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We present a theoretical model for studying the interactions of charged particles with two-dimensional
strongly coupled dusty plasmas, based on the quasilocalized charge approximation in which the static
pair distribution function of a dust layer is determined from a molecular dynamics simulation. General
expressions are derived for the perturbed dust-layer density, the induced potential in plasma, and the energy
loss of a charged particle moving parallel to the dust layer. Numerical results show that the structure of
Mach cones, excited in the dust layer by the charged particle, strongly depends on the plasma parameters
such as the coupling parameter, the screening parameter, and the discharge pressure, as well as on the particle
speed. In addition, it is found that the energy dissipation suffered by slow charged particles can be significantly
enhanced in strongly coupled dusty plasmas when compared to the dissipation in weakly coupled
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I. INTRODUCTION

A dusty, or complex, plasma is an ionized gas in which
submicron-to-micron sized particles, usually called dust
grains, are embedded [1-5]. Dusty plasmas occur widely
in astrophysical environments, as well as in the laboratory
settings where they allow direct optical imaging of particle
motion in real time. Typically, dust particles in the laboratory
plasmas acquire large negative charges, of the order of
Z,~ 10° to 10* elementary charges, so that they can interact
quite strongly with each other via the screened Coulomb
(Yukawa) potential ¢(r)=[(Z,e)*/rlexp(=r/\p), where r is
the interparticle distance, e is electron charge, and Ap is the
Debye screening length of the background plasma. Dust par-
ticles usually form two-dimensional (2D) layers in the labo-
ratory plasmas, which can be classified by means of two
parameters. One is the lattice parameter, or interaction range,
k=al\p, where a=(mo,)~"? is the average interparticle dis-
tance with o, being the equilibrium surface density of the
dust layer. The other parameter is the Coulomb coupling T,
defined as the ratio of the interparticle interaction energy to
the particle thermal kinetic energy, I'=(Z,e)?/(aT,), where
T, is the dust layer temperature (in units of energy). When
I'>1, the dust system is said to be strongly coupled and,
consequently, the particles tend to arrange themselves into
liquidlike or crystalline structures, as shown in the micropho-
tographs reported in Refs. [2-5].

Ever since strongly coupled dusty plasmas were first cre-
ated in 1994, the wave phenomena in these structures have
been extensively studied, both theoretically [6,7] and experi-
mentally [8,9]. Two wave modes have been identified in 2D
dust crystals: a longitudinal (compressional) wave in which
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particles are displaced parallel to the direction of the wave
vector k, and a transverse (shear) wave in which particles are
displaced perpendicular to k. A comprehensive theory of
both types of waves in Yukawa crystals has been recently
developed by Wang et al. [10] and subsequently verified in
considerable detail in the experiments conducted by Nuno-
mura et al. [11]. Dusty plasmas in the gaseous (weakly
coupled) state can sustain compressional waves but not
transverse waves. The most ubiquitous are the dust acoustic
waves (DAW) [12,13] which have low frequency due to the
large mass of dust grains. In the liquid phase, strong coupling
is expected to soften the longitudinal dispersion and to gen-
erate a transverse (shear) mode, in qualitative resemblance to
the phonon spectrum of a lattice [14].

The existence of Mach-cone waves in complex plasmas
was first predicted by Havnes et al. [15], who described how
a charged body moving through a cloud of dust particles can
excite a DAW. Their report initiated a series of experimental
[16-19], as well as theoretical analytical [20-24] and simu-
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FIG. 1. Pair correlation functions of dust layer in equilibrium
with k=1 and for I'=100, 300, 500, and 1000.
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FIG. 2. (Color online) Perturbed density o, in the Mach cone region for different coupling constants: I'=300 (a) and (d), 500 (b) and
(), and 1000 (c) and (f), based on the QLCA [(a), (b), and (c)] and the RPA [(d), (¢), and (f)] descriptions. Here, the screening constant k=1,
the projectile speed v=1 cm/s, and the discharge pressure p=10 Pa are kept fixed.

