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A bow shock is observed in a two-dimensional supersonic flow of charged microparticles in a complex

plasma. A thin conducting needle is used to make a potential barrier as an obstacle for the particle flow in

the complex plasma. The flow is generated and the flow velocity is controlled by changing a tilt angle of

the device under the gravitational force. A void, microparticle-free region, is formed around the potential

barrier surrounding the obstacle. The flow is bent around the leading edge of the void and forms an arcuate

structure when the flow is supersonic. The structure is characterized by the bow shock as confirmed by a

polytropic hydrodynamic theory as well as numerical simulation.
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A shock wave is a universal phenomenon observed in
various media [1–8]. In particular, a bow shock is one of
such shock waves as observed through the interaction of
the magnetic field of Earth and the solar wind [8]. A void,
where microparticles are excluded, is formed in a complex
plasma under microgravity or by inserting a probe.
Surrounding the boundary of the void, some interesting
phenomena have been found and studied [9–11].
Thompson et al. have reported on interactions of a metal
object and charged microparticles by moving the object in
a dusty plasma with velocities faster and slower than the
dust acoustic velocity [12]. Complex plasmas have become
a useful tool to study fundamental aspects of physics by
providing the opportunity to observe the phenomena in-
volving microparticles by naked eyes [13,14].

In this Letter, we report the experimental observation of
a two-dimensional bow shock formation in a large area
two-dimensional complex plasma system with a super-
sonic flow of charged microparticles interacting with a
stationary object. The observed bow shock structure is
compared with theory and a molecular dynamics
simulation.

The experiments were performed using the YCOPEX
(Yokohama Complex Plasma Experiment) device [15] with
modifications as shown in Fig. 1. The maximum experi-
mental area of the device is 800 mm in length and 120 mm
in width. An up-and-down gate separated the metal plate
into two regions: the left region being the reservoir of the
microparticles and the right one being the experimental
region. Microparticles were supplied from a dust source at
the left edge of the metal plate. The supplied microparticles
were prevented from flowing with the raised gate even
when the device was tilted toward the obstacle. By tilting
the entire device with a jack and lowering the gate, a flow
of charged microparticles was permitted. Although we
arbitrarily set the potentials, the gate and the metal plate
in the present case were electrically grounded. The gate

was located at x ¼ �370 ½mm� from the obstacle. The
obstacle, which was a conducting thin wire of 0.2 mm in
diameter and 25 mm in length, was placed at ðx; yÞ ¼
ð0; 0Þ ½mm�, where x is parallel and y is vertical to the
flow direction in the metal plate. The potential of the
obstacle was floating and was �30 V against the plasma
potential.
The base vacuum pressure was less than 0.4 Pa and argon

gas pressure was 3.6 Pa. To avoid the drag of neutral
particles or of the ions [15–18], the vacuum pump and
the gas feeding were stopped when the pressure reached
the value. A liquid nitrogen trap placed between the tube
and the pump was filled with liquid nitrogen. Plasma was
generated with an rf discharge of 5 W (13.56 MHz). The
shape of the rf antenna was changed from a pair of parallel

FIG. 1. Schematic drawing of the experimental glass chamber
YCOPEX device. The side view (above) shows the tilted cham-
ber and the top view (below) shows the reservoir region of
microparticles in the left of the gate and the experimental region
in the right of the gate.

PRL 108, 065004 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

10 FEBRUARY 2012

0031-9007=12=108(6)=065004(4) 065004-1 � 2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.108.065004


ring antennas of the prototype YCOPEX to a parallel one
to make the plasma uniform even when its volume
became larger. The measured plasma parameters were
ne � 5� 1014 ½m�3�, Te � 5 ½eV�, and the plasma poten-
tial was 30 V.

The microparticles were Au coated silica spheres
with 5 �m in diameter and md ¼ 1:68� 10�13 ½kg�
in mass. The particles were charged to Q ¼ Zde ¼
�ð4:4� 0:5Þ � 104e, where e is the elementary electric
charge [18]. The particles levitated approximately 8 mm
above the metal plate. The region is known as the transient
sheath [19]. The microparticles formed thin layers in the
experimental region and the flow of the microparticles can
be regarded almost to be two dimensional. The micro-
particles were irradiated with two thin fan green laser lights
from the radial directions. Scattered laser light from the
particles was observed and recorded with a camera placed
outside above the device.

