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PACS 45.50.Jf — Few- and many-body systems

PACS 85.70.Rp — Magnetic levitation, propulsion and control devices

Abstract — A series of experiments on the modernized “Coulomb crystals” setup on board of the
International Space Station (ISS) was performed. Formation of a cluster of charged and uncharged
particles was observed. Excitation and damping of cluster oscillations, as well as its destruction
in the high electric field were investigated. Charges of the particles were evaluated on the basis of
their rate of expansion from the cluster. Some conclusions about the cluster structure have been

presented.

Copyright © EPLA, 2016

Introduction. — The properties of strongly interact-
ing spatially ordered structures consisting of micron-size
charged particles have been studied in the framework of
the experiment “Coulomb crystals” on board of the In-
ternational Space Station (ISS) [1,2]. Unlike plasma-dust
structures in gas discharges [3-5], used for this purpose be-
fore, our method allows to form stable three-dimensional
structures of charged particles in non-ionized gas or in
a vacuum. Therefore, screening of charged particles by
plasma does not occur, and interactions between them
are of purely Coulomb type, and not of the Debye type
as in dusty plasmas. The main idea of the experiment
was to hold charged particles by the forces different from
the electrostatic ones causing interactions between them.
In this experiment, a cusp magnetic trap for diamagnetic
particles was used. We took graphite particles with a
maximal diamagnetic susceptibility. The first experiments
with magnetic confinement of charged Coulomb clusters
of graphite particles were carried out in the ground-based
conditions [6-8]. The obtained structures consisted of less

than ten particles in the magnetic field of 10* G. To create
a trap able to hold thousands of particles in the Earth’s
gravity field it is necessary to create a much more intensive
magnetic field with higher gradients, which is a difficult
technical task. As in the case of dusty plasma [9-12], the
problem of creation of large structures of charged diamag-
netic particles was solved by making experiments under
microgravity conditions on board of spaceships. In the
first ISS experiments under microgravity conditions the
principal possibility of cluster formation was shown with
the number of charged particles 103 in the fields 10?2 G with
gradients 102 G/cm [1,2]. Estimations of such particle
charges were made. When the magnetic field varied, clus-
ters started to oscillate inside the trap. An analysis of the
attenuation of oscillations enabled us to determine the dia-
magnetic susceptibility of graphite particles and one pa-
rameter of the magnetic system. Molecular dynamics is a
powerful and convenient tool for the study of the different
dynamical processes and properties of the many-particle
systems. If one takes into account the influence of the
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Fig. 1: Scheme of the experimental setup. 1, 2: solenoid coils;
3, 4: cores of the coils (steel); 5, 6: end-magnetic conductors
(steel); 7: lateral magnetic conductors; 8: inner space of the
replaceable container.

background gas, it is recommended to perform a com-
puter simulation in the framework of the Langevin dy-
namics [13-17]. For the interpretation of the dynamics of
the graphite particles in a rarified gas observed in cosmic
experiments [1,2], a computer simulation of the system of
charged particles in terms of the molecular dynamics was
performed. It was shown that in the cusp magnetic field
it is possible to form a cluster of charged particles in the
shape of an oblate spheroid. In 2015, a new series of ex-
periments on the modernized “Coulomb crystals” setup
was performed by the cosmonaut Aidyn Aimbetov. The
number of graphite particles for the formation of Coulomb
structures was increased by an order of magnitude, the
video surveillance system was improved and the possibil-
ity of particle charging to a higher potential was included.
The formation of clusters of charged and uncharged parti-
cles, excitation and damping of cluster oscillations, as well
as cluster destruction were observed.

Experimental setup. — Experimental setup is de-
scribed in detail in [1,2], therefore, here we will briefly
describe the main elements and changes in its structure.
The setup consists of two electromagnet coils located on
the same axis and separated by an interval of 6 cm (fig. 1).
Currents within them flow in the opposite directions, so
they create oppositely directed magnetic fields. The re-
sulting cusp field has a zero point on the axis between the
coils (Op point).

