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Rotation of a strongly coupled dust cluster in plasma by the torque of an electron beam
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A 1-mm-size cluster composed of 10 dust particles immersed in plasma is rotated by the torque of a pulsed

electron beam with energy in the range 8—12 keV. The dust particles are electrically charged spheres with radius
5.9 pum and are levitated in the plasma sheath, forming a round, planar, Coulomb-coupled cluster. The electron
beam irradiates the dust cluster passing slightly off its center, and sets the particles in motion by the action of the
electron drag force. The total torque at 12 keV is 4.9 4 0.2 x 10~!! Nm at an angular speed 1.41 4 0.05 rad s~".
The main dynamical features of the cluster such as intershell rotation and itinerancy of the dust particles inside
the cluster are simulated by using a molecular dynamics code.

DOI: 10.1103/PhysRevE.103.023210

I. INTRODUCTION

Since the discovery that radiation pressure can move
small physical objects [1] many applications have emerged in
physics, nanosciences and biology where atoms, nanostruc-
tures, bacteria, and living cells are manipulated with lasers
[2-5]. Aside from a photon flux, an electron beam (EB) with
sufficient energy can also exert a force that is capable of
displacing atoms and nanostructures [6—8]. It has been shown
that even large microscopic objects such as dust particles
levitated in plasma can also be moved by the drag force of
a collimated electron beam [9-12]

Dust particles immersed in plasma acquire electrical
charge on their surface and form regular spatial structures
(also called crystals) when they become strongly coupled
[13-15]. External perturbations such as a focused laser beam
[16-19], a magnetic field [20-25], an electric field [26] or a
neutral gas flow [27,28] can well be used to set in motion these
dust particles. The rotation of strongly coupled clusters and
crystals in plasma has been associated with the application of
different driving forces. In experiments with magnetic fields
it has been suggested that the the Lorenz force of the flowing
ions exerts a toroidal drag [20,22,25]. In experiments with
lasers the photon pressure was the drive behind the rotation
[16—-19]. Rotation of a number of crystal layers has been
demonstrated using the drag force of two couterpropagating
lasers producing a well localized torque on the crystal [19]. A
similar rotation mechanism has also been observed in strongly

*catalin.ticos @eli-np.ro

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2470-0045/2021/103(2)/023210(8) 023210-1

coupled ion crystals by applying a controllable torque from a
laser beam in combination with a rotating electric field [29].
In this report we demonstrate that a collimated pulsed
EB with energy in the range 8 — 12 keV can rotate a small
strongly coupled dust cluster in plasma. The torque is pro-
duced by the momentum transfer from the beam electrons
to the dust particles. Molecular dynamics simulations of the
irradiated dust cluster confirm the experimental findings.

II. EXPERIMENT

The cluster is composed of 10 identical spherical dust
particles with radius r; = 5.9 um and made of melamine-
formaldehyde with density p = 1.5 g cm 3. Eight of them are
equally spaced and have an elliptical arrangement, while the
remaining two are situated inside the ellipse [30]. The major
and minor axes of the ellipse are 1.10 x 0.99 mm £0.01 mm.

The dust cluster is immersed in the sheath of a
radio-frequency (RF) plasma and levitated at a height
~3.8 — 4.2 mm above the RF electrode, inside the cut of
a metallic ring, as shown in Fig. 1. The diameter of the
cut (10 mm) is comparable with the plasma sheath width
~4.5 — 5 mm. The plasma sheath is strongly deformed over
the ring, and thus makes at the center of it a relatively “abrupt”
potential well inside which the cluster resides.

The plasma is excited at 13.56 MHz and RF power 3 to
4 W. It is produced in Ar at 93 — 96 x 103 Torr, between
parallel plate electrodes. The electron density in the plasma
is n, = 1.3 — 3.7 x 10" m~3. The estimated charge of each
dust particle is Q; ~ —14.9 £3 x 10° e, where ¢ = 1.6 x
107! C [12]. The RF plasma chamber design is such that it
allows the injection of an electron beam through an orifice
with diameter 0.5 mm, drilled on a side flange [31]. The
distance between the orifice and the cluster is 70 mm. The EB
is produced in a separate plasma chamber by extracting and
accelerating free electrons from a hollow anode Penning dis-
charge, and passed into the RF chamber after collimation into
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FIG. 1. A strongly coupled planar dust cluster is irradiated by an
EB while it is levitated in the RF plasma sheath. A metallic ring with
an inner diameter of 10 mm placed on the RF electrode confines the
cluster to its center. A sheath of light obtained from a laser diode
and a cylindrical lens is used to illuminate the cluster. The cluster
dynamics is monitored from the top with a Photron CCD camera
operating at 60 fps equipped with a Micro Nikkor 40 mm /2.8
objective and two teleconverters (x2 and x3).