The velocity of a wave excited in the dusty plasma, Cd,
was measured using the time-of-flight method with the tilt
angle, �, fixed at 0�. A pulsed voltage (��30 V) was
applied to a mesh grid placed at the right edge of the plate.
The applied negative voltage to the mesh grid changes the
sheath potential profile in front of the grid and excites a
burstlike phenomenon such as a pseudowave. The velocity
was measured 5 cm away from the grid to avoid such a
burstlike effect affecting the measurements. The result of
the experiment is shown in Fig. 2. It is known that there are
several longitudinal wave modes in complex plasmas.
Typically, one is the dust acoustic (DA) mode, and the
other is the dust lattice (DL) mode. The DAwave velocity,
CDA, and the DL velocity, CDL, are given by

Cd ¼ uðZd;mdÞfð�Þ (1)

where

uðZd;mdÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zd

2e2

"0md�Di

;

s
(2)

with "0 the permittivity of free space, �Di the ion Debye

length, fð�Þ ¼ ��3=2 for the three-dimensional dust acous-

tic velocity C3D
DA [12], fð�Þ ¼ ð2��2Þ�1=2 for the two-

dimensional dust acoustic velocity C2D
DA [20] and fð�Þ ¼

½ð�2 þ 2�þ 2Þ expð��Þ=4���1=2 for CDLð� � 1Þ, where
� ¼ d=�Di with d the interparticle distance (d¼ðn3Dd Þ�1=3,

d ¼ ð�n2Dd Þ�1=2, where n3Dd and n2Dd are three and two-

dimensional dust density, respectively). Figure 2 shows the
dust acoustic velocity C3D

DA, C
2D
DA and the lattice mode CDL

with Zd ¼ �4:4� 104 and �Di ¼ 0:11 ½mm�. It is noted
that the measured velocities around � ¼ 3–6, with the
experimental uncertainties, are reasonably well in agree-
ment with the dust acoustic modes as well as the lattice
mode. The mode identification of the observed wave is still
to be determined.
Typical examples of the trajectories of the flowing

microparticles around the obstacle are shown in
Fig. 3(a)–3(c). The microparticles flow from left to right
by changing inclination of the device. Each line of the
figure is a trace of each microparticle during the exposure
time. Faint two straight lines originating from the obstacle
are shadows behind the needle irradiated by two thin fan
laser lights from the radial directions. The void which has a
streamlinelike shape can be seen in the middle of the flow.
The potential barrier caused by the obstacle decelerates the
flow and almost all the microparticles are excluded from

FIG. 2 (color online). Wave velocity Cd as a function of
screening parameter �. Measured values (solid circles) are
compared with three-dimensional and two-dimensional dust
acoustic velocities (C3D

DA, solid line and C2D
DA, dotted line) and

dust lattice velocity (CDL, dashed line).

FIG. 3 (color). Typical examples of microparticle flow around
a conducting needle [top views: (a)–(c), and side view: (d)]. The
needle is shown as a point in the void [(a)–(c)]. The Mach
number and velocities are (a) 0.8 (54� 8 mm=s), (b) 1.6 (116�
24 mm=s), (c) 2.0 (142� 29 mm=s), and (d) 1.3 (91�
20 mm=s), respectively. The exposure times are 1=10 s for
(a)–(c) and 1=20 s for (d). The void structures are characterized
by the y-directional spread of (a) 249, (b) 228, and (c) 218 in the
unit of the Debye length, respectively.
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the area. The trajectories are deflected toward the �y
direction in front of the void. As was shown in Fig. 3(d)
some of the particles in the flow of thin layers move
downward in the gravitational direction near the stagnation
point in front of the void structure. The lattice structures
observed in front of the gate started to deform as propagate
in the flow toward the obstacle.

The flow velocity, vf, in the upstream area has a constant

value which is mainly determined by a balance of the
gravitational force controlled by the angle � and the neutral
drag force. The flow is almost uniform and there is no
prominent structure in the upstream area when vf is small

[Fig. 3(a)]. When vf increases, an arcuate structure is

formed in front of the leading edge of the void [Fig. 3(b)].
The structure can be seen across the flow. For further
increase of vf, a curvature of the arc becomes larger

[Fig. 3(c)]. The tail of the void is enlarged with increasing
values of vf.

The arcuate structure is the bow shock. The value of vf

is required to exceed the Mach number 1 when the bow
shock is formed. The interparticle distance in the present
experiment is 0:42� 0:11 mm or � ¼ 3:8� 1:0 with the
ion Debye length, �Di ¼ 0:11 ½mm� when Ti ¼ 0:1 ½eV�
and ni ¼ 5� 1014 ½m�3�. The value of � gives the value of
velocity 71 mm=s as seen in Fig. 2, which is taken as Mach
1 in the present measurement. The Mach numbers of
Figs. 3(a)–3(d) are 0.8, 1.6, 2.0, and 1.3, respectively. It
is found that the arcuate structure is distinctive when the
flow is supersonic. In addition, there exists a deceleration
region between the leading edge of the arcuate structure
and the void as shown in Fig. 3(c), that is, there is a region
where the flow velocity is reduced in order to keep the flux
constant around the obstacle. The presence of such a
deceleration region, a subsonic flow region, between the
wave front and the stagnation point is one of the defining
features of the bow shock [21].