Between the coils one of the replaceable containers is in-
serted, in the center of which a cylindrical glass ampoule
with a diameter of 52 mm and a height of 40 mm is placed.
Ampoules are filled with argon at atmospheric pressure
and contain graphite particles. To charge the particles, the
central wire electrode with a diameter of 2R; = 200 pm
passes along the axis of the ampoule. An outer electrode

of diameter 51 mm has a shape of a semi-circle and is
placed near the cylindrical glass wall. The other half of
the glass wall is free for making observations. In the ex-
periments, we used graphite particles of sizes 100, 200, 300
and 400 ym, in an amount of about 3 x 10%, in each con-
tainer that is higher than the number of particles 2 x 103
in the first experiments [1,2]. It should be noted that both
shape and dispersion of graphite particles are difficult to
control, so each container undoubtedly contained particles
of smaller sizes than the nominal one. The electric poten-
tial on the central electrode in containers with 100 and
400 pm particles can take values of 0, 6, 24 V. In contain-
ers with 200 and 300 um particles the electrode potential
was increased by a factor of 6.25, so its possible values are
0, 37.5, 75, 112.5 and 150V, respectively.

In non-homogeneous magnetic field B, any particle of
mass m is subjected to the action of the effective force [18]

Fp = (xm/2)V(B?), (1)

where y is the specific magnetic susceptibility of the par-
ticle material. For paramagnetic xy > 0, for diamagnetic
x < 0, so diamagnetic bodies are pushed into the local
minimum —“the magnetic well” [19], in this setup— to the
point Op. Around it, in a radius of about 2 cm, i.e., prac-
tically in the whole volume of the ampoule with graphite
particles, the dependence of the field on the coordinates
is linear with a good precision. At the maximum value of
the current 7,,,, = 6.5 in both the coils, the field gradient
along the axis of the electromagnet is 400 G/cm; in the
plane of the field symmetry passing through the point Op
the radial gradient is two times less than that and is equal
to 200 G/cm, which is typical for the cusp trap. On the
axis of symmetry z the magnetic field is directed along the
axis and is well described in the linear approximation [1,2]

(2)

where i1 (i2) is the current in the upper (lower) coil, the
z-coordinate is measured from the point Op at i1 = is.
When iy # iz point Op (the bottom of the magnetic well)
is displaced and its position is

B, = C(ig — il) — b(ll -+ ig)z,

20 = C(ig — il)/b(il —+ ig). (3)

The coefficient b = 400/13 G/(A cm) is defined accord-
ing to preliminary (on the ground) measurements, coef-
ficient ¢ is found in [1,2] using the observations of the
behavior of an ensemble of particles in microgravity, ¢ =
115 G/A. In the linear approximation, the radial compo-
nent of the magnetic field is B = (200/2imaz) (i1 + i2) Gp,
where p = (22 4+ 3?)'/2 . The current in the windings
of the electromagnet can take values of 0, 30, 50, 70 and
100% of the maximum. As mentioned above the voltage
between the electrodes also varies discretely. It should be
noted that due to certain structural features the ampoule
was placed not absolutely symmetrically with respect to
the electromagnet coils, so the point Op at i; = iy is lo-
cated slightly above the visual center of the ampoule, as
shown in fig. 2(a).
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Fig. 2: Clusters of neutral (a) and charged (b) graphite parti-
cles in the cusp magnetic trap at i1 = 0.5¢mqz and iz = 0.5¢max
(a) or i2 = 0.3imaz (b). The thickness-to-diameter ratio is
about 0.5 and 0.3, respectively.

Experiment. — During the present experiments clus-
ters were formed by charged particles and also by neutral
ones with their subsequent charging. Before the experi-
ment, the graphite particles were mainly located on the
walls of the ampoule. After shaking, they filled its vol-
ume and then, under the action of the magnetic field,
moved into the magnetic well, forming a cluster. If the
electrical potential had already been supplied to the cen-
tral electrode, the particles would have obtained charges
in contact with it, otherwise the cluster would have been
formed from uncharged particles. The cluster’s position
on the z-axis depended on the ratio of the currents in the
coils.

Figure 2 shows clusters formed by neutral and charged
particles. In the first case, the ratio of thickness to diam-
eter of the cluster is close to 0.5 (fig. 2(a)), in the second
one to 0.3 (fig. 2(b)), which corresponds to the theoreti-
cal results for the uniform spheroid approximation in the
cusp magnetic trap [1,2]. The position of the cluster is
determined by the currents in the coils: i1 = is = 0.5040
in fig. 2(a), and i1 = 0.5442 and i2 = 0.34,4, in fig. 2(b).

