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The dynamics of the formation of ordered structures of macroparticles charged by photoemission
under the action of solar radiation under microgravitational conditions without the use of
electrostatic traps to confine the particles is studied experimentally and theoretically. The working
conditions needed for the formation of structures of charged macroparticles are chosen as a
result of a numerical solution of the problem posed, the particle charges and the interparticle
interaction parameter are determined, and the characteristic times specifying the dynamics

of the formation of an ordered system of macroparticles are calculated. The behavior of an
ensemble of macroparticles under the effect of solar radiation is observed experimentally

on board the Mir space station. An analysis and comparison of the results of the experimental
and theoretical investigations permit drawing a conclusion regarding the possibility of

the existences of extended ordered formations of macroparticles charged by photoemission under
microgravitational conditions. €998 American Institute of Physid$§1063-776(98)00712-4

1. INTRODUCTION A plasma with positively charged particles can also form
as a result of photoemission when particles are irradiated in a
Space research has revealed the importance of dust abdffer gas by a flux of photons with an energy exceeding the
dust structures in the formation of stars, planetary systemsyork function of a photoelectron escaping from their surface.
and planetary rings, in processes occurring in the upper laydnder certain conditiongparticle size and concentration,
ers of the atmospherghe magnetosphere and ionosphere wavelength and intensity of the UV radiation, and photoelec-
etc}=3 One of the mechanisms for charging dust particlesron work function crystalline structures can appear in such
under the conditions of outer space in the presence of intense systenf:'! The characteristic value of the photoelectron
fluxes of ultraviolet radiation is photoemission. As a result ofwork function for most substances does not exceed 6 eV;
this process, macroparticles measuring several microns caherefore, photons with an energyl12 eV can charge par-
acquire a positive charge of the order o?$0l0° electron ticles without ionizing a buffer gas, such as He or Ar.
chargeg. On the other hand, under the conditions of a low-  Three principal mechanisms can be singled out among
pressure gas discharge, the strong interparticle correlatiotme mechanisms by which dust acquires a positive charge.
resulting from the large values of the macroparticle charg&hey are the thermionic emission, photoemission, and sec-
(of the order of 16— 10° electron chargedeads to the for- ondary emission of electrons from the surfaces of dust par-
mation of ordered structures in the arrangement of the madicles, which, along with charging by electrons, can play a
roscopic particles, which are similar to the structures in ssignificant role both in the formation of cosmic dust struc-
liquid or a solid®>~! The principal mechanism for charging tures and in processes occurring in the upper layers of the
particles immersed in a radio-frequengy) or dc discharge atmosphere. The existence of different mechanisms for
relies on electron and ion fluxes. Because of the higher temeharging dust in outer space can cause the agglomeration and
perature and mobility of electrons, the particle charge iggrowth of particles due to the electrostatic attraction of dust
negative. particles with opposite charg€s® or lead to the formation
One common feature of this group of experiments is theof plasma-dust structures with a predominant contribution of
fact that the ordered structures observed do not have a freme of the mechanisms for charging macroparticles under
boundary, since they are confined by the electric field of aconsideration. The investigation of such structures is prom-
striation or the electrodes in the earth’s gravitational fieldising from the standpoint of both basic science and techno-
and by the potential well formed by the field of the rf dis- logical applications. It is noteworthy that the possibility of
charge or the floating potential of the walls of the gas-studying plasma-dust crystals with free boundaries can be
discharge vessel in the horizontal direction, respectively. Exrealized most fully only under the conditions of weightless-
periments involving the observation of ordered structures ofiess or microgravitatioh. The study of the formation of
positively charged cerium oxide particles in a laminar jet ofordered structures of charged macroparticles under micro-
a weakly ionized thermal plasma are exceptibng? gravitational conditions yields new information, which can-
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It The conditions for the formation of ordered structures of
\ffl:glgoogiggf macroparticles induced by the effects of solar radiation are
investigated using particles of cerium oxide (GgOpar-
£ ticles of lanthanum boride (Lafp, and spherical particles of
2 7 a bronze with a cesium coating. The choice of these particle
A m materials is specified by the efficiency of their photoemission
charging and low adhesion, so that the particles under inves-
L“*O tigation would not adhere to one another and would not pre-

cipitate on the walls of the working chamber. The reference
data on the quantum efficiend§of the particle materials in
the near-UV and visible regions of the spectrum, the work