a high vacuum pipe with axial magnetic fields of up to 150 G
produced by two circular coils [32]. The EB formed inside
this high vacuum pipe (which has about 8 cm in diameter and
40 cm in length and a pressure in the range 107>...10~* Torr)
can be focused under the action of the magnetic field to a spot
size ~3 mm in diameter, and beam current in the several tens
of mA. Only a small part of this EB goes through the 0.5 mm
orifice and is further utilized in the experiment. In order to
maximize the EB in the RF plasma chamber, the electron
beam must be focused and centered on this orifice. Since the
trajectories of the electrons in a magnetic field depend on their
energy, below 8 keV the beam cannot be properly focused
and only a very limited number of electrons enter into the RF
chamber (corresponding to a beam current less than 0.2 mA).
The flange with the 0.5 mm orifice is necessary in order to
maintain a high vacuum inside the pipe given that in the RF
chamber the gas pressure is above 90 x 1073 Torr.

The resulting EB used to irradiate the cluster is slightly
diverging reaching a diameter of 4.5 £ 0.5 mm at full width
at half maximum (FWHM). The EB central axis is situated
at 1.3+ 0.2 mm from the cluster center. The EB current is
~0.2 to 1.2 mA for the range of kV operation, while the EB
pulse frequency is kept constant at 56 Hz. The pulse duration
is ~40 pus resulting in a duty factor D ~ 2.2 x 10~ for the
applied EB.

The EB ionizes the gas inside the chamber and can be
easily imaged when the RF plasma is turned off, as presented
in Fig. 2(a). The electron density in the beam is an order of
magnitude lower than that of the RF plasma [12]. The image
is obtained with a CCD Grasshopper 3 (by Point Grey, with
resolution 2.3 MP) and a 50 mm f/2 fixed focal length objec-
tive (model C Series - Edmund Optics). The total acquisition
time of the CCD is set to 333 ms. The axis of the EB passes
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FIG. 2. (a) Top view of the pulsed EB inside Ar at 100 x
103 Torr, above the RF electrode (the image has been processed by
increasing its brightness). The cluster (indicated with a small yellow
circle) is positioned at the center (marked with a cross) of the circular
cut in the ring, near the EB axis. The diameter of the confining region
is 10 mm, while the diameter of the cluster is ~1 mm. The EB central
axis is slightly displaced relative to the center of the dust cluster;
(b) Top view of the dust cluster levitated in the plasma sheath at
the center of the confining region, with no EB; (c) Cross section of
the EB imaged on a scintillating screen; (d) Measured EB profile
(continuous line) along the diameter of the cross section shown in
(c) with a FWHM of 4.5 4+ 0.5 mm, fitted with a Gaussian function
(dotted line). For reference, the cluster is drawn in yellow in order to
indicate its location and diameter relative to the beam cross section
and the difference in the intensity of the beam on both sides of the
cluster.

near the dust cluster shown from the top in Fig. 2(b). The EB
has also been sent on a scintillating P43 phosphor screen, from
which its transverse profile is recorded as shown in Fig. 2(c).
In Fig. 2(d) the measured EB profile is fitted with the Gaus-
sian function 2.466/(2wA)exp[—(& — 8.1 x 1073)2)/2A?],
where A = 1.764 x 1073 and £ is a radial coordinate perpen-
dicular to the EB axis. The full extension of the EB spot as
seen in Fig. 2(c) is ~9 mm.

