grain parameters (work function W and quantum yield Y') and the
spectrum of inducing radiation are determined; in turn, this accuracy depends on the specific
experimental conditions. To measure the charges of individual grains moving with velocity V
in a known electric field E, one can use the equation of motion [6]

dV/dt = —v,V + EeZ,/m,. 9)

To solve equation (9), one needs a priori data on the electric field E, which (as well as theoretical
estimates of the grain charge) depends on the transparency of the dust cloud to the emitted
photoelectrons. Let us suppose that, at t > 100 s, all the emitted electrons have already left
the dust cloud and the electric field E is equal to the field of a uniformly charged cylinder:
E ~ 2mweZyn,xg where xg is the distance from the tube axis. In this case, estimating the grain
charge from equation (9) with the use of the measured values of dV /dr and V for individual
grains [6] gives charges ranging from Z, ~ 4 x 10* (vy =3 s7')t0o Z, ~ 3 x 10* (v, = 4s71),
depending on the chosen value of the friction coefficient vy;.

In a cloud transparent to photoelectrons (n. = 0), the grain charge Z, can also be evaluated
from the measured time dependence of the grain density n,(¢), which characterizes the rate
with which like-charged dust grains escape from the measurement volume due to electrostatic
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repulsion. If the electric forces acting on an individual grain from all the other grains are balanced
by the friction forces, then the dependence n,(7) can be approximated as [6]

np(Ar) = n?(1+3wiAt fvg) ! (10)

where wy = eZp{n;0 / mp}l/ 2 a ng) is the dust grain density at a certain time t = ), and

At = (t — ty). Approximation (10) allows one to determine w, by fitting the calculated
results to the experimental data; the result obtained makes it possible to find the grain charge.
Figure 6 presents the results of approximating the experimental data by equation (10) under
the assumption that the system becomes transparent as the grain density decreased to values
lower than n(f) = 90 cm™ (¢t > 45 s) and ng’ = n, (tp = 45 s). Hence, it follows that
3wi /v &~ 0.007 s~! for ng = 195 cm™? and ny = 0.37ng and that 3w} /vy, ~ 0.01 s~! for
n) = 300 cm™ and nf = 0.3n). Therefore, the grain charge is Z, = (4.3 +0.2) x 10" at
v & 387 At & 4571 Z, s larger by ~15%.

Figure 6 also presents the results of calculations of n,(r)/ ng using molecular dynamics for
the parameters close to the experimental ones under the assumption that the system is transparent
to the emitted electrons. A set of three-dimensional equations of motion was solved for a
cylindrical ampoule (see figure 2) with the random (Langevin) force Fy,, assuming that the
grains have zero initial velocities and are absorbed on the cylinder wall:

d?7 Fp —F; dry -
my s = ij <1><r)|r:m_;,|m — myvie -+ Fir. (11)
Here, ®(r) ~ (eZ)?/r?, and r is the distance between the two interacting grains. It can easily
be seen that the assumption of system transparency (Coulomb repulsion) allows one to describe
the experimental data within the applicability range of formula (10) for # > 45 s. Att < 20 s,
the rate at which grains escape from the measurement volume is significantly lower. This effect
manifests itself in the magnitude of the recorded drift velocities of dust grains, which are lower
than those expected for a transparent cloud: V =~ 2n(eZp)2npxR /(vimy) (see equation (9)).
The estimated minimum drift velocity V =& (0.1 s~'xg) for this case is shown in figure 7(a)
by the dashed-and-dotted curve for Z, = 4.3 x 10* and n, = 200 cm™>. This phenomenon
can be related to the presence of the polarization electric field, whose magnitude is lower than
the electric field in a transparent system of charged grains by a factor of ~(1/R)?, where A is
the electron Debye radius [15] (A* = T./4me’n). The possibility of polarization caused by the
separation of opposite charges is determined by the requirement that the dust cloud is opaque to
the emitted electrons (see the last section for details).