not be obtained under laboratory conditions on earth. function W for photoemission, and the densitipsof the
The purpose of performing the space experiment was tgarticle materials are listed in Table I, which also indicates
study the possibility of the existence of plasma-dust structhe size(radiug r, and initial concentratiom, of the par-
tures in the upper layers of the earth’s atmosphere when tHécles. The initial concentration, of the particles is deter-
particles are charged by solar radiation as a result of thg1ined by the condition of transparency of the disperse sys-
photoemission of electrons from their surface. The working®m t0 the external photoinducing radiation, on the one hand,
conditions needed for the formation of structures of charge@nd the possibility of achieving the maximum values of the
macroparticles in the experimental chamlére type of interparticle interaction parametEr on the other hand. Tak-
buffer gas and its pressure, as well as the concentration, mH1g into account the optical characteristitse refractive in-
terial, and size of the particlewvere selected as a result of a dex and sizesof the particles investigated, we can estimate
preliminary numerical analysis of the problem posed; thethe optical densityr of the disperse layer as
partigle charges induced by solar radiatipn and the interpar- r~27-rr,2)an, 1)
ticle interaction parameter were determined, and the times _ _ _ _ _
specifying the dynamics of the formation of an ordered sysWherer, is the particle radius an# is the height of the
tem of macroparticlesthe charging time, braking time, and vessel with the particles. The interparticle interaction param-
dispersion times of particles in the working chamber and théterI’ can be written as a function of the particle concentra-
times for establishing ordered dust structyiresder micro-  tion n, in the form
grawtat.lonal condmgns without the use of electrostatic traps F=(Ze)2(47-rnp/3)1’3/Tg. @)
to confine the particles were calculated. The calculations s _
were performed for particles of different materials and sizedlere | =(47ny/3)" =" is the mean distance between par-
(1-100 xm) with variation of their concentration and the ticles, Z is the particle charge, anfj is the temperature of
pressure of the buffer gas. the particles, which is equal to the temperature of the buffer
Experimental investigations of the behavior of an en-gas &0.03 eV. Thus, an optical density~1, which per-
semble of macroparticles charged by solar radiation werdnits achievement of the maximum valueslofvith lowering

performed under microgravitational conditions on board theof the radiation intensity roughly by a factor ef2.78, was
Mir space station. selected as a criterion for selecting the valuengf The

initial particle concentration was determined fr@i) as

FIG. 1. Geometric dimensions of the working chamber.

2. FORMATION OF ORDERED STRUCTURES OF np~ 1/27r2H. 3)
MACROPARTICLES UNDER THE ACTION OF SOLAR P . .
RADIATION The mass of the particle load in the vessel was calculated

from the volume of the vessétee Fig. 1, the required con-
centrationn,, and the mass of an individual particle with the
Let us consider macroparticles in a neutral gas beingnean radius , (Table ). The results of experimental inves-
irradiated by a source, whose emission has an intensity andtaations of the behavior of CeQLaBg, and bronze particles
spectral composition corresponding to the characteristics ainder low-pressure condition®.01-100 Tory were also
solar radiation with consideration of the spectral transmis{aken into account. More specifically, because of the ag-
sion coefficient of the illuminator, the air layer, and the win- glomeration of Ce@and LaB particles and their precipita-
dow of the working chambeéiFig. 1) with the particles under tion on the vessel wall, the particle concentration in the
investigation. working volume decreases by roughly an order of magni-

2.1. Photoemission charging of particles

TABLE I. Values of the radius, and the initial concentration, of particles with a material of densify, the quantum yieldr, the work functionW, the
limiting particle chargeZ,,.« (4), the interparticle interaction parametér,,, (2), and the effective photon flux densify(6) of solar radiation.

Particles Mo, M p, glen? W, eV Y J, photons/crh n,, licn? Zmax @ T max
CeQ 0.5-15 7.3 3 102 1.33x10% 7.0x10° 7.8x 107 4.2x 107
LaBy 1-5 2.6 2 102 9.16x 10% 7.2x10° 4.5x10° 1.4x10

Bronze 25-50 8.2 1.5 1d 1.72< 10 5.6x 10° 6.9x 10* 6.5x 10°
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£, here that the efficiency of the absorption of UV radiation is

close to unity. The temperatuiig, of the electrons leaving a

particle surface upon photoemission depends on the particle

0.4 material and lies in the range from 1 to 2 eV in most

' cases®1® Assuming that the rate of electron recombination

on the particles exceeds the rate of thermal energy loss due

to collisions with neutrals, we can s€pe=T,.