lation [25], studies of this topic. Mach cones can be excited
by laser beams [18,19] and by charged particles [16,17]. In
particular, Mach cones excited by charged particles were first
observed experimentally in the earth laboratories by Sam-
sonov et al. [16,17] in a gas discharge experiment. In their
experiment, they observed that some V-shaped density dis-
turbances, i.e., Mach cones, were excited in a 2D monolayer
dust crystal by Brownian particles moving slightly below the
layer. The opening angles of Mach cones, 6, were found to
obey the Mach-cone-angle relation, sin #=v,/v, with v,
being the dust acoustic speed and v the speed of the moving
particle. This rule was also verified in a wide range of
Mach numbers in other experiments. On the theoretical
side, analytical theory of Mach cones induced by the motion
of charged particles was formulated by Dubin [20], who
applied the linear theory of phonon response to a 2D dust
crystal, and such an approach provided additional insight in
the experimental observations [16,17] for this excitation
method.

On the other hand, a charged particle will normally lose
its kinetic energy while exciting Mach cones in a dusty
plasma. Nasim er al. [26] were the first to study, within the
linear dielectric response theory, the energy loss of two cor-
related ions passing through a bulk of a three-dimensional
(3D) dusty plasma. Shortly thereafter, this work was ex-
tended to include the dust-neutral collisions [27] and the
dust-charge fluctuation [28,29]. It should be stressed that
these studies were focused mainly on the energy loss of pro-
jectile particles moving through homogeneous 3D dusty
plasmas, containing weakly correlated dust particles. How-
ever, most experiments [15-18] on Mach cones were ob-
served in 2D strongly coupled dusty plasmas, and it is not a
straightforward matter to generalize the approach of previous
works [26-29] to such systems.

The purpose of this paper is to develop a theoretical
model for studying Mach cones excited by a charged particle
moving over a 2D strongly coupled dusty plasma. To this
end, we use the quasilocalized charge approximation
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FIG. 3. (Color online) Velocity field u,; in the Mach cone region for the same parameters as in Fig. 1.

(QLCA) [30-34], which has been successfully used before to
study collective excitations in 2D and 3D Yukawa systems.
In addition, damping effects due to the collisions of dust
particles with neutrals are taken into account in our model
by means of a phenomenological factor [35]. The pair
correlation function of dust particles, g(r), which is needed
in QLCA, is determined here by the molecular dynamics
(MD) simulation method. Finally, the energy losses of
charged particles are studied in detail for a range of plasma
parameters.

The paper is organized as follows. In Sec. II, general ex-
pressions are derived on the basis of QLCA for the perturbed

density and velocity fields in a 2D dust layer due to a moving
external charged particle. Numerical results for these quanti-
ties are discussed in Sec. II for different plasma parameters.
In Sec. III, we use Poisson equation in conjunction with the
perturbed dust-layer density to study the influence of strong
coupling on the energy loss of the moving particle. Finally, a
short summary is presented in Sec. IV.

II. MACH CONES

Consider a dust layer in the plane z=0 of a Cartesian
coordinate system with R={x,y,z}, which is immersed in a
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large volume of plasma with density n,. Bulk conditions are
reached for such distances from the dust layer that |z|> X\,
and we assume that the plasma is quasineutral there,
N..=N;x=ny. The dust layer consists of N, particles at the
equilibrium positions r;={x;,y;}, with j=1,2,...,N, Let
o,(r,1) and uy(r,?) be, respectwely, the density and the ve-
locity field (having only the x and y components) of the dust
layer at the position r={x,y} and at time . The equilibrium
density of the layer is given by a'dO:ij;q(p(rj)), where
p(r;)=d8(r-r;) is the single-particle density and (...) is an
ensemble average over the dust structure realizations in equi-
librium. The particles interact with each other through a
screened Coulomb potential ¢(r;;).