In this experiment cluster oscillations were excited in a
different way from that in [1,2]. This enabled us to use a
simpler method to determine the coefficient ¢ in eqgs. (2)
and (3) and the specific magnetic susceptibility of graphite
particles. The equilibrium position of the cluster depended
on the ratio of currents in the coils of the electromagnet;
its center of mass was placed at the point Op determined
by eq. (3). When the current in one of the coils changed,
the point Op shifted, and the cluster turned out to be
in a non-equilibrium state, and its oscillations were ex-
cited around a new position of the point. When the os-
cillations damped, the coefficient ¢ was determined by the
displacement of the cluster with respect to its initial posi-
tion. To determine the specific magnetic susceptibility x
of graphite, the oscillation frequency w and the damping
constant § were measured.

The experiments [1,2] showed that the cluster practi-
cally did not react to any changes in the potential revi-
sion ¢y on the central electrode from 0 to 24 V. In this
experiment the potential ¢y on the central electrode in

Fig. 3: Scattering of cluster particles caused by increas-
ing potential on the central electrode: (a) 37.5V, (b) 75V,
(¢) 1125V, (d)~(f) 150 V.

the container with 300 um particles was increased to a
maximum value of 150V at the currents in the electro-
magnet coils i1 = 0.54,4, and io = 0.36,,4,. The cluster
was located close to the bottom plate, at a distance less
than its thickness. The potential was increased from zero
to 150V in four steps, 37.5V in each step, with a time
interval between them of about 15s. Gradual changes in
the state of the cluster are shown in fig. 3. After the first
step, a small number of particles left the lower surface of
the cluster in the form of chains of particles stretching to-
ward the bottom plate (fig. 3(a)). After switching on the
second level (75 V), this process activated significantly
(fig. 3(b)). Switching of the next level (112.5V) resulted
in a cascade growth of chains and a detectable loss of the
cluster volume (near half) within 15 seconds (fig. 3(c)).
Particles, both individually and in chains, left the cluster,
moving not only in the direction of the bottom plate, but
also in the direction of the side walls. At the maximal
potential of 150 V we observed an intensive scattering of
particles (fig. 3(d)), starting from the outer layers. It led
to the complete disruption of the remainder of the clus-
ter within 8 seconds (fig. 3(e), (f)). The velocities of the
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particles ranged from 1 to 4.5cm/s. Scattering of parti-
cles was observed in all directions, but still chains moved
mainly to the bottom plate (fig. 3(d), (e)), whereas indi-
vidual particles moved in all directions. At the end of the
scattering process one can observe the movement of the
particles mainly to the bottom plate, where the magnetic
field is weaker due to the fact that i; > i2 (fig. 3(d), (e)).
A significant part of the particles, reaching the outer elec-
trode, recharged and returned to the center of the am-
poule. Scattering of the cluster particles at growth of the
¢o on the central electrode is explained by an increased
charge of the particles and, hence, an excess of electro-
static repulsion forces over the confining ones.

From the comparison of the visual volume of the cluster
with the total number of particles one can conclude that
the average distance between the centers of particles is
about 0.05 cm. Graphite particles may form fractal and fil-
amentous (chain-like) structures [19], which were observed
in the experiment during the cluster destruction. Appar-
ently, the internal structure of the cluster is formed from
the particles contacting with each other and forming con-
ductive chains, as graphite is a conductive material. When
the potential is applied to the central electrode, the charge
flows to the outer particles through these chains. The par-
ticles, which accumulate sufficient charge, leave the clus-
ter. After scattering of the outer-layer particles, the next
layer is charged, and so on until the cluster disrupts. Stop-
ping the downward movement is probably caused by the
saturation of the closely located lower plate with charged
particles.

Analytical estimations. —

The parameter ¢ and the specific magnetic susceptibil-
ity.  When the cluster is excited by the switching of the
currents in the coils, the motion of its center of mass along
the axis is described by the equation

d?z/dt? + 26dz/dt = Fp/M, (4)

where 0 is the damping decrement, M is the mass of the
cluster. From egs. (1) and (2) for the magnetic force we
obtain Fg/M = xb[b(i1 + i2)?z — c(i3 — i2)].

The initial position of the center of mass of a fixed clus-
ter z(0) is determined by the currents before switching. A
solution of eq. (4) is

2(t) = 2(0) + (2(0) P iQ)

biy + i
{oxp (-60) [oos ) + Zsinten)] -1}, )

w

where

w=V/[x[b2 (i1 +12)% — 02, (6)

After the damping of the oscillations (formally at ¢ —
00), the cluster’s center of mass stops at the point zg, de-
fined by eq. (3) with currents after switching. Thus, by
measuring the displacement of the cluster zo — z(0), one

can determine the constant ¢ from (3), that is much sim-
pler than the procedure described in [1,2]. By measuring
the oscillation frequency w and damping constant J§, we
can find a specific magnetic susceptibility x of the particle
material from (6).