In order to determine the equilibrium chargg

FIG. 2. Spectral transmission functidg()) of the device. = ¢4 p/€ of the particles under investigation in the working
chamber and to estimate the dust charging time, we must
calculate the integral numbdrof solar photons that are ca-

tude. Values ofn, ten times smaller than the table values pable of causing the photoemission of electrons from a par-

were used to estimate the mean distance between these pti¢le surface and estimate the concentratignof electrons

ticles (CeQ, LaBg) andl" .« (Table ). The bronze particles returning to the particle surface. To calculate the photon flux

did not adhere to one another when the vessel was evacuatetgnsityJ, solar radiation was simulated by a black body with

and the table value of the particle concentration corresponda temperature of 5800 K. The calculation was performed

to the basic theoretical parametey. using the formula

The limiting (maximum chargesZ,,,, of the particles
following the photoemission of electrons from their surface
and the value of the interparticle interaction paramétex,

can be estimated from the condition of equality between the . o . )
surface potentialp and the quantithv,,.,—W as where f, is the transmission function of the experimental
S max

chamber(Fig. 2), A in=0.3um, and\ ., i.€., the red edge
Zinax= (hvmax—W)r /e, (49 of the photoeffect, is determined by the work functiarfor
where hv,,, is the maximum photon energy, which corre- the part!cle rr)ateria}l. The results of the c_alculations] ddr
sponds in our case to a wavelength,,=0.3xm and is de- the particles mvestl.gated are presented in Table l.
termined by the transmission functiép of the experimental ~_ 1he concentratiom, of electrons returning to the par-
vessel (the transmission of the quartz illuminator, the air ficle surface can be obtained from the solution of the prob-
layer, and the glass of the working window of the vegsel lem of an mfm!te 'cylmder unlform_ly charged throughoqt its
The dependence of the approximating transmission functiofoluUme. The distributions of the fiele(r) and the potential
f,, of the apparatus on the wavelengthused in the further <_{>(r) in such a cylinder are specified by the following rela-
calculations is shown in Fig. 2. The valueszyf,, obtained  tons
from E_q.(4) and the values.dfmax obtained from Eq(2) are E(r)=2mor, (72
listed in Table I. It can easily be seen that the valu& @nd
the charge of the particles increase with their size. However, $(1) =7 (R2=12)+ By, (7b)
the selection of large particles witly>100um for perform-
ing the experiments is undesirable, since it requires loweringvhere o=e(Zn,—ng) = en‘g’a” is the space-charge density
the initial particle concentration,, [see(3)] to values that and ¢, is the potential of the wall of a cylinder of radius
are unsuitable for observation. Reyi- The floating potential of the surface of the vessel wall
Let us estimate the value of the charge of the particlesp,,, is then determined by the photoelectrons escaping from
when they are irradiated by a source with a solar spectrunthe particles, and the field appearing in the ampul does not
taking into account that the plasma-dust system under corallow all the electrons emitted to leave the particle system.
sideration consists of positively charged macroparticles andhe concentrationn‘ga" of electrons reaching the ampul wall
photoelectrons emitted by them. The positive potential of thean be estimated from the relatidie=eA ¢, whereeA ¢
particles is established as a result of the balance between thee¢, —ed, iS the mean energy lost by electrons in the
recombination of electrons on a particle surface and the phaelectric field of the vessel. According to the mean-value
toemission electron flux from the particle surface. In the caseheorem, from(7b) we have
of a dilute plasma(with a concentration of neutralg,
<10* cm™3), in which the mean free path of photoelec- bav= Pwai— TIRG/3.
trons before collisions with neutrals greatly exceeds the par-

ticle radiusr, (I¢>r,), the balance equation can be written The cqncent'ratlgme of electro_ns remaining in the volume
in the following form® under investigation can be written as

Te M. eds|_ vexd eds Ne=2ZN,— g =Zn,— 3T,/ me?R3,,. )
2mmg '

(5
Te Te An estimate of the value ai®®" for photoelectrons with a
wherem, is the electron mass), and T, are the electron temperatureT,.=1—2 eV gives n“=5x10° cm 3 in a
concentration in the bulk of the plasma and the electron temvessel with a radiuR.,=1.5 cm. The values oZ and I
perature ] is the photon flux densityy is the quantum yield calculated on the basis of the valuesrrﬁP" andJ obtained
of photoelectrons, andl, is their mean energy. It is assumed are listed in the first row for each type of particle in Table II,

