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The driven-dissipative Langevin dynamics simulation is used to produce a two-dimensional (2D) dense cloud, which
is composed of charged dust particles trapped in a quadratic potential. A 2D mesh grid is built to analyze the center-to-wall
dust density. It is found that the local dust density in the outer region relative to that of the inner region is more nonuniform,
being consistent with the feature of quadratic potential. The dependences of the global dust density on equilibrium tem-
perature, particle size, confinement strength, and confinement shape are investigated. It is found that the particle size, the
confinement strength, and the confinement shape strongly affect the global dust density, while the equilibrium temperature
plays a minor effect on it. In the direction where there is a stronger confinement, the dust density gradient is bigger.

Keywords: dust particles, quadratic potential, two-dimensional mesh grid

PACS: 52.27.Lw, 52.27.Gr, 52.65.—y

1. Introduction

Complex (dusty) plasma shares a number of similarities
with other many-body systems such as colloidal suspension.
The nanometer to millimeter charged dust particles behave in
a gaseous-like, liquid-like, or solid-like state depending on the
relative value of the kinetic energy to the effective interparti-
cle potential energy. To obtain the generic properties of the

=141 microscopic structure,[5-20]

system, such as transport,|
and collective oscillation,*’-3>! a cluster composed of a finite
number of particles is often employed in the simulation, and
the boundary condition is assumed to be periodic. In that way,
the unbounded system is simply regarded as infinite. However,
a horizontal confinement that is used to prevent the charged
dust particles from diffusing into the wall of the container is
needed in most of the dusty plasma experiments. For example,
an electrode with a shallow circular parabolic trough is devised

36,371 The resultant trap gives

in the experiment of Melzer et al.!
rise to a radically inward force, which can be anisotropic by
changing the relative strength of the trap at different direction.
In the experiment of Lin ez al.,!3! a hollow coaxial cylinder
is put on the bottom electrode to confine the charged dust par-
ticles. By adjusting the rf power, a very thick outward radial
space charge field is generated and the negatively charged dust
particles are confined in the central uniform region. The sys-
tem size shrinks or expands depending on the rf power. In

another of their experiments, %!

a rectangular confining cell
with 14.5 mm width, 30 mm length, and 14 mm height is
placed at the center of the bottom electrode surface to con-
fine the charged dust particles. The cluster with an elongated

cross section is observed. This experiment has significance in
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that one can create a two-dimensional (2D) dusty plasma with
a bigger length scale at the preferred direction, which facili-
tates the investigation of linear waves with longer wave-length
and the subsequent turbulence. In the experiment of Morfill ez

al.,1*"!

a copper ring with inner diameter of 40 mm and height
of 2 mm is placed on the rf electrode. It introduces a horizon-
tal confining potential and the charged dust particles can be
pushed towards the center. In the experiments of Piel et al.[*!]
and Goree et al.,'*?! a spherical depression at the center of the
electrode surface is designed to provide a radial confinement
for the charged dust particles. In the experiment of Thomas
et al.,"¥! the researchers use a strong magnetic field to mod-
ify the confinement by changing the dynamics of electrons,
ions, and even the charged dust particles. So far, it has been
known that the interplay between the charged dust particles
and the confinement does play an important role in the appear-
ance of the system. In this paper, we attempt to answer one
basic, while fundamentally important question: how does the
global density of the charged dust particles, from the inner to
the outer, respond to the confinement? This study has a poten-
tial application to spectroscopy, imaging, and understanding
of dust-associated waves. For example, it has been shown that
the dispersion of linear dust-acoustic waves is modified by the