The cluster structure is not homogeneous, the particles
are not distributed uniformly across the cluster, and it is
slightly denser in the center than on the periphery. There
are also some particles that levitate around the cluster (it
is difficult to estimate their concentrations since we have
only a two-dimensional pattern of the layer illuminated by
the laser). As a result, it may turn out that it is necessary
to take into account corrections to the gas viscosity due to
these particles, which complicates the calculations of the
damping coefficient of the cluster oscillations.

Increasing the current 7 from 0.5¢,,4; t0 0.Time, at
constant current is = 0.5%,,4, We excited oscillations of
cluster (consisting of 100 pm particles). After their damp-
ing we obtained the value of zg = —0.65 4+ 0.02 cm, which
was used to determine the constant ¢ = 120 £ 4 G/A (the
error is caused by the accuracy of the position of the clus-
ter center of mass by the video). This value is in good
agreement with the previously obtained one of 115 G/A [2]
(or 117 G/A [1], in those papers the error was not given,
however, it is not less than in this experiment and proba-
bly larger, as the method of determination of the constant
¢ was more complicated). Using w = 0.53 s~ and damping
constant § = 0.07s~! we calculated the specific magnetic
susceptibility of the particle material x = 5 x 10~%cm?/g.

Oscillations of cluster consisting of d = 200 pum particles
were excited by an increase of the current i from 0.5%,,44
t0 0.7imaq (current i3 = 0.7imq, was not changed). By a
shift of the cluster center from the position z(0) = —0.66+
0.02 cm to zp = 0 we obtained the value of ¢ = 122+4 G /A,
which is also consistent with the above-mentioned results.
In this experiment, the following values were found w =
0.63s7!, 6 = 0.07, which defined the specific magnetic
susceptibility x = 5,1 x 1075 cm?/g.

Video observations showed that as the cluster moved
away from the equilibrium point along the axis of the con-
tainer, it slightly rotated around its axis of symmetry at
an angle not greater than 20 degrees. This result is ex-
plained by the fact that the center of mass of the cluster
does not coincide with the zero point of the magnetic field.
The non-homogeneous magnetic field acts on all diamag-
netic particles with a force pushing them to the point Op.
As a result, a cluster with a non-homogeneous structure
and non-perfect shape (an oblate spheroid) was formed,
the center of mass of which did not coincide with the zero
point of the magnetic field. This was caused by two rea-
sons: firstly, cluster formation was accompanied by adhe-
sion of particles and formation of fractal structures and,
secondly, the particle flow was not homogeneous. Thus,
the experiments on excitation of cluster oscillations con-
firm the fact that in a sufficiently large cluster with the
number of particles of the order of 10* fractal structures
are formed.

45001-p4
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For d = 300 um particles cluster oscillations were ex-
cited by an increase of the current is from 0.37,,4, to
0.54maz (current i1 = 0.3i,q, was fixed). From the po-
sition of the cluster center z5 = —1.01 £ 0.03 cm we ob-
tained the value of ¢ = 124 + 4 G/A, which, within the
error, is consistent with the above-mentioned value. In
this experiment we could not determine w and ¢, as the
cluster touched the bottom plate, which violated the pe-
riodicity of the oscillations and they quickly damped out.
Therefore, the magnetic susceptibility was not determined
either.

In these experiments, the oscillations of the cluster
formed by 200 pum (and 100 pm) particles damped two
times slower than in [1,2]. This can be explained by
greater inertia of the cluster consisting of a large number
of particles.

The distribution of charge on the surface of a conducting
ellipsoid of revolution.  For simplicity, we will assume
that all particles are identical and have a spherical shape.
Assuming that particles uniformly fill the volume of the
conductive cluster, having a form of an oblate spheroid,
we estimated the charge distribution on the surface, the
total charge of any cluster and the charge per particle.
The potential ¢y and the surface charge density o of the
conducting ellipsoid with semi-axes a, b and ¢ are defined
by the equations [20]

/°° Ads
J 2 [(a® +5)(b% + s)(c? + s

A

bo

TR

o(z,y,2) = /3 (8)

. 2
4dmabe (2—2 + %+ j—Z)
where A is a constant. In the case of an oblate spheroid

(b = a > c) the integral (7) is taken in terms of elementary

functions:
A

2 — 2

¢o = 9)