08
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TABLE Il. Values of the interparticle interaction paramefemand the par-  TABLE IIl. Values of the natural frequency, of charged macroparticles
ticle chargeZ, calculated from the balance equati(@) for various values  for an initial concentratiom, the braking timer,,, the drift times of the

of the macroparticle concentration,. particles to the vessel wall for lowering the initial particle concentratign
by factors of 10 {;4;) 100 and {,4,), and the time for establishing short-
Particles ng, cm 3 Z.e r range ordetg, for various values of the pressure
10° 3 10°2 Particles P, Torr ng, cm 3 wg, st Tors S tigny St S tey, S
CeQ, 10° 28 3.0<10°2 ' o 0 br s e S bz S tsy,
10t 212 7.5 0.01 16 67.7 1.25  0.023 0.061 0.015
CeQ, 10° 21.4 0.074 0.192 0.047
106 14 15101
LaBsg 10° 131 6.2 70 1¢ 67.7 1.8K10* 364 40 0.12
10t 785 16 10° 27.4 36.4 400 121
10 2672 5510 0.01 16 124.8 1.32  0.013 0.033 0.008
Bronze 18 5090 2.0¢<10° LaBg 10° 39.5 0.040 0.110 0.025
1o 50070 9.010" 70 16 1248 1.%104 1.01 11.14 0.034
10° 39.5 10.1 111.4 0.337
_ ) ) ) 0.01 16 0.778 52 2.00 528 1.28
which corresponds to a particle concentratigy¥ng in the  Bronze 16 0.246 6.41 16.71 4.06
\{elssel. It shoulq be not.e(];'i_ thaﬁaﬁo or:jl_y. if the initial par- 20 G 0778 013 3811 4191 127
ticle concentratiom satisfies the condition 107 0.246 3811 4191 12.7
NoZmax<nial.
Otherwise, the space-charge density in formulaa and
(7b) is defined asr=eZNg. dz T. \12 ed
. . . . 2 e S
The results of the calculations presented in this section ——=mr)4n, 1
dt 2mmg Te

allow us to postulate the possibility of the formation of
crystal- or liquid-type ordered structures of macroparticles eds
for assigned illumination condition$1¢,,,,x @ndJ) and mac- —YJex;{ T )]
roparticle parameters\, Y, r,, andng). However, it should ) wall 4
be noted that the presence of electrons from the externdine solution of(9) for both ng®'=5x10° cm™* andne=0
plasma or photoelectrons returning to the particle surface&hen the particles are chargedZe- Z sy gives 7, <10"° s
can significantly lower the chargg of the macroparticles Under our conditions. _ . .
and the value off". In the general case the condition for ~ The braking times, of macroparticles in a vessel with
transparency of the macroparticle cloud to emitted or “ex-tWo dn‘fer.ent yalues of the pressuF{aare listed in Table Il1.
ternal” electrons is close to the condition for transparency of! he braking timesr, for all the particles, except the bronze
the disperse system to the external radiation source causiifticles at the “high” pressure, were calculated in the free-

(€)

pe

photoelectron emission from the particle surfaces. molecule approximatioff! The value ofr, for the bronze
particles atP=40 Torr was determined within the Stokes
N ; : 21
2.2. Characteristic times specifying the dynamics of the approximation(the viscosity regime™
formation of dust structures The dispersion time of particles in a vessel can be ob-

o ) tained from a numerical molecular-dynamics analysis of the
The possibility of observing ordered structures of mac-yynamics of the particle system. To investigate the variation

roparticles induced by solar radiation in an experimentalyt ihe concentration of charged macroparticles as a function
chamber with finite dimensiori¥ig. 1) is determined by the ot time we solved the equation of motion with and without

characteristic times specifying the dynamics of the formation.,sideration of the thermdBrownian motion of the par-
of an ordered system of macroparticles. We shall estimatgqg:

the charging time, the braking time, the times for establish-
ing ordered macroparticle structures, and the dispersion time d?ry re—r; dry
of particles in the working chamber with a buffer gas at two mdF: 2 q)(r)|r=\rk*fj\m o md”ﬁ‘“ Fg.
different pressures. Neon was selected as the buffer gas for l (10)
performing the investigations because of its chemical inert- ] ] ) )
ness toward the material and cesium coating of the particle$1€r€¢ Ma is the mass of a particle, anbl(r) is the interpar-
its spectral transparency, and its high ionization potential'.“C'e |_nteract|on parameter. Eor a Coulomb interaction this
The choice of the two different buffer gas pressufe®1 duantity can be represented in the form
and 40-70 Toprwas dictated by the possibility of observing (e2)
the dynamics of the formation of ordered structures for dif-  P(r)=
ferent particle charge valuésee Sec. 2)1