III. OBSERVATION OF CLUSTER ROTATION DYNAMICS

A stable dust cluster shown in Fig. 3(a) rotates when it is
irradiated by the EB, as presented in Figs. 3(b)-3(c). Here
the energy of the pulsed EB is 11 keV and its duty cycle is
2.2 x 1073, The dust particles trajectories are tracked in time
by using dedicated Fiji (ImagelJ) software [33,34]. Typically,
the trajectories follow concentric circles as long as the cluster
keeps its structure unaltered. There are however circum-
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FIG. 3. (a) Cluster rotation in the horizontal plane and direction
of the EB at 11 keV: (a) initial position when the EB is turned on;
(b) rotation induced by the EB torque; outer dust particles labeled
1 to 5 are tracked in time; (c) rotation with angle ~m around the
cluster center, and (d) itinerancy towards the cluster center of dust
particle 2.

stances when the trajectories deviate from a circular path, as
shown in the image of Fig. 3(d). Here the outer dust particles
are strongly pushed by the EB and one of them “slips” inside
the cluster and “sticks” to the two inner particles. After a short
period of time (=0.5 s), another inner particle is eventually
expelled out and the cluster regains its initial configuration.
This “stick-slip” behavior or the temporary loss of crystalline
order has been previously linked to phase transitions between
crystalline and “liquid” states [14,35,36].

We can identify three types of dynamics by varying the
parameters of the EB: (1) at lower energy ~ 8 — 9 keV and
implicitly low beam current & 0.2 — 0.4 mA the stable cluster
rotates as a whole; (2) at 10 — 12 keV and 0.6—-1 mA the
motion of the inner dust particles becomes for periods of times
decoupled from the rotation of the outer particles similar to in-
tershell rotation [19] and particle itinerancy inside the cluster
arises; and (3) at 213 keV and larger beam currents 2> 1.2 mA
the crystal arrangement breaks down and no coherent rotation
can be observed.

In order to investigate the dynamics of the cluster we em-
ploy an approach based on studying the rotational features of
the trajectories [37]. We introduce the horizontal and vertical
coordinates in the images of Fig. 3, ¥ and $, respectively.
The center of rotation is chosen at the center of the cluster
(xc, yc), as shown in Fig. 4(a). We introduce the angle ¢;(¢) =
arctan [(y;(t) — yc)/(x;(t) — xc)] spanned by the trajectory of
each dust particle i with planar coordinates x;(¢), y;(¢). The
angular speed of a dust particle is w; = d¢;(¢)/dt, while its
speed is v; = w;R;, where R; is the radius from the rotation
center. In Fig. 4(a) the outer dust particles follow steady cir-
cular trajectories with a radius R; ~ 0.5 mm, while the two
inner dust particles move on a circle with a smaller radius
~ 0.2 — 0.3 mm. We observe occasionally itinerancy between
the trajectories defined by these two radii, corresponding to a
change of crystalline arrangement [30] as shown in Fig. 3(d).

The unwrapped angle of each dust particle increases in
time with 25 after each full rotation, as shown in Fig. 4(a). For
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FIG. 4. (a) Measured dust trajectories induced by the pulsed EB
with energy 11 keV around the center of rotation (marked with
+); (b) Evolution in time of the unwrapped rotational angle ¢ of
each dust particle. Dust particles itinerancy between inner and outer
trajectories (with dashed and dotted lines) atr & 9.5 s is shown with
arrows.

the outer dust particles the angle varies linear in time with the
average angular speed given by the slope of ¢;(¢) as in Fig. 4
(b). For the inner dust particles we notice that ¢;(¢) increases
irregularly in time. The itinerancy of a dust particle inside the
cluster can be easily detected by inspecting the shape of the
curve ¢;(t). This occurs at well defined moments as marked
by the arrows in Fig. 4(b), where the dashed curve shows the
particle that slips inside the cluster, while the dotted curve
shows the particle that is expelled out to the edge. In fact, from
the inflection of the curves ¢;(¢) we can infer the time interval
when three particles are found inside the cluster, At & 0.5 s,
i.e. from 9.5 to 10 s.

The itinerancy as observed in our experiment is the result
of two mechanisms: the EB strongly pushing on the dust
particles and the action of the repulsive ‘“circular wall” of
the potential well in which the cluster resides. The dust parti-
cles facing directly the EB are pushed strongly and spin fast
catching up the other dust particles of the cluster. They move
circularly, contained by the repulsive “wall” of the sheath
field. A dust particle can then deviate radially into the cluster
and slows down as it gains an inner position. Had the con-
fining potential been weaker the particles would flow straight,
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along the direction of the EB. At the same time the EB forcing
is weak and does not exert a too strong pushing force on the
dust particles which could overcome the potential barrier of
the confining sheath field.