In Fig. 4, the density ratio ndp=nd0 is shown as a function

of the Mach number, where ndp is the density in front of the

stagnation point and nd0 is the density of the upstream area.
It is known that a polytropic hydrodynamic model provides
criterion for the shock wave formation [21]:

ndp
nd0

¼

8>>>><
>>>>:

�
1þ��1

2 M2

�
1=ð��1Þ ðM<1Þ

�
�þ1
2

�ð�þ1Þ=ð��1Þ
M2

1þ��1
2 M2

�
����1

2M2

��1=ð��1Þ ðM�1Þ
;

(3)

where � is the polytropic index. Lines in Fig. 4 are the
cases of � ¼ 5=3, 2.2, and 3. The experimental results
shown by open circles lie between the lines with � ¼
5=3 and � ¼ 2:2.

A molecular-dynamics simulation was carried out to
examine the formation of bow shock in the flow of

microparticles in the presence of potential barrier. A
microparticle at a position r produces a potential in a
form �ðrÞ ¼ Q expð�r=�DÞ=4�"0r, where �D is the
Debye screening length. To simulate our experiment, mi-
croparticles are placed in a plane of 15 cm by 10 cm in the
presence of the gravitational force mdg sin� [15] and an
obstacle charge is placed instead of the conducting wire.
The density of microparticles is in the range from 100 to
200 particles=cm2. The equation of motion for the ith
particle is mdd

2ri=dt
2 ¼ QEi �mdg� �dri=dt, where

ið¼ 1; . . . ; NÞ is the particle number, N the total number
of microparticles, Ei the total electric field due to particles
surrounding the ith particle, and � ¼ 4	�Nnmna

2cnv=3
the coefficient of the neutral drag force, where Nn is the
neutral density, mn the neutral mass, cn the neutral thermal
velocity, a the microparticle radius, and v the velocity of
the microparticles. The collisional factor 	 is from 1.4 to
1.5 [15,16].
In Fig. 4 solid circles show the density ratio found in the

simulation over a wide range 0 	 M 	 3. A fair agreement
with the theory based on Eq. (3) when � ¼ 2:2 is found,
although small deviation is seen forM< 1. The polytropic
index found in the simulation and experimental observa-
tion may result from the fact that the significant amount of
internal energy of the polytropic fluid, which consists of
charged microparticles, may be stored in the background
plasma. The value of the complex plasma polytropic index
indicates that the present complex plasma is far from
isothermal (� ¼ 1). The polytropic index may be given
by the ratio ðCp þ CÞ=ðCV þ CÞ, where Cp and CV are the

specific heat coefficients at constant pressure and at con-
stant volume, respectively, and C is the heat capacity. It
may be noteworthy to point out that the polytropic index of
around 2 is suggested for the study of solar wind [22,23].
The density contour plots for M ¼ 1:3 and 2.0 in the

FIG. 4. The density ratio, ndp=nd0, versus Mach number, M.
The open circles are the experimental results and the solid circles
are the simulation results. The lines are based on Eq. (3) with
� ¼ 5=3, 2.2, and 3.
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simulation are shown in Fig. 5. It is found that the arcuate
structure is formed and its curvature increases with increas-
ing Mach number, which is in agreement with the experi-
mental observation. It is interesting to note that a similar
void structure with deflected ions in front of a grain in the
presence of supersonic plasma flow was observed in the
particle simulation [24].

To summarize our results, the bow shock structure is
observed experimentally in the two-dimensional complex
plasma system with the supersonic flow of the charged
microparticles. The microparticle density at the stagnation
in front of the obstacle rises up and the flow pattern forms
the arcuate structure when the Mach number exceeds 1.
The density ratio between the stagnation point and the
regular flow region is measured for a wide range of the
flow velocity including subsonic flow and supersonic flow.
The dependence of the density ratio on the Mach number is
well explained by the polytropic hydrodynamic theory
with � ¼ 1:67� 2:2 and the molecular dynamics simula-
tion confirms the results. The observed bow shock forma-
tion suggests the unique nature of hydrodynamic
nonisothermal process involved in a complex plasma.
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