The charging timery, of the macroparticles can be de- wherer is the distance between two interacting particles. In
termined from the time needed for a particle to acquire thehe our case Debye screening can be neglected, since the
chargeZ=Z,,, by solving the following differential equa- system under consideration is not electroneutral, and the De-
tion: bye radius is greater than the mean distance between the

= (11



JETP 87 (6), December 1998 Fortov et al. 1091

n/n
0 ning FIG. 3. Molecular-dynamics plots of the con-

centrationn(t)/ng (solid line) as a function of
0.811 the timet at the pressureB=40 (a) and 0.01
Torr (b) for various values of the initial fre-
0.4 quencywg: 1 — wy=0.32 s, ng=165 cm 3,
Z=69 000;2 — wu=0.53 s'1, ny=465 cn 3,
Z=69000;3 — wg=0.53 s'1, np=165 cn 3,

y y y T T T T ' T y Z=110400. The smooth lines show approxima-
0 20 40 60 80 100 120 0 2 4 6 8 10 tions based on formulad4g (a) and(14b) (b).

particles. The system of equatiofi) and(11) was solved was estimated on the basis of the dependences obtained. The
for a transverse section of a cylindrical vessel with consid-drift times of the particles to the vessel wall determined from
eration of the absorption of charged macroparticles on théormulas(14a and(14b) for lowering the initial particle con-
walls under the condition that the particle velocity is equal tocentrationng by factors of 10 {4;) and 100 {;4,) are listed

zero at the initial moment in time. An analysis of the solutionin Table Il for various initial conditions.

of Egs.(10) and(11) for the cases of highv=(r,) >1] The time for establishing ordered macroparticle struc-
and low (v=<1) buffer-gas pressures allowed us to concludeturestg, in a vessel at low and high buffer-gas pressures can
that the relative variation of the particle concentrationbe specified on the basis the solution(d) and(13) by the
n(t)/ng as a function of the time is determined by the following conditions:

natural frequencyv, att=0: t >, v<i, (159

2
g | Z T (12 ty~vlo?, 1, (15b)
My

where w=/[(Z€)’n/my is the natural frequency of the
i e ) ) ) charged patrticles in the structure. The molecular-dynamics
for various initial concentrations of macroparticles of differ- - lations show that the times for establishing short-range
ent materials with the chargé=Z,,. In addition, it was 5 4er correspond tdg*wo (v<1) and ty=0.1v/w? (v
found that thermal motion of the particles does not have 2.1). These values df,, are listed in Table Il for various
significant influence on their dynamic characteristdisper-  initial concentrations of particles with the charge=Z, .,
sion times and correlation functionat kinetic temperatures and buffer-gas pressurés
K of the particles up t&=10—-50 eV. Plots ofn/n, as a The results of the calculations show that the drift tige
function of time are presented in Figs. 3a and 3b for variougs the particles to the vessel wall is shorter in all the cases
values ofwo and bronze particles with the charie Zaxin - considered than the timi;, for photoemission charging of
a gas with highP =40 Torr, (Fig. 33 and lowP=0.01,(Fig.  {he particles and the timg, for establishing a liquid-type
3b) pressures. o _ macroparticle structure. Thus, it can be concluded that short-
In order to find an approximation ai(t)/n for different 546 correlation orders of interparticle distan@igid-type
values of w,, we solved the equation of motion for tWo qst structurescan be observed under microgravitational
charged particles: condition without the use of electrostatic traps to confine the
d2r dr [ze\2 1 particles. To illustrate the dynamics of the formation of or-
—= ( ) (13 dered macroparticle structures under these conditions, Figs.
dt 4a and 4b present the results of a molecular-dynamics calcu-
Herev=(r,) ! is the friction coefficient. Equatiofl3) was lation of pair-correlation functions for bronze particles with a
solved for the case of high pressures>(1) in the diffusion ~ chargeZy,=69 000 in a buffer gagneon at different pres-
approximation with the left-hand side of the equation equaBures. The dashed lines denote correlation functions corre-
to zero. In the case of low pressures<(1) the friction sponding to the times, for the formation of short-range
coefficient in(13) was set equal to zera/&0). This allowed ~ order. The figure also shows fragments of the spatial con-