And the surface charge density (8) can be represented
as a function of one variable, for example, z, since radial
p = (22 49?)"/? and axial z coordinates are related by the
equation for the ellipsoid of revolution p?/a® + 22 /c? = 1.
Eliminating the constant A in (8) and (9), we obtain

o(z) =

c
arccos —,
a

CPo
172 :
47ra< == t+2 ) arccos(g)

(10)

In the case of uniform distribution of the particles in
the cluster volume, the number of particles in its surface
layer of thickness equal to their diameter d (if d < ¢) is
Ng = NSd/V, where N is the total number of particles in
the cluster, S is the area of its surface, V = (4/3)ma’c is
its volume. As a result, we find the charge of the particle
in the surface layer of the cluster

S Vv

S o) drac
NS Nd

3Nd

q(z) = o(2) o(z).  (11)

On the edge of the cluster, in the region of maximal
curvature of its surface (z = 0, p = a), we can obtain the
particle charge substituting (10) into (11):

doava? — c2

0)=c7F7—+—. 12
a(0) 3Ndarccos(c/a) (12)
In the region of minimal curvature (z = ¢,p = 0) the
surface charge density (10) is a/c times lower and, there-
fore, the particle charge ¢(c) is also a/c times smaller. The

total charge of the oblate spheroid is

f dp? a? — 2
= [ 4 1+ — =¢Po———F——-
@ / e \ + dz o(2)dz = do arccos(c/a)

0

(13)

The comparison of (13) and (9) shows that in case of
the spheroid the constant A has the meaning of its total
charge.

In the cusp trap for the cluster of originally uncharged
particles, ¢ = a/2. After charging it at the potential ¢
on the central electrode, the friction between contacting
particles prevents changes in its form, and the ratio of ¢/a
remains unchanged. In this case from (10), (12) and (13)
we obtain, respectively,

o) =
4m2\/a? + 1222’

V3a2po
2rNd '’

Q= i ago.
(14)
Estimation of the particle charge based on its velocity.
Knowing the charge ¢ and mass m, of particles, one
can estimate their scattering velocities in the final stage
of cluster destruction, and compare with results of the
video records. For d = 300 um particles the last gives
1-4.5cm/s. The motion of particles in the magnetic trap
after imposing the electric field E is described by the
equation

(0) =

ZF |rkl|

where ry, is the radius vector of the particle £ with respect
to the origin of the coordinates (the point Op at i1 = i3);
vy =1 —1; F(r) = ¢%/r? is the force of the Coulomb in-
teraction between particles, Fyp = (xm,/2)V(B?(ry)) is
the power of the particle retention by the magnetic field.
The electric field between the electrodes is assumed to
be cylindrically symmetric, which is quite possible near
the central electrode. In this case, the field intensity
can be represented as |E(ri| = ¢o/pr In(R2/R1)), where
= «/xi + y%, Ry and Ry are radii of the central and
outer electrodes, the direction of E(ry) coincides with the
direction of the component of the vector ry perpendicular
to the z-axis. The friction force in the buffer gas is given
by the Stokes formula [21] fr = —3nnd(dry/dt), where 7
is the dynamic viscosity of the gas.
To estimate ¢ we simplify eq. (15). Let us consider
the motion of a particle in the z-y plane and replace the

+ Fip +qE(ry) + i, (15)

M dt2
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interaction with all particles by the interaction with the
total cluster charge @ located in its center. As a result,
we obtain the equation

’p  qQ /o g0 dp

—C = B —  — 3mnd—
mpdtQ p2 mPlX'( p) p+ pln(Rg/Rl) ) dta
(16)

where B), = dB,/dp = 200(i1 + i2)/(2imaz) G/cm.

Before the last stage of destruction (at ¢y = 150V),
when the cluster radius is @ = 0.9 cm and it has lost about
half of its volume (fig. 3(b)), we assume that N = 1.5 x
10*. The graphite density is 2.1g/cm?, and the particle
diameter is 300 um, then its mass is m, = 3 x 107°g.
As was noted above the specific magnetic susceptibility
of these particles could not be obtained, so we take the
value Y = —5.1 x 107%cm?3/g , which was found in this
work for smaller particles (d = 200 pm); the same value
X was obtained in [2] for larger particles (d = 400 pm).
The dynamic viscosity of argon under normal conditions
is n = 2.2 x 107%. The collapse of the cluster, as shown
in fig. 3(d), (e), was observed at i1 = 0.5i;q, and iz =
0.3%m4z, SO in a linear approximation the radial gradient
of the magnetic field is dB,/dp = 0.4 x 200G/cm. At
¢o = 150V in accordance with eq. (14) we obtain @ =
8 x 10%¢ and ¢(0) = 5 x 10%.

