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Simultaneous acceleration of hundreds of dust particles to hypervelocities by collimated plasma flows
ejected from a coaxial gun is demonstrated. Graphite and diamond grains with radii between 5 and
30 �m, and flying at speeds up to 3:7 km=s, have been recorded with a high-speed camera. The
observations agree well with a model for plasma-drag acceleration of microparticles much larger than
the plasma screening length.
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Dust in plasmas has attracted a great deal of interest in
the last two decades [1]. An important problem in dusty
plasmas which has been a recent topic of intense research
[2–8] is the plasma drag exerted on dust grains. The ion
drag force exerted on dust grains smaller than the Debye
length (rd � �D) has been inferred from the deviation of
free falling dust grains from their vertical trajectory as they
passed through the bulk of a rf plasma [6], from the balance
of forces acting on grains present in a dc discharge with
drifting ions [7], or in microgravity conditions where a
void is formed inside the dust cloud [8]. The results agreed
well for ion trajectories given by the orbital-motion-limited
(OML) theory [9]. However, for rd � �D experiments
which focus on the plasma-drag force have been carried
out only recently [10].

In typical laboratory dusty plasmas, the dust dynamics is
dominated by electrostatic and gravity forces [11]. The
plasma environment where plasma drag is dominant and
dust acceleration is orders of magnitude higher than g �
9:81 m=s2 requires charged particle densities of at least
1019 m�3, and sufficient ion flow speeds [10,12]. Plasmas
which meet these parameters are produced in coaxial guns
[13] or near the wall of fusion reactors [14].

Highly accelerated microparticles can be used in micro-
meteorite impact studies [15], or as a diagnostic tool for
mapping the magnetic field vectors in fusion reactors [16].
Hypervelocity dust has been detected by an electrostatic
probe in the scrape-off-layer of tokamak plasma [17].
Laboratory produced dusty-plasma flows can be of rele-
vance in astrophysics, by simulating the conditions of
stellar jets’ interactions with microparticle clouds [18].
The plasma-drag force is an essential aspect of plasma-
dust interaction. For instance, the drag exerted by ion flow
plays a key role in the formation of plasma crystals [19] or
in the excitation of dust acoustic waves [1].

In this Letter we study experimentally plasma drag on
microparticles in a new plasma regime, with ion tempera-
tures of a few eV and 6 to 8 orders of magnitude higher
density (� 1022 m�3) than in commonly produced dusty
plasmas. Plasma drag is the dominant force acting on dust

and is responsible for the simultaneous acceleration of
hundreds of micron-size grains to speeds up to 3:7 km=s.
The plasma flow is produced in a coaxial gun and expelled
at �25–60 km=s.

The plasmadynamic dust accelerator is presented in
Fig. 1; more details about the experimental setup are given
in Ref. [20]. Two types of dust powders manufactured by
Alfa Aesar are used: diamond particles with radii 20 �
rd � 30 �m and density �d � 3:52 g=cm3 and graphite
particles with 0:5 � rd � 22 �m and �d � 2:25 g=cm3.
The grains stored in a reservoir are released at the muzzle
of the coaxial gun as a discharge is initiated. The coaxial
gap is filled with deuterium from a plenum at 11.5 atm. The
neutral gas then flows out of the gun at the sound speed into
the acceleration channel (Fig. 1). After 1 ms the discharge
is fired and the grains are highly accelerated by the plasma
flow.

Breakdown of the gas occurs in � 5�s as an ignitron
closes the circuit between the gun and a charged 1 mF
capacitor bank. The discharge current reaches peak ampli-
tudes in the range 100 to 250 kA, for electrode voltages
between 5 and 10 kV. An image of the plasma flow
captured by a high-speed video camera (DiCam Pro, The
Cooke Corp.) for a 10 kV shot is presented in Fig. 2(a). The

FIG. 1. Plasmadynamic dust accelerator: the gun and dust
dispenser are not to scale relative to the tank; however, sizes
are given for reference.
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collimated plasma flow enters a vacuum tank with 1.5 m
diameter, through a side port.

The plasma flow speed is deduced from optical mea-
surements. A photodiode Ipd1 with a side view records the
white light emitted by the plasma at 0.25 m from the
coaxial gun muzzle. A second photodiode Ipd2 is placed
0.9 m downstream from the first one and also has a side
view. From the time delay (16� 0:5 �s) between the
peaks in their signals shown in Fig. 2(b), and their separat-
ing distance, a plasma flow speed vf � 56� 2 km=s is
estimated. A third photodiode has an end-on view and
looks into the coaxial gap of the plasma gun. Its signal
Ipd3 shown in Fig. 2(c) indicates a total shot duration of
� 400 �s. The plasma flow speed varies with the energy
stored in the capacitor bank, as shown in Table I.