us to obtain the f0||owing relations for approximating figuration of the partiCles in the initial moment in time and at
n(t)/ng: the timet(ny/n=10) for a decrease in the initial particle
concentratiomy= 165 cm 3 by an order of magnitude.

whereny=n(t=0). The values ofv, are given in Table Il

—_ _+ —_
Yt

rj/ myg

n(t)/ng=(1+3wit/v)~%, v>1, (143
n(t)/ng=8(1+ y1+4wit?) ™%, wv<1. (14b

3. EXPERIMENT
The approximations oh(t)/ny found are also presented in

Figs. 3a and 3b for the corresponding valuesegf The 3.1. Experimental setup

functions (148 and (14b) permit the determination of The experiment was carried out on a setup consisting of
from the results of an experiment in which the macroparticlethe following principal unitgFig. 5):

charge can be obtained for a known concentratigrat a 1. a working chamber;

certain moment in timé¢=0. The minimum dispersion time 2. interchangeable glass ampuls containing particles of

of particles of different materials with the charge=7,,, lanthanum boride LaB(two ampul3, bronze with a cesium
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x=r/l

FIG. 4. Fragments of the spatial configuration of the
particles and the pair-correlation functiogéx) (where
x=r/l) for bronze particles wittlZ=69 000 in a buffer
gas with different values of the pressuPeat various
moments in timet: a —t=0 s; b —P=40 Torr, t
=125s; ¢ —P=0.01 Torr,t=4.8 s. The dashed lines
show the correlation functions corresponding to the
time tg, for the formation of short-range order.

®
(=

t=48s

A ampul

laser knife
}—

cylindrical
lens

video camera

P

particles

laser

solar radiation

FIG. 5. Schematic representation of the experimental setup.

05 1.015 2025 30 3540

x=r/

monolayer(two ampul$, and cerium oxide CeQ(two am-
puls) in a buffer gagneor at different pressures;

3. radiation soure — a 30-mW semiconductor laser
with a working wavelength of 0.6zZm;

4. a “Glisser” television system, including a power sup-
ply, an ordinary CCD camera with an objective lens, a tape-
recorder module, and a remote-control panel;

5. supports.

The interchangeable glass ampuls had the form of glass
cylinders, one of whose end surfaces was a flat uviol glass
window and was intended for illuminating the particles with
solar radiation(Fig. 1). Immediately before the performance
of an experiment, the required ampul was placed in the
clamp of the working-chamber holder with its flat end sur-
face toward the illuminator. For diagnostics of the ensemble
of particles, the ampul was illuminated by a flat laser beam
(a “laser knife;” the width of the “knife” was no greater
than 200um), and an image was obtained using the CCD
camera, whose signal was recorded on magnetic tape. The
field of vision of the video camera had the form of a rect-
angle measuring roughly >810 mm (Fig. 1). The camera
was aimed at the center of the ampgsée Fig. 1, and the
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FIG. 6. Successive states of the system of bronze particles in the ampuPyith.01 Torr following dynamic disturbance of the system.

depth of focus for thé stop of 16 chosen was about 10 mm. of particles in the ampul withiP;=0.01 Torr following dy-

The experiments were carried out with three values of thenamic disturbance of the system, and Figs. 7a—7d show the
working pressureP;=0.01 Torr (for all the types of par- state of the system in the ampul wify =40 Torr. Observa-
ticles investigated P,=40 Torr (for the bronze particlgs  tions of the motion of the particles showed that the velocity

andP3=70 Torr (for the LaB and CeQ particles. vectors of the particles are randomly directed in the initial

stage and that the particles drift to the walls without a pref-
3.2. Behavior of a macroparticle substructure under erential direction. Subsequently, a preferential direction usu-
microgravitational conditions ally appears, but motion along definite trajectories is dis-