In a two-component system consisting of grains and electrons, the approximation of the
dust cloud opacity corresponds to the quasineutrality condition

on = |n. —ny| K n~n,~x Zyn,.
For a cylinder of radius R, this is true when [15]
sn/n~ (A/R)* < 1. (12)

Thus, for a dust cloud in a 1.5 cm radius tube, condition (10) is metat n, ~ Zyn, > (2.5-4.9) x
10° cm™3 (for T, = 1-2 eV)

The other limiting case is that where all the emitted electrons freely escape from the system
(n. =~ 0):

eAp < T,
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where Agp = 7 Z,n,R? is the potential difference in the electric field of a uniformly charged
cylinder of radius R. Hence, the criterion for the dust cloud to be transparent to photoelectrons
can be obtained from the condition

»p/R > 0.5 (13)

where )Lg = T./(4me*Z,n,) is a quantity equivalent to the Debye radius squared of an opaque
system. Thus, the condition that the system is transparent to the emitted electrons is determined
by the parameter /R, where A* = T,/(4we*Z,n,) both in the case of n. &~ Zn, (when this
quantity can be associated with the screening length in a two-component system) and at n, = 0.
The experimental time dependence of A /R is shown in figure 6 for the grain parameters (Z,,
np) measured at T, = 2 eV. Here, the dashed-and-dotted curves show the margins A/R = 0.5
and A/R = 0.33 corresponding to the limiting cases of transparent and opaque dust clouds (see
equations (12) and (13)). It can be seen that the region A/R > 0.5, in which the system can be
assumed to be transparent (r > 60 s), approximately corresponds to the time domain in which
the grain charges were measured using this assumption.

4.4. Characteristic times for different dynamic regimes

The data on the grain charges and friction coefficients allow us to estimate the characteristic
times and frequencies in a dusty system for different dynamic regimes. In the case of the dust
plasma frequency w, = Z,e(4n,/m,)"/? less than the friction coefficient vg, the time Tyaxw
during which dynamic equilibrium in a system of charged grains is established is determined
by [6, 15]

TMaxw = 1)fr/a);- (14)

At n, = 195-300 cm™3, we have Tyuw ~ 4-6 s, which is close to the relaxation times
for the temperature and intergrain correlation observed in our experiments (see section 4.1).
The minimum value of the coupling parameter I'™" in the state of dynamic equilibrium can
be estimated by choosing the maximum temperature 7, = 7, = 51 eV and the minimum
grain density ng = 195 cm~3. Since in our experiments k < 0.5 (T, = 1-2 eV), we have
v = (1+k+«%/2)exp(—c)l = T = (eZ,)?*/1,T,. Consequently, at Z, ~ 4.3 x 10*
(v = 3s71), we have ™" &~ 32.

In the experiments performed under solar irradiation (see section 4.1, second stage of the
experiment), the time Ty« during which the dynamic equilibrium in a dusty system is established
can be measured by monitoring the decay of the initial grain velocity V (¢) acquired with shaking
the ampoule. This velocity should behave as ~ exp(—?/Tyaxw) [15]. The approximation of
the V(¢) dependence by the curves V(1) = V(0) exp(—t/TMaxw) at TMaxw = 1 S is shown in
figure 3. The obtained value of Ty is in excellent agreement with a value of ~1 s, calculated
by equation (14) for the measured parameters: n, ~ 900 cm—, Z, ~ 4.3 x 10%, v =357,

We note that the high-frequency @ ~ 4.5-5.2 s™! dust grain oscillations (see figure 3)
during the relaxation to dynamic equilibrium could also be due to the polarization effects related
to the separation of opposite charges. Thus, for charged-particle oscillations with frequency
o and amplitude A, that is, close to one-half of the characteristic spatial scale for charge
separation (2A = A) in the polarization electric field (which is proportional to ~T,), we can
write my(wi/2)* /2 ~ dme* Zin,\* = Z,T.. Hence, at n, ~ 900 cm™ and Z, &~ 4.3 x 10", the
oscillation frequency is w = e¢Z, (327n,/m,)"/* ~ 4.6 s~'. One can easily see that the obtained
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frequency w is higher by /8 ~ 3 times than the dust frequency w,, because we use the value
of A = A/2 (instead of A which is true for half-infinitive systems) as the characteristic scale for
charge separation. Under assumption A = A the polarization effects near the opposite ampoule
wall would not be taken into consideration.