(441 In the study of photonic crys-

dust density nonuniformity.
tal, Shukla er al.1*3) and Hartmann ez al.1*! have suggested
that an external magnetic field affects the interparticle spac-
ing of superparamagnetic charged dust particles, and hence the
density of the system. Correspondingly, the dust crystal as a
tunable filter in the terahertz regime (the interparticle distance

on the order of 100 mm) is expected.
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Early experiment has shown that the mean interparticle
separation increases up to about 10% in the range 0.7R < r <R
for the hundreds of mm-sized particles (Fig. 5 therein), 3%
where R is the radius of the circular cluster. The method used
for determining the interparticle separation is to measure the
first peak of the radial distribution function (RDF). However,
the accuracy of RDF relies on the uniformity of the objects
being processed. In a recent experiment conducted by Killer
et al.,'*"! the researchers studied the three-dimensional (3D)
dust distribution in dust clouds of both micro- and sub-micro-
sized particles using a tomographic method. They found that
the dust density of both micro-dusts and nano-dusts changes
a lot from the inner region to the outer region (up to several
times). Basically, the configuration of the cluster is due to the
superposition of confinement, equilibrium temperature, parti-
cle number, particle size, and so on. These mixed effects are
rather difficult to be distinguished in the experiment. Here, we
investigate the dependences of the global dust density on equi-
librium temperature, particle size, confinement strength, and
confinement shape separately, with the purpose of having an
insight into the physical mechanism behind them. The con-
finement is assumed to be quadratic, which is popular in many
dusty plasma experiments. The global dust density of the sys-
tem is analyzed in a Lagrange framework, where each particle
is weighted onto the 2D mesh grids.

This paper is arranged as follows. Section 2 gives the sim-
ulation model in detail. The simulation results and discussion
are presented in Section 3. Section 4 is devoted to a conclu-
sion.

2. Simulation model

In a 2D bounded cluster composed of identically charged
dust particles, the Hamiltonian of the system is given by

Hi(ﬁ+¢>+ﬁ@z (1)
S\om o

where the first term, second term, and third term of right hand
side of Eq. (1), respectively, correspond to kinetic energy, con-
finement potential energy, and interaction potential energy of
the system. N is the number of charged dust particles, and
p; is the momentum of the i-th charged dust particle. Due
to the screening effect of background plasma, Py takes the
form of Yukawa potential energy (Q?/r)exp(—r/Ap), where
Q is the charge on each dust particle, r is the interparticle dis-
tance, and Ap is the Debye length of the system. Two con-
finements with different shapes including circle and ellipse are
considered. For the circular one, @, is written as m,-a)zri2 /2,
where m; and 7; are the dust mass and position vector of the
i-th particle, respectively. @ is set by the shape of the cav-
ity in the lower electrode. In simulations, ® also refers to the

strength of the confinement. For the elliptical one, ®. is writ-
ten as m; > (ox? +y?)/2, where « is a dimensionless param-
eter which determines the aspect ratio of the ellipse, x; and y;
are the coordinates of the i-th charged dust particle. To reach
the desirable temperature, a driven-dissipative thermostat is
used to sustain the equilibrium of the system. For the term of
dissipative force, it reads —vmw;(t), where V is the collision
frequency between the charged dust particles and the neutral
gas, and v;(¢) is the velocity of the i-th particle at time ¢. For
the term of driven force, it reads {;(¢), which relates to the
temperature of the system in terms of fluctuation-dissipation
theorem 41441

(Gi(0)Ci(r)) = 2mVvkpTd(1), 2

where kg is the Boltzmann constant, T is the equilibrium tem-
perature of the system, and 0 is the Dirac delta function.

We aim to analyze the global dust density of the con-
fined system on an equal footing by building a uniform
N, x N, mesh grid in real space. Supposing a homoge-
nous system (no confinement) with a given density ng con-
sists of N charged dust particles, then the averaging weight
wo = Y w(l,k)/(N:Ny) can be calculated, where w(/, k) is the
particle-related weight on each mesh grid (/ together with %,
ranging from 1 to 30, determine the identity of individual mesh
grid). Basically, w(l,k) ~ wy is independent of / and k for the
homogenous system in equilibrium. When the confinement is
present, the edge of the system tends to bend and the clus-
ter shrinks. The charged dust particles rearrange themselves,
causing the updated weight w(l, k) to strongly depend on / and
k. In physics, w(l, k) reflects the local field that the dust par-
ticles are experiencing. We recalculate w(/,k) on each mesh
grid, and the global dust density of the confined system is ex-
pressed by (w(l,k)/wo)ng, a value based on the initial given
density ng. The interparticle spacing of the confined system is
smaller than that of the unbounded system in the region where
w(l,k)/wo > 1, and vice versa. Noting that w(l,k) = 0 corre-
sponds to the region where the particle is absent.