The first stage of the experiment was confined to observplayed more strongly in the vessel with the higher pressure

ing the behavior of the ensemble of macroparticles placed ir(1See Fig. . Vibration of the particles on a background of the

the working chamber under the action of solar radiation. Inoverall translational motion was observed in several experi-

the initial state the particles were on the walls of the ampulMeNts, and the treatment of the particle trajectories revealed
therefore, the experiment was carried out according to th@eriodic variations of the magnitude of the particle velocity
following scheme: a dynamic disturbangelt) of the system In all the experiments. These variations of the particle veloc-
and relaxation to the initial state, i.e., drift to the wall. The ity can be associated with fluctuations of the particle charge
experiments showed that the investigations can be performe® With the dynamic action of microscopic accelerating
only with bronze particles, since the cerium oxide and lanforces arising on board the space station. Variation of the
thanum boride particles are incompletely shaken from thevisibility of the particles was observedne possible cause is
walls, rapidly agglomerate, and adhere to the vessel walkotation). One more interesting finding is the formation of
darkening the working region. Therefore, the further analysisigglomerates, in which the number of particles varies from
was performed only for the bronze particles. three or four to several hundredigs. 8a and 8b These
Figures 6a—6d show the successive states of the systeagglomerates can depart from the vessel walls in response to
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FIG. 7. Successive states of the system of bronze particles in the ampuPywith0 Torr following dynamic disturbance of the system.

a weak dynamic disturbance. The results of the observatior3. Determination of the particle charge
of the behavior of the particles in the vessel with the h|_gher According to observations of the behavior of ensembles
pressure show that the bulk of the agglomerates form in the . S L o .

: . of particles during illumination, the drift time of the particles
volume of the vessel during a period of a few seconds fol-

lowing the dynamic disturbance. The agglomeration of par-to the wall was abaub s for P, =0.01 Torr and from 3 to 5

ticles in the volume of the vessel may occur because th%,mr.] in the vessel W'th the buffer-gas pressﬂ’rg: 40 Torr.
particles acquire opposite charges in the initial moments o his sugge_ste{accordlng o the data in Table Jithat the
illumination: positive charges are acquired as a result of thé)ronze particles were charged t'o a level close to the Fheoret-
emission of photoelectrons, and negative charges are inica ValueZma=69 000. The particle charge can be estimated

parted by the fluxes of electrons emitted from neighboringbc’th from the relative variation of the concentration of the
particles. A similar effect was observed in Ref. 15. particles and from their trajectories of motion. In the first
It was concluded that particles are charged on the basigaS€ approximations of the typgista and(14b), which per-
of observations of the changes in the trajectories of the pamit the determination ofu, from experimental plots of the
ticles when they come close to one anottasllide) or ap- relative variation of the particle concentratioift)/ng, can
proach the wall. It should also be noted that the particled€ used to determine the particle charge. Figures 9a and 9b
move very slowly in the vessel witR,=40 Torr when the present experimental plots aoft)/n, and the approximating
solar radiation is blocked and that acceleration of the motiorfunctions (148 and (14b with wy=0.315 s which give
occurs when radiation acts on the ensemble of particles. Thidae best agreement with experiment both for the case,of
charge of the macroparticles can be estimated by analyzing40 Torr and for the vessel with the lower pressite
their dynamic behavior. =0.01 Torr.



JETP 87 (6), December 1998 Fortov et al. 1095

FIG. 8. Formation of macroparticle agglomerates.

The plots ofn(t)/ny, were determined during illumina- the laser knife and ranged from 150 to 250 ¢mOn the

tion by solar radiation following a period of holding in the pasis of the values founay=150-250 cm 3 and w,
dark, during which the particles managed to lower the veloc=0.315 s, the particle charge can be specified as

ity acquired from the initial jol{Figs. 9a and 9b In the case

of shaking the vessel while it is exposed to solar radiation, it
is very difficult to interpret the experimental datsee Fig.

9), since it is virtually impossible to determine the initial
particle concentration, to the required accuracy. The initial Thus, the charge obtained correspondsZfg,,=69 000 to
concentratiom, was determined in the absence of solar ra-within 13%.

diation from the number of particles falling in the plane of The second method for determining the particle charge is

Z=(wgl/e)ymy/ny=(6.38+0.81) X 10%.