Now consider a projectile particle with the charge
—Z,e and velocity v, moving parallel to the dust layer
at the constant height h, which produces an external
potential D, (r,z,6)==Ze exp(-n/\p)/n, where 7
= \|r—v#|*+(z—h)* Assuming that ®,,, presents a small dis-
turbance in the dust layer, its density and velocity fields can
be expressed as o,(r,f)=oy +0,(r,f) and wuy(r,r)
=uy (r,t), where the first-order perturbations of these
quantities are respectively given by the ensemble averages,

Ng
aa(r,0) = 2 (pr; + §(1) = p(r)), (1)
j=1

(e =S <d§ (”>, )

=1 dt

where (1) is the displacement amplitude of the jth dust
particle from its equilibrium position r;.

In the following, we use the QLCA to determine
the single-particle positions £;(r). The physical picture of the
QLCA is that the dust particles are trapped in a local poten-
tial where they undergo small oscillations around their equi-
librium sites r;, such that the oscillation amplitudes |Z(7)|
remain much smaller than the interparticle distance a. Fol-
lowing the procedure of Refs. [30-34], we can describe the
microscopic motion of a single particle by

a0 P(k)

my

- 0 (w) =- [D(k) + kk} {k(w) +iywl (o)

((jvﬁ (K, @), (3)

where k={k,k,} and m, is the dust particle mass, while the
collective coordinates {,(w) are defined via the 2D Fourier
transform,

gi(n) = —2

dofi(w)exp(ik -r;—iwt). (4)
W\mde Kk

In Eq. (3), D(k) is the 2D QLCA dynamical matrix, which
is a functional of the static pair correlation function of
the dust layer, g(r), or its Fourier transform g(k), given by
[30-34]
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2 oy p(k)

D(k) = ———qq[g(lq-k)-g(@)]. (5

Vop'g My

with ¢(k)=2m(Z,e)*/ Vk>+ )\52 being the 2D Fourier trans-
form of the the potential ¢(r), and V,;, the area of the 2D
dust layer. The second term on the right-hand side of Eq. (3)
comes from the friction force due to the collisions of
dust particles with neutral atoms/molecules in the plasma,
where the factor y is the Epstein drag coefficient [31].
The last term in Eq. (3) is related to the external disturbance,
with the 2D Fourier transform, F,,(k,w), of the external
force F,(r,0)= ZeV D, (r,z,1)|.-; given by

4nZ7
F, (ko) = ik /uexp( W+ N2 8-k - V).

(6)

It is clear that the dynamical matrix reflects the correlation
effects between the dust particles, so that Eq. (3) will be
reduced to the well-known result, predicted by the random-
phase approximation (RPA) theory, when D(k)=0.

After Fourier transforming the Egs. (1) and (2),
one can use Eq. (3) to write the Fourier transform
of the perturbed density and the velocity of the dust layer as
follows:

O-dOk Fext(k (1))

k , 7
on(k,0) = md H, (ko) (7)
N Kk
uy (K, w)—lwado( d) [2—
mg \mgy k HL(k, w)
KT - kk
+——— |'F,(k w)), 8
kZHT(k’ w):| (K, @) (8)
where the auxiliary functions

Hy(k,w) = o(w+iy) - o5(k)[1+Dy(k)], ©)
Hik,w) = w(w+iy) - a)(z)(k)DT(k), (10)

are expressed in terms of the longitudinal and transverse pro-
jections of the QLCA dynamical matrix, D;(k) and Dy(k),
defined by

232 o 2
A -1
D, (k)= w”; DJ d,g(r)z exp(— _)\r ){(1 + _)\r + —;2 )
0 r D D MAp

2 2
—<4+ﬂ+2 )Jo(kr)+<6+ﬁ 2—r>J1(kr)],
N A

D D Ap )\%) kr
(11)
* -1
D(k) = wid)\éj ah’g(r)2 exp(— L)[l = Jo(kr)]
0 r Ap
x(1+i+r—2> D, (k) (12)
Ap A3 TETT

In Egs. (9) and (10), wy(k) is the frequency of the
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FIG. 4. (Color online) Perturbed density o, in the Mach cone
region for different screening constants: k=1 (a), 2 (b), and 3 (c),
based on the QLCA description. Here, the coupling constant
I'=100, the projectile speed v=1 cm/s, and the discharge pressure
p=10 Pa are kept fixed.