The normalizations for this study are as follows: length

is scaled by a = (nom) ="/

, which is the Wigner—Seitz radius
of the homogenous system with number density ng. Time is
scaled by the inverse nominal plasma frequency a)r;ll of the
unbounded system, where @pq = (203 /(a®mq))'/2.148-511 En-
ergy is normalized by Uy = Q% /a. Qo and my are the typi-
cal values in experiments of dusty plasma. For example, Qg

[5253] where e is the elementary

ranges from 10 to 10%,
charge. For silica, melamine formaldehyde, and aluminium
oxide, my is on the order of 10~!8 kg to 10~7 kg depending on

its size.[43:54-57

I Screening coefficient  is one of the most im-
portant parameters characterizing the thermodynamics of the

system. In order to separate the effects of k¥ and @ on the
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global dust density (since the mean interparticle distance re-
lates to the confinement strength), we define the screening co-
efficient by k = a/Ap instead of the conventional one, i.e., the
ratio of mean interparticle distance to Debye length. In this
way, one of K and w can be studied when the other is fixed.
Initially, the charged dust particles with a Gaussian distri-
bution are randomly loaded in the x—y plane. The first 2 x 10°
time steps are used to relax the system. In the next 103 time
steps, the position of each charged dust particle is sampled
at an interval of 10 time steps. To reduce the statistical er-
ror, the global dust density of the system w(l,k) is derived
by averaging 10* ensembles. The typical parameters used in
the simulation are as follows: the screening coefficient k of
the system ranges from 1 to 5, the collision frequency v (in
units of @,q) between neutral gas and charged dust particles is
from 0.01 to 0.1,1'58-61] the system temperature T (in units
of Up) changes from 0.1 to 0.005,[62-65] 4nd the confinement
strength @ (in units of @,q) varies from 0.1 to 0.25. Upon the
previous study that the modification of Yukawa potential by
including the particle size brings minor effects on the dynam-
ics of the system,!*! we infer that the effect of the particle
size on the global dust density mainly stems from Q and m of
the particles. Here, Q and m are changed proportionally, i.e.,
W =0/0Qy=m/my. We note that all of the other parameters
are kept constant when one of the parameters is investigated.

3. Simulation result and discussion

The simulations are arranged as follows. In Subsec-
tion 3.1, the dependence of w(l,k)/wp on equilibrium tem-
perature T is investigated. Based on this, we proceed with the
next simulation with a fixed 7. In Subsection 3.2, the effects
of the particle size on the global density are calculated inspired
by recent experiments.*>#6! In Subsection 3.3, w(l,k)/wo as
a function of ® is studied. Intuitively, the system size should
shrink with increasing @ due to the stronger confinement. On
the other hand, how the global dust density changes accord-
ingly is not yet clear. In Subsection 3.4, the global dust density
with an anisotropic confinement is discussed. We note that the
ion drag force is omitted in this model, thus a void-free cluster
is expected.

3.1. Effects of equilibrium temperature on global dust
density

Figure 1 shows w(l,k)/wp as a function of R, where R
refers to the radial distance from the center to the boundary
of the cluster, and the confinement has a circular shape. Dif-
ferent equilibrium temperatures, including 7 = 0.005, 0.01,
0.02, and 0.1, are considered, which correspond to the cou-
pling constant of the system I = Q?/(akgT) = 200, 100,

50, and 10, respectively. According to the reference,*’! a

2D one-component infinite Yukawa system with k = 1 melts
near I' = 170. This suggests that our investigation covers the
liquid-like state basically. It is found that: (1) the global dust
density has a radial-symmetric distribution, being consistent
with the shape of the confinement (as shown in Fig. 4(a)). The
value of w(l,k)/wo > 1 indicates that the confinement strongly
increases the dust density due to the shrinking of the cluster.
(2) By analyzing the slope of the curves, one finds that the
global dust density near the boundary changes more than that
of the inner region, i.e., having a bigger gradient. This also
can be explained by the shape of the confinement used here,
i.e., the potential farther away from the center is steeper. (3)
The global dust density basically remains unchanged for the
cases of lower temperature (7 = 0.02, 0.01, 0.005). However,
the system with a higher temperature (7 = 0.1) tends to extend
due to the stronger mobility of the charged dust particles, and
the global dusty density has a slight change correspondingly.