FIG. 9. Experimental plots of the concentration
n(t)/ny as a function of the time in vessels with
pressures equal to 4@) and 0.01 Torrb) obtained
at timest> ,, following dynamic disturbance of the
vessel(filled circles and immediately after agita-
tion of the vesselunfilled circles. The solid lines
show the approximation§l4g and (14b) for the
natural frequencyn,=0.315 s*.
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TABLE IV. R_esults of t_he determination of the chargeof particles from  results can be due to several factors: polydispersity of the
their trajectories of motion. particle powder investigated and the formation of agglomer-
No. P, Torr n,, cm® a m2 V. mis 7 ates, in which the number of particles varies from three or
— — four to several hundred. The latter factor makes a highly
10 6x10%  25¢10 % 5x10'  gignificant contribution to breakdown of the correlation of
0.01 3x 10 1.2x10 6x 10 10° . . :
5x 10t 16x10°°  12x102  8x10t the interparticle distances.

S W N

—4 5
40 3x 10 1.5x 10 7% 10 3x 10 4. CONCLUSION

The results of observations of the behavior of an en-

_ ) _ ~ semble of macroparticles charged by photoemission under
based on solution of the equation of motion of a particle in &he action of solar radiation under microgravitational condi-
known electric fieldE(r): tions have been presented. The particle charges have been

o2r dr Ze estimated, and it has been established that the particles are
— (16)  charged to the maximum possible levels, i.e., several units
times 10, under the conditions of the experiment. The re-
The electric field intensitf can be assigned by E(7) with ~ Sults of a calculation of the particle charges due to photo-
consideration of averaging over the radius of the cylinder a§mission correspond to the results of the observations. The
E=meZnR.,. Here we take into account that the space-Particle charges have been estimated by two methods, which
charge density is'=eZzn, for Zn,< n" and o=en® for provide good agreement with the calculation: from the tra-
zn,> n" since the motion of the particles was analyzed af€ctories of motion of the particles and with the use of the
low concentrations{,<10?). After determining the veloc- approximations obtained for the variation of the relative par-
ity VV and the acceleratioa of the particles from their trajec- ticle concentration. The values of the charges and the inter-

tories of motion, the particle charge can be found from Eq particle interaction parameter obtained demonstrate the pos-
(16): sibility of the formation of ordered crystal- and liquid-type

5 5 macroparticle structures under the conditions studied. It is

Z*=amy/(e“mnyRy), P1=0.01 Torr, (178 npoteworthy that under the conditions of outer space the

ZZ=(V+a)md/(ezrbrwnpRCy|), P,=40 Torr. (17b charging e_:ffic_ien(_:y of particles with_ a low photoelectron
work function is higher due to the additional effect of the UV

Table IV presents the characteristic values of the macropakortion of the solar spectrum and that the interparticle inter-
t|C|e Charges, Wh|Ch agl‘ee We” W|th the Va.lue of the Charg%ction parameter Consequent|y increases.

obtained from the variation of the relative particle concentra- Although the dynamic behavior of the particléthe
tion n(t)/no. It is noteworthy that the slight upward devia- yariation of the particle concentration in the volume investi-
tion of the charge in the low-pressure case can easily bgated corresponds well to the behavior determined as a re-
explained, since lighter particles and, accordingly, smallegyit of a numerical analysis, the form of the experimentally
particles having a smaller charge leave the vessel volumgpserved correlation functions differs strongly from the the-
first under low-viscosity conditions. In the high-viscosity gretical form and attests to the formation of only weakly
case the drift time of the particles to the wall should notcorrelated liquid-type structures. The principal cause of this
depend strongly on their size. difference may be the agglomeration of oppositely charged
Despite the high particle charges and the large value obarticles during charging. Nevertheless, an analysis and com-
the interaction parametdf=10" (see Table IV, no strong  parison of the results of the experimental and theoretical in-
correlation between the interparticle distances could be obyestigations confirm the conclusion that the existence of ex-
served. The measured correlation functions exhibit apprerended liquid-type ordered formations of macroparticles
ciable deviations for the calculated curv&sg. 4). The typi-  charged by solar radiation is possible under microgravita-
cal form of the correlation functions obtained as a result ofjonal conditions even if there is substantial agglomeration of
the treatment of experimental images without illuminationpe particles.
(the laser knif¢ and with solar irradiation is shown in Fig. This work was partially supported by the Russian Fund
10. The difference between the experimental and calculateghy for Fundamental Resear¢brant No. 98-02-16828

—=—v—+ .
dt2 th My

*)E-mail: ipdustp@redline.ru
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