longitudinal-acoustic wave in the RPA description,

2 2
wé(k):—wM (13)

V1 + (kNp)?

with

(14)

3 27Te22§0'd0 12
wpd—

mg\p

being the dusty plasma frequency. On using the Eq. (6) in
Egs. (7) and (8), we finally obtain the perturbed density,
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FIG. 5. (Color online) Velocity field uy; in the Mach cone re-
gion for the same parameters as in Fig. 3.
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H,;(k,k-v)

O'dl(r,t) =

(15)

whereas the expression for the perturbed velocity ug (r,?)
follows in analogy to Eq. (15). It is clear from this equation
that both the perturbed density and the perturbed velocity are
stationary fields in the frame of reference moving at the ve-
locity v of the projectile particle.
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The main parameters used in our numerical computations
are all selected in accordance with recent Mach-cone
experiments in dusty plasmas [16—19]. The base values of
the parameters are as follows. The bulk plasma density,
no=1x10% cm™; the ion temperature and the dust tempera-
ture, 7;=T,=0.1 eV; the electron temperature, 7,=3 eV; the
mass density and the radius of dust particles, p,=1.5 g/cm?
and r;=4.5 um (so that m,;~5.7x1071" g). Under these
conditions, the Debye length is Ap=231 um, and the
thermal speeds of electrons, ions, and dust particles are re-
spectively v, ;,~7.2X 107 cm/s, Vip=5X 10* cm/s and
Vgm=2X 103 cm/s. The charge on the projectile dust par-
ticle is kept fixed at Z,=10 000, whereas its height above the
dust layer is chosen to be 2=2\p. Finally, the speed of the
projectile particle v, the coupling parameter I', the screening

PHYSICAL REVIEW E 73, 016404 (2006)

FIG. 6. (Color online) Perturbed density o
in the Mach cone region for different projectile
speeds: v=0.5cm/s (a), 1cm/s (b), and
1.5 cm/s (c), based on the QLCA description.
Here, the coupling constant I'=100, the screening
constant k=1, and the discharge pressure
p=10 Pa are kept fixed.

parameter « of the 2D dust layer, and the discharge pressure
p (which determines the damping constant 7), are treated as
variable parameters. Note that the charge on dust particles
Z,, the surface number density 0,5, and consequently the
dusty plasma frequency w,,; and the dust-acoustic speed v,
all depend on I' and «. Typically, when I'=1000 and x=1,
we obtain Z,;~4005, w,;~32 Hz, and v,~0.74 cm/s. We
note that the theory works equally well for both the sub- and
supersonic projectile speeds.

In addition, we perform a MD simulation with N, par-
ticles to determine the static pair correlation function g(r) to
be used in Eq. (5). The simulation consists of two steps.
First, we track Brownian motions of N,=1600 charged dust
particles which are initially randomly located in a plane with
the rectangular periodic boundary conditions and are allowed
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FIG. 7. (Color online) Velocity field u,; in the
Mach cone region for the same parameters as in

Fig. 5.
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to interact with each other via the screened Coulomb poten-
tial ¢(r). The Brownian motions are generated by asymmet-
ric molecular bombardment from the neutral gas, which
counteracts the ordering tendency of Coulomb forces, and its
intensity is determined by the pressure of the background
gas. The strength of the interparticle interactions is fully

characterized by the coupling coefficient I' and the screening
parameter «. Details of such simulation technique are ex-
plained in, e.g., Ref. [36]. After running the simulation long
enough, the system reaches an equilibrium from which an
ensemble-averaged pair correlation function g(r) is calcu-
lated. Several examples of this function are shown in Fig. 1
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(a) p=5Pa