15 —— T=0.1 4
——T=0.02
T=0.01

10

w(l,k)/wo

1 1 1 1 1 I 1
-30 —-20 —-10 O 10 20 30
R/a

Fig. 1. The w(I,k)/wy as a function of R, the equilibrium temperatures
are set to be 7 = 0.005, 0.01, 0.02, and 0.1, respectively.

3.2. Effects of particle size on global dust density

Due to the feasibility of individual particle tracking, the
micron-sized dusts are frequently used in the experiments to
study the strong-coupling related phenomena. While in the
technological plasma, the nanoparticles are of great interest
for their better flexibility and controllability. On this point, the
problem related to particle size deserves to be paid attention.
Here we investigate the effects of particle size on the global
density of the system. Figure 2 shows w(l,k)/w as a function
of R, where u =1, 3, 5, and 7. We choose T = 0.1 for the
stronger mobility of the system. Note that Fig. 1 has already
shown that the global dust density of the system is indepen-
dent of T, therefore we expect the conclusions obtained here
are also applicable to the cases of 7' = 0.02, 0.01, and 0.005.

It is found that the global density, particularly the central
density decreases with a saturation trend when p is increased.
Meanwhile, the boundary of the system extends. In addition,
one finds that the global density of the system tends to be
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more uniform with increasing y by observing the slope of the
curves. These results can be explained as follows: when the
charge and mass of the particles increase proportionally, the

(uQ)?) gains more
increment relative to that of the confinement force (~ pm),

electrostatic interparticle interaction (~

hence the cluster tends to expand due to the relatively stronger
Coulomb repelling, and the global density tends to be more
Killer et
al. in their experiment (Figs. 3 and 4 therein) have demon-

uniform due to the relatively weaker confinement.

strated that the charged particles have a radial-dependent den-
sity in the horizontal plane near the upper edge of the 3D dust
cloud.™”! In fact, the particles with bigger size (aq = 1.78 pm,
where aq is the radius of the dust) have a relatively more uni-
form density distribution, while the particles with smaller size
(aqg = 210 nm) have a relatively nonuniform density distribu-
tion. Our simulations shown here are basically consistent with

their experiment.

15} .
10} -
o
3
~
=
3
51 i
7 \
/ S
[ ] L)
0 bt l/ 1 1 1 1 1 \, R
2300 —20 —10 0 10 20 30

R/a

Fig. 2. The w(l,k)/wp as a function of R, where u =1, 3, 5, 7.

3.3. Effects of confinement strength on global dust density

Figure 3 shows w(l,k)/wy as a function of R, where dif-
ferent confinement strengths are used, including @ =0.1, 0.15,
0.2, 0.25. As expected, the dust cloud shrinks with increasing
confinement strength. Meanwhile, the dust particles are more
uniform along the radial direction as @ decreases. This makes
sense because the potential well tends to be flatter when @ de-
creases. Additionally, we are interested in the variation of the
dust density at different R when @ is changed.

Here we analyze only the region where the dust particles
always appeatr, i.e., R < 20 approximately. As shown in the
inset of Fig. 3, it is found that the dust density at the center
of cluster decreases linearly as @ is increased, while this de-
pendence turns to be nonlinear far away from the center, for
example, when R = 13.5. All of these findings suggest that
the confinement strength plays an important role in the dust
density. It is believed that detailed dependence of the global
density is also related to the confinement shape, as discussed
in the next subsection.

T T T T T T T
20 e w=0.10
—e— w=0.15

w=0.20
—v— w=0.25

w(l,k)/wo

15

10

w(l,k)/wo

R/a

Fig. 3. The w(l,k)/wo as a function of R, with different confinement
strengths @ = 0.1, 0.15, 0.2, 0.25.