The line-integrated plasma density is determined from
the Stark broadening of the D� line at 0.25 m downstream
from the gun muzzle, using streaked spectroscopy. The
full width at half maximum is given by ��1=2 �

0:54�1=2n
2=3
0 	nm
 [21], where �1=2 � 0:01 and n0 is the

ion density in units of 1020 m�3. The measured plasma
density varies in time during a shot within the ranges given
in Table I, which are determined by the discharge voltage.
This method provides an average density over the whole
cross section of the flow; the lower density layer at the flow
edge may in fact reduce the width of the observed line. The
bright filaments seen in Fig. 2(a) suggest there are regions
in the flow where the density is higher, possibly due to the

z-pinch effect which can constrict the flow. Thus the values
presented in Table I are rather the lower limit of the actual
plasma density.

The ion temperature is inferred from observations of the
expansion angle of the plasma flow in the vacuum tank.
The thermal speed of the ions vth is identified with the
plasma expansion speed perpendicular to the flow speed
vf, and is deduced by measuring the angle between the two
speed vectors: vth � vf tan	�
. Thus, for the 10 kV shot
and the plasma flow of Fig. 2(a), vf � 56� 2 km=s,
tan	�
 � 0:29� 0:05, and vth � 16� 3 km=s, resulting
in Ti � 2:8� 0:7 eV. For the 6 kV and 8 kV shots the
values are given in Table I. The higher speed flow in the
axial direction indicates a supersonic flow with Mach
numbers from 3 to 4.

Dust acceleration to hypervelocities is demonstrated by
in-flight observation of grains moving at a maximum speed
of � 3:7 km=s. The hypervelocity dust is self-illuminated
due to the intense heating by plasma ion and electron
fluxes. Dust imaging is thus possible by employing a tele-
photo lens with 500 mm f=4. However, the camera-
telephoto lens system can only resolve grains with radii
of at least 5 �m [10]. The rapidly moving grains appear in
Fig. 3 as glowing tracers. Some that are at the edge of the
depth of view, which is about 4 cm, show up as thick
‘‘bullets.’’ The detection region is an 11� 14 cm rect-
angle, situated downstream of the plasma flow at 1.6 m
from the gun exit.

For dust detection the camera exposure time is set for 2
to 16 �s. The time-of-flight technique is used to infer the
speed of each grain. For instance, the measured dust traces
of the flying dust grains shown in Fig. 3 vary from 0.2 to
0.9 cm. The speed of a grain is calculated from the length
of its trace divided by the exposure time of 4 �s: vd � 0:5
to 2:3 km=s. A statistics of dust speeds for a total number
of � 1:94� 103 detected grains is shown in Fig. 4. As
expected, at higher flow speeds and densities, the bulk of
grains in the distribution shifts towards larger flying speed.

Dust acceleration is achieved in two stages, correspond-
ing to neutral gas drag followed by plasma drag. A nu-
merical analysis based on the throughput of the valve
orifice and exit diameter of the coaxial gun shows that
the neutral pressure increases to � 8 torr in 10�4 s within
the interelectrode gap and to � 0:2 torr in � 1 ms within
the acceleration channel. The drag force exerted by the
neutral gas flowing with its thermal speed well before
pressure equilibration in the system is given by

TABLE I. Experimentally determined flow speed, plasma den-
sity, and ion temperature for different discharge voltages.

Voltage (kV) vf (km/s) ni	�1022 m�3
 Ti (eV)

6 26� 0:5 0:2–1:5� 0:1 1:3� 0:3
8 38� 1 0:5–2:2� 0:1 1:7� 0:4
10 56� 2 0:5–3:1� 0:2 2:8� 0:7

FIG. 2. A 10 kV shot: (a) image of plasma flow obtained using
a fish-eye lens 16 mm f=4, for an exposure of 50 ns,
(b) photodiode signals with perpendicular view on the flow,
Ipd1 and Ipd2, and (c) with end-on view inside the coaxial gap,
Ipd3.
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8=3
�������
2�
p

r2
dPn�, where Pn is the neutral gas pressure and

�	� 1:5
 is a factor which accounts for diffuse reflection of
neutrals on the grain surface [1]. The pressure distribution
in the acceleration channel is approximated during the
1 ms puff gas period with a function which decreases
linearly with distance, from 8 torr at the gun muzzle to
0.2 torr at the end (0.85 m) of the acceleration channel.

In the second stage dust is accelerated by the plasma
flow for a shot duration of 400 �s. A simulation of dust
grain dynamics is performed using a plasma-drag model
[12]. The electron and ion temperatures are assumed equal
(Te � Ti). The screening length given by the electron
Debye length [3,4] is �D � 10�7 m� rd and represents

one of the main features that distinguishes our dusty
plasma from the strongly coupled regimes where �D �
rd. The grain potential consists of two regions: the thin
sheath near the surface and a transition region—the pre-
sheath—which extends over a distance �rd. The potential
distribution in the presheath can be assumed spherical for a
stationary plasma but it is expected to be anisotropic in
supersonic plasma flow. Here we adopt the suggestion by
Hutchinson [5] to estimate ion collection within the pre-
sheath in the stationary case, employing the OML theory
[9]. A potential drop at the sheath-presheath edge
0:5kB	Ti � Te
 is considered. In the force field of this
potential, the angular momentum of ions is conserved.
Ions with a critical angular momentum will graze the
sheath edge instead of the grain surface. We suppose that
all ions entering the sheath sd, which has a width of a few
�D, are absorbed on the grain surface. We discard here
long-distance Coulomb interactions of ions with the grain.
The ion collection radius is bc � 	rd � sd