4.5. Ambipolar diffusion

Let us consider a two-component system consisting of positively charged grains and the
photoelectrons emitted by them. Because of a significant difference in the electron mobility
M. and the dust grain mobility wu,, the components of this system will be separated in the entire
ampoule volume and a negative surface charge will arise on the wall. The arising polarization
electric field will impede the further separation of the charged components; consequently, the
electrons will diffuse together with heavy grains with a certain effective coefficient of ambipolar
diffusion D,. The D, value is determined by the diffusion coefficient of the less-mobile
component; in the absence of external magnetic and electric fields, it can be written as [15]

D, = {De/Lp + Dopee} /{1ty + e}, (15)
where D. is the coefficient of free diffusion,
De = Te/venme’ (16)

and D, is given by formula (3). Since p. > u,, the coefficient of ambipolar diffusion can be
written as D, &~ Dy + D.up/ .. Then, with allowance for formulae (3) and (16), we have

D, ~ (1 + Z,T./T,) Dy. (17)

We note that equations (15)—(17) are valid only in the case of a weakly ionized electron—
dust system, in which dissipation is determined by the buffer gas neutrals, whereas the
collisions between charged particles are unimportant. On the other hand, the coefficient of
ambipolar diffusion describes the polarization effects, which are absent in a rarified plasma
with low densities of charged components. In such a plasma, particle diffusion is determined
by coefficients (3) and (16). Diffusion is ambipolar when the plasma is quasineutral and
condition (12) is met. Hence, the regime of ambipolar diffusion is determined by the inequality
A/R < 0.33 (6n/n. < 10). Thus, for t < 10 s (figure 6), the polarization effects related to the
separation of opposite charges are feasible in the system under study.

Assuming that, at t < 10 s, the charge loss in our experiment is related to the ambipolar
diffusion toward the wall, the mean diffusion loss rate for dust grains can be written as [15]

dn,/dt = —npvy, (18)
where vy is the effective diffusion loss rate,

va = —D,/Aj, (19)
and A4 is a characteristic scale length. For a cylinder of radius R = 1.5 cm and length

L = 4R, we have A2 ~ ((2.4/R)* + (7/L)*)~' = 0.75 cm [15]. The diffusion loss rate vy
can be estimated by the rate at which the relative grain density changes. The experimental
curve ny(1) /ng is in good agreement with the exponential solution n, = ng exp(—vqt) of
equation (19) with cvy = 0.035 s™! at + < 10 s (see figure 6). Hence, the estimated
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coefficient of ambipolar diffusion is D, = A’vy = 1.3 x 1072 cm s~!, which is much
larger than the measured coefficients Dg@‘ ) of grain self-diffusion. To compare the obtained
coefficient D, with its theoretical value D, ~ Z,T.D,/T,, we use the measured values
Z, ~ (4.3 +£0.2) x 10* and D,/T, ~ 2.8 x 1077 cm?s™' eV~! and assume 7, = 1-2 eV.
Then, we have D, ~ (1.2-2.4) x 10~2 cm~2 s~!, which agrees with the coefficient of ambipolar
diffusion measured by the rate at which the grains depart to the wall to within the accuracy in
determining the characteristic length A4, the grain parameters and the validity of the assumption
T. = 1-2¢eV.

5. Conclusion

We have presented the experimental results on the dynamics of dust grains charged via
photoemission under microgravity conditions. The velocity distribution, temperature, mean
charge, and diffusion coefficient of the dust grains are determined. An analysis of the
experimental data shows that, in the initial stage (¢ < 10 s), the particles undergo ambipolar
diffusion; i.e., the densities of the charges of both signs are so high that the charge separation
leads to the formation of a significant space charge, which induces the polarization electric field.
The polarization caused by the separation of opposite charges decreases the drift velocities of
the dust grains with respect to their velocities in a system transparent to photoelectrons and
affects the excitation of high-frequency oscillations observed after the dynamic action on a dust
system exposed to solar radiation. We emphasize that direct experimental observations of the
phenomena related to charge separation in an electron—dust plasma are impossible under the
Earth’s gravity conditions because of the necessity of using an electric trap for levitation of dust
particles in the gravity field.

To conclude, the experiments show that the interaction between dust grains hardly affects
either the grain self-diffusion coefficient, which remains close to the Brownian one D,, or
ambipolar dust transfer, whose theory is based on neglecting Coulomb collisions between
oppositely charged particles. Thus, we can suggest that, if the coupling parameter I" is no
higher than 30-35, then the transport properties of strongly dissipative systems of dust grains
(wp/ve: < 1) with a weak screening of the grain charges (¢ < 1) can be described with good
accuracy in the gas dynamics approximation.
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