3.4. Effects of confinement shape on global dust density

To investigate the effects of confinement shape on
the global dust density, the circular quadratic confinement
o, =
m;®*(ax? +y?)/2. This idea has been proposed in the pre-

is deformed by adjusting the parameter «, i.e.,

vious studies.?*371 As shown in Fig. 4, we give the 3D plot
of the gradually-deformed quadratic potential, where oc = 1.0,
0.8, 0.6, and 0.4, respectively. It is found that the cylindrical-
symmetric potential well (o0 = 1.0) tends to be anisotropic as
a is decreased. For the case of @ = 0.4, the potential has
an obvious sinking along the x-direction, which relaxes the
x-direction confinement of the dust particles to some extent,
even leads to the escape event when the kinetic energy of the
system is sufficiently strong.

(a) a=1.0_ ]~ 70 (b) =08 60
T 2 60 T x ™~
80 N 80 . 50

: 50
60 60 0
40 40 4o , 50
20 ~ 30 g0 ~
0L /v\\ 20 T 4N 20
) = 207 . 10
0920 QW 0~ g 20
v/e 90720 /4 0 v/a —20720 3/4 0
(c) a:O.()’/i\\ (d) a=0. 4 50
_— N 50
60 N 60 40
40
40 40 30
30
20 P 20 2
5 ‘ 20
T 4 0 10
207 = 10 20\ 50
/a—20=20 94 0 L —— m/a 0

Fig. 4. The 3D plot of the gradually-deformed quadratic potential,
where o0 = 1.0, 0.8, 0.6, 0.4 respectively.

It is noted that the potential at the y-direction also de-
clines with decreasing «, thus the dust particles’ motion along
the y-direction should be affected as well. Figure 5 shows
the corresponding global dust density with different o. Be-

ing consistent with those of Fig. 4, the dust cloud extends at
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the x-direction due to the weaker confinement, and shrinks at
the y-direction to match the shape of the confinement.

(d) a=0.4

—20 0

Fig. 5. Global dust density with different o.

In addition, one can observe that the peak density in the
central region is decreased. This trend can be verified clearly
by analyzing the radial dust density along x-direction and y-
direction, respectively, as shown in Fig. 6.

—a—a=1.0 —— a=0.8 a=0.6 —~— a=0.4

1 T T T T T T T T T T T T T T
or (a) z-direction T (b) y-direction 7
S 10} 4 _
~
=
5.l 1 |
O we: (h 4 1 1 1 "
—30 —10 10 30 —30 —10 10 30
R/a R/a

Fig. 6. The w(l,k)/wo as a function of R in the x-direction and the
y-direction, respectively.

It is found that both of the peak densities along the two
directions decrease with decreasing o. At the x-direction, the
boundary of the system extends; while at the y-direction, the
boundary of the system is suppressed slightly, being consistent
with those of Fig. 5. It is noted that the dust density at the y-
direction has a bigger gradient relative to that of the x-direction
when o is much smaller than 1. Meanwhile, we believe that
this conclusion will be reversed if ¢ is much bigger than 1. In
other words, the dust density is bigger in the direction where
there is a stronger confinement. This point can also be con-
firmed by Fig. 3.

4. Conclusion

The dust density nonuniformity has been observed in pre-
vious complex plasma experiments. However, how the global

dusty density responds to the confinement is not clear to the
best of our knowledge. In this work, we first use the Langevin
dynamics simulation to produce a 2D dense dust cloud trapped
in a quadratic potential. We then build a mesh grid and per-
form an analysis of the radial density with respect to a num-
ber of factors including equilibrium temperature, particle size,
confinement strength, and confinement shape. It is found that
the particle size, the confinement strength, and the confine-
ment shape, relative to the equilibrium temperature, have im-
portant effects on the global dusty density. In addition, we
find that the dust density gradient is stronger in the direction
where there is a stronger confinement. These conclusions hold
for different particle numbers (N ranging from 1600 to 10000
has been examined) and neutral collision frequencies. This
study provides a helpful understanding of the appearance of
2D trapped dense clouds. It also gives a reference for future
studies considering dust density nonuniformity.
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