IV. SIMULATIONS OF CLUSTER ROTATION

The rotational motion of the dust cluster interacting with a
continuous EB (as opposed to the pulsed beam in the experi-
ment which has also a higher energy) has been simulated with
the YOAKUM code, a molecular dynamics simulation tool de-
rived from the DEMON code [38]. A system of 10 dust particles
with the same size, density and charge as in the experiment is
established by distributing them randomly over a 10 x 10 mm
grid, each with an arbitrary velocity between &1 mm s~'.
The dust particles are let to self-arrange, while their evolution
in time is monitored subject to the forces applied on them,
including here the electron drag force 2w rnfBEgp, where
nEB is the electron density in the EB, and Egp is the beam
energy [12]. The formula is in agreement with derivations
of the EB current and force in other works [9,10,39,40]. The
electron drag force is deduced from the momentum integral
following [41,42] and the orbital-motion-limited (OML)
theory of dust charging [43,44]: Fe = m, f ﬁfe(ﬁ)aé’(v)vd%,
where m, is the electron mass, v is the electron speed, f,(V) is
the electron speed distribution function and o!" = ¢!l 4 o2
is the total momentum transfer cross section by direct and
Coulomb collisions. The electron drag force is the sum of
direct collision and Coulomb drag forces F, = F°!l + FCo.
The cross section of direct collisions is

2

2, o m,
coll __ ”rj(l"‘,niu%)f if =5— > e|Val
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% 0. ey
where V; (V; < 0) is the electrostatic potential of the dust
particle. The electrons will be collected on the dust surface
if their kinetic energy is high enough to overcome the
potential barrier of the charged dust particle. Here the charge
is related to the dust potential in the OML framework,
Vi = Qu/4meory. The second cross section describes the
interaction of electrons which pass close enough by a
microparticle without being trapped on its surface, and
transfer a fraction of their momentum via the Coulomb field:

)\2 2
errb = 27{;% In (—? ::__ rg) 2)
pbc T e

Here Ap is the total screening length 1/A% = 1/A%, +
1/A2,;, A3, and A3, are the electron and ion Debye lengths,
respectively, rc = eQ,/4m 80meu3 is the Coulomb radius, and
pc = rqg/1 — 2rc/ry is the maximum impact parameter. The
above equations are simplified by the assumption of a mo-
noenergetic electron beam Egp = meuf /2 with distribution
function f,(¥) = nf88(v, — u,)8(vy)8(v,) and with kinetic
energy much higher than the electrostatic potential energy
of the dust charge: e|V;| < meuz /2. Also we note that since
rc &K rq we obtain FCU <« Feoll,

Neutral atoms are also subject to collisions with the beam
electrons, however, the momentum transferred to neutrals is
low. On average the energy lost by an electron after a collision
with a neutral atom is a fraction 2m,/m, =~ 107 of its kinetic

energy, where m, is the mass of an Ar atom [45]. For a
12 keV electron it is of the order of 0.12 eV. The total elec-
tron elastic-scattering cross section at 12 keV on Ar atoms is
Oelas ~ 2 x 1072 m~2 [46]. The elastic collision frequency
of electrons from the beam is ~n, e, = 3.8 x 108 s~1,
where n, = 3.16 x 10?! m? is the neutral density and u, =
6.4 x 107 ms~!. The effective number of electron collisions
per unit length is low therefore the drag force that could be
exerted on the dust particles due to EB-induced neutral flow
is negligible.

In the simulations nf8 =10 m™3 as in Ref. [12],
while Egg ~ 1 keV. The ions are at the room tempera-
ture. The other forces are: the dust-dust interactions o
Qazl,rlj2 exp (—rp/Ap), where rp is the distance between dust
particles and Ap & 63.6 um, the neutral drag force —y v with
y =15x 107" N s m™!, and a radial confining force
—mgkr, where my = (1.3 4+0.1) x 10~'2 kg is the mass of
a dust particle, k =5 x 10> Nm~! and r = /x2 +y2. The
choice of k allows for a confinement of the cluster at the
size observed in the experiment. The equation of motion of
each dust particle is solved using a fourth-order Runge-Kutta
algorithm using a time step of 107 s.