(b) p=10Pa
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with k=1 and for I'=100, 300, 500, and 1000. It should be
noted that, while the original proposers of QLCA suggested
that their theory should be reliable for I'> 10 in systems with
bare Coulomb interactions, we limit ourselves here to values
I">100 to compensate for reduction in the effective coupling
parameter ',y in systems with screened Coulomb interac-
tions. In the second step of our simulation, a charged particle
is projected horizontally into the system at the velocity v and
at a constant height # over the dust layer. The details of
interactions between the projectile particle and all Brownian
particles in the layer are recorded and the stopping power of
the projectile is calculated directly, providing a measure
of energy losses due to the excitations of the collective
motion of the dust layer and due to Epstein drag. It should
be noted that the velocity of the projectile particle is kept
fixed in each simulation run for simplicity. In other words,

PHYSICAL REVIEW E 73, 016404 (2006)

FIG. 8. (Color online) Perturbed density o
in the Mach cone region for different discharge
pressures: p=5 Pa (a), 10 Pa (b), and 15 Pa (c),
based on the QLCA description. Here, the cou-
pling constant I'=100, the screening constant
k=1, and the speed v=1 cm/s are kept fixed.

neither the slowing down of the projectile due to stopping
power, nor the competing acceleration processes of the
projectile, which were observed in recent experiments
[16,17,37], are considered in the present version of our
simulation.

We next analyze the dependence of the Mach-cone
structure on the coupling parameter I' of a 2D dust layer.
Figure 2 shows the results for the perturbed density oy
in the Mach-cone region for different coupling constants:
I'=300, 500, and 1000, with the discharge pressure
p=10 Pa, the screening parameter k=1, and the projectile
speed v=1cm/s kept fixed. For comparison, we also
show in Fig. 2 the corresponding results produced by
the RPA description. One can clearly identify V-shaped
Mach cones, along with multiple oscillatory lateral wakes,
exhibiting several features. First, it can be seen that
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FIG. 9. (Color online) Velocity field u,; in the
Mach cone region for the same parameters as in

Fig. 7.
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can be more clearly observed in the maps of the dust

with

these structures are composed of multiple cones,
the outermost one being the most pronounced, which is a

velocity field u,;, shown in Fig. 3 for the same parameters

as in Fig. 2. In Fig. 3 one can see that the direction of
the dust particle motion is

he

t

of

strongly dispersive nature

of
dust-acoustic waves, according to an earlier theory [20] of

Mach cones in dusty plasmas. Second, Mach cones in

consequence

perpendicular to the cone

wings and parallel to the direction of wave propagation,
indicating that the Mach cones are indeed compressional

Fig. 2 are composed of the compressional waves, which
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FIG. 10. The normalized energy loss, S\p/T,, of the projectile
charge versus its velocity in a dusty plasma, based on both the
QLCA (a) and the RPA (b) descriptions, for different coupling con-
stants: ['=100, 300, 500, and 1000. Here, the screening constant
k=1, the discharge pressure p=10 Pa, and the height of the particle
h=2\p are kept fixed.

waves. Furthermore, the cone opening angle is seen in
Fig. 3 to increase with I', whereas the amplitude of Mach
cones in Fig. 2 remains approximately constant. Moreover,
one can conclude that both the structures and the amplitudes
of Mach cones, given by the QLCA, are quite different from
those given by the RPA. In particular, the wings of Mach
cones in Fig. 2 are seen to oscillate in the longitudinal direc-
tion in the QLCA description, but not in the RPA description,
as a result of contributions from the local field function

We consider next the dependence of the Mach-cone struc-
ture on the screening parameter « in the QLCA description.

10 T v T T T ] r T T L] T

L =10

0.8

0.8

a4

Enargy Loss

0.2

u.o p L i L A L '] A
a0 902 ¢4 086 O8 140 12 14

Velacity {cm/s)

FIG. 11. The normalized energy loss, S\p/T,, of the projectile
charge versus its velocity in a dusty plasma, based on the QLCA
description, for different screening constants: k=1, k=2, and x=3.
Here, the coupling constant '=1000, the discharge pressure p
=10 Pa, and the height of the particle h=2\p are kept fixed.
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FIG. 12. The normalized energy loss, S\p/T,, of the projectile
charge versus its velocity in a dusty plasma, based on the QLCA
description, for different discharge pressures: p=10 Pa, 20 Pa,
30 Pa, and 50 Pa. Here, the coupling constant I'=1000, the screen-
ing constant k=1, and the height of the particle A=2\p are kept
fixed.