Substituting the described parameters into eq. (16),
we solve it for initial conditions p(0) = a,dp/dtlo = 0
and find the time ¢, = 2.3s, during which the parti-
cle reaches the outer electrode, and its average velocity
v, = (Rg — a)/t, = 0.71cm/s. This velocity is lower than
the velocity of the slowest particles on the video record
of the experiment, although comparable with them, and
almost an order of magnitude lower than the velocity of
the fastest particles. This situation may be explained by
the fact that the particles are not identical, they are lo-
cated on the surface of the cluster in different conditions,
and the charge is unevenly distributed among them. The
particles, which got higher charge, scatter first, and they
are more visible in the video. An approximate depen-
dence of the mean particle velocity v on its charge, ob-
tained from the solution of eq. (16), is shown by the upper
dashed curve in fig. 4. The maximum possible charge is
Gmaz = ¢od/2 = 1.56 x 107e, if the particle is charged,
for example, directly at the central electrode. For these
conditions ¢z = 1.56 x 107e. The average velocity of
the particle with the maximum charge is vye, ~ 8cm/s,
but particles with such velocities were not detected in the
video. On the basis of this curve and the observed veloc-
ities of the particles it is possible to conclude that their
charges are in the range (1-6) x 10%.

The lower dashed line in fig. 4 was also obtained from
eq. (16) for the same particles, but at ¢g = 75V. These
estimates show that at the potential on the central elec-
trode ¢g = 75V particles should scatter, although at lower
velocities. However, this is not observed. This may be
caused by autoadhesion of contacting graphite particles
preventing their leaving from the cluster. Autoadhesion

v, cm/s

q, 10%

Fig. 4: (Colour online) Estimation of the 300 pm particle veloc-
ity as a function of its charge during cluster destruction. At the
potential on the center electrode of 150V (upper curves) and
75V (lower curves), with (solid curves) and without (dashed
curves) taking into account autoadhesion. The thick part of
the solid curves corresponds to the realizable charge values.

is not taken into account by eqgs. (15) and (16). This
conclusion is confirmed by the experimental results in
the ground-based conditions with a cluster consisting of a
small number of particles [6-8]. In those experiments the
formation of agglomerates of particles, which could not be
separated by touching them with a special charged probe,
was observed. As the probe potential increased, particles
started to escape from the magnetic trap, either individu-
ally or as agglomerates. To some extent, it is an analogue
of the separation of individual particles and filamentous
complexes from the cluster, observed in this experiment.
The formation of such filamentous complexes also con-
firms the importance of autoadhesion forces in the process
of cluster evolution in the cusp magnetic trap.

To take into account this effect we add to the right side
of eq. (15) an additional term, which retains particles with
low velocities near the cluster and acts only at a distance of
the order of the particle size d from it. As an approximate
estimation we can write it in the following form:

~Cexp [~(p—a)*/d?],

where the coefficient C' is chosen so that for ¢g = 150V
particles with velocities v < 1 cm/s unobserved in this ex-
periment, i.e., according to our estimation, with charges
g < 10%, were locked. For this purpose we set C' =
9cm/s?. Then at ¢y = 75V particles with charges
q < 2.7 x 10%¢ are locked. However, the term (16) prac-
tically does not affect the velocity of the particles with
higher charges (solid curves in fig. 4). At ¢ = 150V
the maximum observed velocities correspond to particle
charges equal to 0.4¢qz; therefore, we show a part of
the solid curves in fig. 4, corresponding to the realizable
charge region, as thick. If we extrapolate this result to the
case of ¢y = 75V, then, taking into account the roughness
of our estimates, it becomes clear that in this case there
is no particles scattering from the cluster. There are no
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particles with charges higher than ¢ ~ 3 x 10%, and par-
ticles with lower charges are locked due to autoadhesion.

Conclusion. — New experimental investigations of the
behavior of Coulomb clusters of diamagnetic (graphite)
particles in a cusp magnetic trap under microgravity con-
ditions aboard ISS have been performed. Some results ob-
tained in previous experiments are confirmed using simpler
methods. The destruction of the cluster with the gradual
increase in voltage at the center electrode of up to 150V
was observed. Estimations of the charges of the particles
based on their observed velocities have been made. The
interpretation of the obtained results is presented. It is
shown that graphite particle autoadhesion can be impor-
tant during cluster formation and destruction.
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