Once a stable dust cluster is established, as shown in the
inset of Fig. 5(a), an EB propagating along the X direction is
applied. The EB has a planar spatial profile in the § direction
and a width —1 < y < 0.25 mm, thus creating the means for a
torque acting on the cluster, relative to its center (x, y = 0). As
opposed to the experiment, here, for simplicity, the transverse
profile (i.e., in the ¥ direction) of the EB is flat. The strength
(or electron density) of the EB is set to decrease exponen-
tially in the Ox direction with a characteristic scale length
Agp =5 mm. The beam is at full strength at x = —20 mm
from the cluster center. This results in a drag force attenuation
factor ~1.8 x 1072. Also the EB energy is lower by a factor
of 10, i.e., ~1 keV in the simulation vs ~10 keV in the
experiment. The total attenuation of the EB is 1.8 x 1073,
obtained by multiplying these two previous factors. This at-
tenuation is needed in order to make up for the regime when
the pulsed EB is on and off in the experiment, with duty cycle
D = 2.2 x 1073, We emphasize that the EB operation mode
(continuous in the simulation vs pulsed in the experiment) is
leading to differences in the interaction time seen in Fig. 5,
i.e., longer in the simulations than in the experiment and lower
EB energy (below 1 keV) where the torque starts to produce
a rotational effect on the cluster. The simulated dust particles
trajectories are presented in Fig. 5(a), which can be viewed
as analogous of Fig. 4(a). The same rotational motion and
“stick-slip” dynamics are observed in the simulations shown
in Fig. 5(b). The model is based on the main drag effects ex-
erted by the electrons on the dust particles without accounting
for the charge fluctuations arising due to EB charging [47],
secondary emission [48], or local gas ionization [49].

V. TORQUE EVALUATION AND DISCUSSION

The torque is arising from the difference in the relative
intensity of the beam on one side of the cluster relative to the
other. Over a distance of 1 mm near the peak of the Gaussian
profile in Fig. 2(d) one can see a large drop in the EB intensity,
from 250 to &170 arb. units, which creates the torque on the
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FIG. 5. (a) Simulated dust trajectories for a continuous EB with
energy 0.75 keV; the inset shows the initial position of the cluster,
while the arrow shows the width of the EB. The cluster center is in
the origin of axes; (b) Simulated evolution in time of the unwrapped
rotational angle ¢ of all dust particles. Itinerancy between the inner
and outer trajectories (with magenta and blue line) is seen at =~ 40 s,
marked by arrows.

cluster. The parameters of the experiment (beam size, energy,
beam current, cluster size, beam profile, potential well where
the cluster is positioned) are all correlated and correspond to
the observed phenomena.

We can estimate the total torque tzp exerted by the EB
from the rotational dynamics of the cluster Idw/dt = tgp —
S0 Riyv;, where I = 3,2, R2my is the cluster moment of
inertia and y v; is the friction force with the neutral gas acting
on each dust particle [18]. For steady rotation the EB torque is
equilibrated by the friction force torque: tzp ~ legl R%ywi,
where 7; = R?y w; is the torque acting on a single dust particle.
For the case of irradiation at 11 keV we estimate 7z = 3.1 &
0.15 x 107! Nm.

The measured rotation speed is observed to increase with
the EB energy, for a stable cluster. The lowest average angular
speed is @ = 1.2 +0.05 x 1073 rad s~! at 8 keV, as shown
in Fig. 6(a). A total torque tzp =4.1+0.2 x 107'* Nm
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FIG. 6. (a) Measured torque tzp (squares) exerted by the pulsed
EB on the whole cluster and average angular speed of rotation w
(diamonds) of the outer cluster ring; (b) Simulated total torque tzp
(squares) exerted by the continuous EB and average angular speed
T (diamonds).

acting on all cluster particles corresponds to this slow, yet
well observable, rotation. At 9 keV, w = 0.16 & 0.006 rad
s~! and increases to w = 1.41 +0.05 rad s~! at 12 keV.
The same ascending trend is observed for the torque: tgp =
5.5+0.26 x 1072 Nm to 73 = 4.9 £ 0.25 x 10~'" Nm for
these EB energies, respectively. Errors are calculated from the
standard deviation (SD) of w; and t; for each dust particle.