Figure 4 shows the perturbed density o, in the Mach-cone
region for k=1, 2, and 3, with I'=1000, v=1 cm/s, and
p=10 Pa kept fixed. One can see that the amplitude of Mach
cones increases, and the wake effect becomes more
pronounced, with increasing «. Figure 5 shows the profile of
the velocity field u, in the Mach cone region for the
same parameters as in Fig. 4, indicating that the opening
angle shrinks as « increases. Noting that xk=a/\p, one
can conclude that Mach cones with higher amplitudes,
narrower opening angles, and more pronounced wake fields
can be achieved by increasing the average interparticle
distance a.

Figures 6 and 7 further show the influence of the projec-
tile particle speed on the Mach-cone structure for
v=0.5 cm/s, 1 cm/s, and 1.5 cm/s, with the discharge pres-
sure p=10 Pa, I'=1000, and «=1 kept fixed. It is clear from
these figures that both the magnitudes and the opening angles
of Mach cones decrease with increasing speed.

In order to illustrate the damping effects due to the
neutral friction, we next vary the discharge pressure.
Figures 8 and 9 display the perturbed density and the fluid
velocity in the Mach-cone region, respectively, for the
pressures p=5 Pa, 10Pa, and 15Pa, with v=1 cm/s,
I'=1000 and x=1 kept fixed. The main influence of increas-
ing pressure is seen to dampen the wake-field oscillations,
with a slight decrease in the magnitude of Mach cones.
This has an apparent effect of reducing the number of Mach
cones down to two or even one, which is similar to our
earlier results achieved by means of the RPA description
[38]. It has been also found earlier that the discharge pres-
sure plays a similar role in the laser-excited Mach cones in
dusty plasmas [23].

III. ENERGY LOSS

Energy loss of the projectile charge per unit path
length, or its stopping power, is an important quantity
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for describing the interactions of external probe particles
with dusty plasmas. For charged particles moving in weakly
coupled 3D dusty plasmas, the energy loss is well understood
on the basis of the linear Vlasov-Poisson theory [26-29].
For a strongly coupled 2D dusty plasma, the stopping power
S can be calculated from the QLCA results in conjunction
with Poisson equation, by using the definition

08
S(v)= eZta—md , (16)

X z=h,r=vt

where ®;,,=P-®,,, is the induced potential in the system.
Full spatial dependence of the total electrostatic potential,
®(R,1), can be determined from the 3D Poisson equation,

V2O(R,1) = - 4me[n,(R,1) — n (R, 1) — Z,0,(r,1) 8(z)
+ peu(R,1)], (17)

with V=V, +2(d/9z) and p,,(R,t)==Z,eS(r—vt)S(z—h)
being the projectile charge density. The electron and the
ion volume densities are given by Boltzmann relations,
n,=ng exp(e®/T,) and n;=ny exp(—ed/T;), owing to the fact
that the disturbances in plasma caused by the motion of mas-

PHYSICAL REVIEW E 73, 016404 (2006)

sive dust particles are so slow that both the electrons and the
ions have enough time to reach their respective local equi-
libria, with T}, being the ion (electron) temperature.