�������������
1� �
p

, where
� � kB	Ti � Te
=miv2

f, and mi is the ion mass. For our
plasma parameters � � 0:2 and bc 
 rd within 10%. The
effect of the presheath attracting potential on ion collection
is small and can be neglected. In the case of supersonic
plasma flow which affects the symmetry of the potential
[5,22], the angular momentum of ions is not conserved.
It is expected that mostly ions with impact parameters & rd
will be collected. Electron drag is neglected due to
low electron mass. The ion and electron current
densities at the sheath edge are 1=2eni

��������������������������������
kB	Te � Ti
=mi

p
and 1=2ene	kBTe=2�me


�1=2 exp	eVd=kBTe
, respec-
tively, with the dust potential Vd < 0 and plasma density
ne � ni. The equation of motion for a spherical grain
dragged by the ion flow is
 

md
dvd
dt
� 2�r2

dkBTiniG0	s
 � Fc; with

s �

����������������������������
mi	vf � vd
2

2kBTi

s
;

G0	s
 �
�
s2 � 1�

1

4s2

�
erf	s
 �

�
s�

1

2s

�
exp	�s2
����

�
p :

Heremd is the mass of a grain and vd is the grain speed. We
note that the ion drag force Fc, which is similar to that in
the OML model of Ref. [5], represents the ion collection
rate by the grain times the average ion momentum flux rate
integrated over a shifted Maxwellian distribution function.
The grain is heated by the electron and ion fluxes to its
surface. The equations for temperature and charge varia-
tion in time are solved simultaneously with the equation of
motion (see Ref. [12]) for the measured plasma flow speed
and temperature. The ion density is taken constant and
equal with the largest values shown in Table I. In the
experiment no external magnetic fields are applied. The
inductive electric fields estimated from the measured dis-
charge currents are & 10 V=cm, while the electrostatic
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FIG. 4. Speed of diamond dust for (a) 10 kV shots and
(b) 8 kV shots; speed of graphite dust for (c) 8 kV shots and
(d) 6 kV shots.

FIG. 3. Color-inverted image of self-glowing diamond grains
flying along the direction of plasma flow.
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electric field is perpendicular to the observed dust motion.
The dust potential found numerically is �� 2:5kTe. In
spite of intense thermionic emission, positive charging of
grains was not directly verified in the present Letter. Dust
acceleration in the flow direction by electric forces
( & 1 m=s2) is many orders of magnitude smaller than
the acceleration due to the plasma-drag force (2� 105 �
9� 106 m=s2).

The simulation starts with the period of gas puff, i.e., the
interval [0 1] ms, during which dust is dragged by the
neutral gas flow. The dust temperature remains constant,
as shown in Figs. 5(a) and 5(c). The dust speed is presented
in Figs. 5(b) and 5(d). Diamond dust [Fig. 5(b)] and large
(rd � 22 �m) graphite grains move with only 5–35 m=s
due to their high mass, while the small graphite particles
(rd � 5 �m) reach�210 m=s, as shown with the continu-
ous and dashed lines in Fig. 5(d).

During the interaction with the plasma flow, i.e., the
interval [1 1.4] ms, the grain temperature increases
abruptly to 3550–3750 K for both types of dusts. For a
6 kV shot heating is slower for a large graphite grain with
rd � 22 �m, as demonstrated by the dotted line in
Fig. 5(c). The speed of diamond dust ranges from 1.02 to
1:54 km=s for a 10 kV shot and from 0.35 to 0:53 km=s for
an 8 kV shot. In the case of graphite dust the large distri-
bution of sizes results in a wide range of speeds, from 0.75
to 3:35 km=s for an 8 kV shot and from 0.29 to 1:26 km=s
for a 6 kV shot. After 1.4 ms, the dust speed achieved
during plasma acceleration remains the same, and radiative
cooling [ / r2

d	T
4
d � T

4
wall
, Twall � 290 K] leads to a slow

decay of the dust temperature. The predicted values for
dust speed are within the ranges of the measured ones,
presented in Fig. 4. However, faster or slower moving dust
grains can be observed in the experiment due to plasma
density gradients that are present in the acceleration path
[Fig. 2(a)].

In conclusion, it is demonstrated that the drag exerted by
a collimated and dense plasma flow can accelerate a cloud
of dust particles with a large size distribution to speeds up
to several km/s.
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FIG. 5. Simulated dust temperature and speed: diamond in (a)
and (b) and graphite in (c) and (d). The areas of (a) and (b)
describe the behavior of grains with sizes from rd � 20 �m (the
upper bound) to rd � 30 �m (the lower bound), while those of
(c) and (d) are for grains with rd � 5 �m to 22 �m. The light
and dark gray areas in (a) and (b) correspond to 10 and 8 kV
shots, while those in (c) and (d) are for 8 and 6 kV shots,
respectively. The overlapping region is shown with medium
dark gray.
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