The increase in the rotation speed and torque in Fig. 6(a)
with beam energy is not linear as predicted by the electron
drag force. This is caused by the variation of the EB current
with voltage in the experiment. We observe that the EB current
has a tendency to increase at higher voltage and thus the EB
has a higher electron density. In the simulation, however, the
EB current and electron density in the beam are kept constant
and thus the rotation speed and torque increase linearly with
the EB energy.

At 11 keV and especially at 12 keV dust oscillations and
itinerancy are an indication of a transition to a less stable
state of the cluster which for short periods of time changes
its structure. This is reflected in the SD which increases as
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the rotation of the outer dust particles is perturbed. In fact at
13 keV all particles move rather chaotically and no rotation
of the structure can be observed. The momentum transferred
from the EB is converted into turbulent kinetic energy of the
whole cluster constituents.

At lower EB energies, below 8 keV, the beam is not
properly focused for the given magnetic field configuration
employed in the experiment. The EB output through the
0.5 mm hole is dropping significantly and no rotational effect
on the cluster is observed. During the experiment the mag-
netic field strength given by the two focusing coils is kept
unchanged.

In separate experiments we could observe rotation in clus-
ters with 5 and 9 particles but also in large crystals with tens
of dust particles. It appears that in many observations a higher
EB energy (213 keV) leads inevitably to the destruction of
the cluster arrangement.

In the simulations @ increases relatively smoothly with
the EB energy, as shown in Fig. 6(b). At 1 keV the rotation
speed 0.045 rads~' and torque 1.75 x 10~'2 Nm are lower
by a factor of 10 than in the experiment, i.e., 0.42 rads™!
and 1.43 x 10~"" Nm, respectively. Dust itinerancy becomes
more frequent at higher EB energy, as shown by the increased
SD of the average rotation speed w, leading eventually to a
completely perturbed cluster.

The angular speed is smaller in the simulation due to the
forces opposed to dust motion, including here the radial con-
fining force —mykr. Our cluster model is a simplification and
consists only of negatively charged spheres which repel each
other while in the experiment the confinement of the dust
particles depends on many more factors, such as the profile
of the sheath electric field, the ion flow in the sheath and the
distribution of ions and electrons inside the sheath. More gen-
erally, it is not uncommon in simulations to vary the strength
of the different forces to evidence a particular phenomenon. In
Ref. [50] the damping coefficient corresponding to the friction
force with the neutral gas atoms is taken smaller by an order
of magnitude in the simulation of a dust flow immersed in
the plasma sheath, when compared to the experiment. In other
studies, the gas pressure and implicitly the friction force with
the neutral atoms has been reduced in the simulation with two
orders of magnitude compared to the experiment, in order to
allow for the propagation of solitary dust waves [51].

VI. CONCLUSIONS

We demonstrate experimentally the rotation of a millimeter
size cluster of charged dust particles levitated in plasma by the
torque of an EB with energy in the 8—12 keV range and beam
currents lower than &1 mA. The main force at work is the drag
force exerted by the electrons of the beam which collide with
the dust particles. The cluster is strongly coupled, confined
into a potential well and constrained to move circularly by
the EB. Although the round EB spot has a larger diameter
compared to the size of the cluster, due to its Gaussian profile
in cross section the cluster is irradiated differently on one
side closer to the beam axis, than on the opposite side. A
direct proof of the action of the electron drag force comes
from the increasing rotation speed of the cluster with the EB
energy.

A simple simulation model for dust cluster irradiation with
an EB exhibits all the peculiarities observed in the experiment,
such as cluster rotation, particle itinerancy, and increased
rotation speed with beam energy. We emphasize that in the
model the electron beam is turned on continuously while in
the experiment the beam is pulsed at 56 Hz with a pulse
duration of 40 us. The beam profile in the simulation is such
that it irradiates only a side of the cluster, thus favoring the
creation of a net torque.

These results demonstrate the capability of an EB with
energy ~10 keV to rotate and manipulate large microscopic
clusters (of order 1 mm) immersed in plasma. Moreover,
the momentum transfer from the EB to the particles is of
relevance for exciting new types of rotational dynamics in
microscopic structures, e.g., in micromotors [52].
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