Considering ®,,, a small disturbance, we linearize Eq.
(17) by assuming P(R,1)=Dy(z)+P;(R,1), o,(r,0)=0y
+0,(r,1), n,(R,1)=n,y(z) +ny(e/T,)P (R, 1), and
ni(Rst)=ni0(z)_n()(e/Ti)q)l(R’t)’ where neO(Z)s niO(Z)s and
®,(z) are the unperturbed values of the electron density, ion
density, and the potential in the absence of the projectile
charge [23]. Using 2D Fourier transform in the (x,y) plane
we obtain the equation

P
?q’l(k,z,w) — () + DA\ @, (k, 2, )

=47meZ,04(K,w)8(z) + 8meZ,w—-k-v)Sz—h),
(18)

which is easily solved by using the natural boundary condi-
tions for @, at z=0 (continuity of ®; and ®{(0+)-D(0
—)=4meZ,0,4), so that the induced potential, ®;,,(R,7)
=®,(R,t)-P,(R,7), can be expressed as

7z A
@, (r,2,0) = “’d D f &k

Finally, using Egs. (16) and (19), the stopping power becomes

S(0) = w d(ez)ZxD f (k\p)?

where w=Kk-v.

We now use the same parameters for the bulk plasma and
the dust layer as in the preceding section to calculate the
energy loss. Figure 10 shows the influences of the coupling
constant I' on the energy loss S(v) (normalized by T,/\p),
for both the QLCA [Fig. 10(a)] and the RPA [Fig. 10(b)]
models. Each case shown in Fig. 10 displays a characteristic
curve with a peak, or with a maximum rate of energy loss,
occurring for certain speed of the projectile charge. It is clear
that both the peak heights and their positions in the S(v)
curves increase with I" for both models. Furthermore, by
comparing Figs. 10(a) and 10(b), it appears that the peaks in
S(v) take higher values and occur at lower speeds when the
correlation effects of the dust layer are included. In fact, the
two sets of curves from QLCA and RPA models are seen to
almost coincide at high speeds for all I' values displayed, but
the low-speed energy loss is suppressed in the RPA model
due to the lack of interparticle correlations. In Figs. 11 and
12, we show respectively the influences of the screening pa-
rameter k and the discharge pressure p on the normalized

1+ (khp)*{@? = wg(K)[1 + DL ()]} + (yw)*’

(kX\p)* eXP(— ]+ VI + (khp) + ik - (r - vt))
[1+ (khp)*]- Hy(kk - V) (19)
Yo’ exp{— 2 \’m]
A
(20)

energy loss S(v) in the QLCA model. It is seen that, when
both « and p increase, the energy losses at high speeds are
suppressed and the low-speed losses increased, effectively
giving rise to lowering of the peak values and their shifting
to lower speeds.

IV. CONCLUDING REMARKS

This work presents a theoretical description of the inter-
actions of moving charged particles with 2D strongly
coupled dusty plasmas, which takes into account the corre-
lation between the dust particles and the damping effects due
to the dust collisions with neutral plasma particles. Numeri-
cal results for the perturbed density and velocity fields in the
dust layer exhibit Mach cones with the characteristic oscilla-
tory wake patterns, which are in good qualitative agreement
with the experimental [16,17] and theoretical results [20].
Special attention in our analysis is paid to the dependencies
of the Mach-cone structure on the coupling parameter I, the
screening parameter «, and the discharge pressure p. In com-
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parison with the random-phase approximation results, the
strong coupling effects are found to exert substantial influ-
ences on the structure of Mach cones.

We also study the energy loss of an external charged pro-
jectile moving over the dust layer based on the QLCA-
Poisson theory. Numerical results show strong influences of
the coupling constant, the screening constant, and the dis-
charge pressure on the projectile energy loss. In particular, it
is found that the correlation effects of the dust particles en-
hance the energy loss of the projectile particle at lower
speeds. Quantitatively, it is found that the slowing down of
the projectile particle amounts to deaccelerations in the range
of =0.1 to —1 cm/s? for the parameters used, which can be
experimentally measured. It should be noted that the compet-
ing processes of acceleration of external charged particles

PHYSICAL REVIEW E 73, 016404 (2006)

remains a fascinating phenomenon [16,17,37], which we cur-
rently investigate in extensions of our simulation method
taking into account the acceleration mechanism suggested by
Schweigert et al. [37], on the basis of instability arising from
asymmetric interaction between a particle in the dust layer
and the projectile particle. Finally, future amendments to our
model will take into account the effects of motion on the
charge distribution on the projectile particle.
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