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We report observations of an instability that occurs in a dc glow discharge �anodic plasma� dusty
plasma when a floating plate with a 5 mm aperture is placed in front of the anode. The instability
is characterized by periodic quenching and reignition of the discharge. When the discharge is
quenched, the dust is ejected from the aperture at speeds on the order of the dust-acoustic speed. The
ejected dust remains partially charged and retracts back to the aperture when the discharge
spontaneously redevelops. © 2010 American Institute of Physics. �doi:10.1063/1.3470093�

I. INTRODUCTION

A dc glow discharge �anodic plasma� is the simplest
plasma source in which a dusty plasma can be formed. De-
vices utilizing anodic plasmas have been used by a number
of groups to produce dusty plasmas and study their
behavior.1–6 In this article, we report observations of an un-
stable anodic glow dusty plasma and associated dust jets.
The effect occurred when a floating plate with a small
��5 mm� aperture was placed in front of the anode. The
phenomenon involves the spontaneous quenching of the dis-
charge in which the dust is suspended, followed by the rapid
ejection of the dust in a collimated jet.

Dust jets have been observed in digitally processed
plates from the 1910 appearance of Comet Halley7 and from
images taken by the Giotto8 and Vega9 spacecrafts during
their 1986 encounters. Gigantic ��9 pc� bipolar dust jets
have also been detected around planetary nebulae.10 Re-
cently, instruments onboard the Cassini spacecraft detected
highly collimated jets of charged dust in Enceladus’ plume.11

Devices for the injection of dust jets into a plasma are
being developed for technological applications as well as for
fundamental studies of dust-plasma interactions.12,13 Experi-
ments simulating the formation of gas-dust jets from comets
have been performed,14 and the feasibility of microparticle
acceleration for micrometeoroid simulation15 and space pro-
pulsion have also been studied.16,17

II. EXPERIMENTAL SETUP AND RESULTS

A typical glow discharge dusty plasma was modified by
placing a floating plate with a circular aperture in front of the
anode, as shown in Fig. 1�a�. The anode was a disk of 2 cm
radius located on the axis of a large �60 cm diameter by 1 m
length� grounded vacuum chamber filled with argon gas at a
pressure of �100 mtorr �13 Pa�. A plasma was formed by
applying �300 V dc to the anode with the chamber as the
cathode. The back side of the anode disk was insulated.
There was an axial magnetic field of 10 mT, which was
sufficient to magnetize the electrons so that an axially
elongated anodic glow plasma was formed. Typical values
of the electron and ion temperatures and ion density were
Te�2–3 eV, Ti�0.03 eV and ni�1014–1015 m−3,
respectively.18,19 A floating tray with kaolin powder located

below the anode �not shown� was the dust source. The aver-
age size of the dust particles that were suspended in the
anodic plasma was �1 �m. An aluminum plate �coated with
an insulating paint� with a 4.7 mm diameter hole was placed
approximately 6 mm in front of the anode and centered on its
axis. A pear-shaped suspension of dust particles in a volume
of approximately 60 mm3 was formed, which protruded
from the aperture.

The dust cloud was imaged using a thin, vertical sheet of
532 nm light from a Nd:YAG �Neodymium-doped yttrium
aluminum garnet� laser and cylindrical lens. Light scattered
from the particles was imaged and recorded using a digital
CCD �charged-coupled device� video camera operating at 30
frames/s. A single frame image of the dust cloud is shown in
Fig. 1�b�. The aperture diameter can be discerned by the laser
light illuminating the center of the anode, as indicated by the
horizontal dashed lines. The diameter of the dust cloud in the
aperture was about half of the actual aperture diameter be-
cause it was limited by the radial electric force on the nega-
tive particles due to the aperture plate that was at a negative
floating potential.

The anodic dusty plasma was subjected to a discharge-
dust instability in which the discharge was suddenly extin-
guished �as indicated by a drop-out of the discharge current�,
followed by a rapid expulsion �jetting� of the dust cloud from
the aperture. A typical cycle of the instability and jet forma-
tion is shown as a series of single frame video images in Fig.
2. Figure 2�a� represents the equilibrium phase after which
the extinction of the discharge current occurred, followed by
the expansion of the dust cloud shown in Fig. 2�b�. In Fig.
2�c� the cloud began to jet forward with the leading part
forming a crescent-shaped structure that continued to jet for-
ward in Fig. 2�d�. The loss of plasma resulted in the disap-
pearance of the confining electrostatic potential, and the dust
began falling under the influence of gravity as it is acceler-
ated away from the aperture �presumably by the electric field
of the floating aperture plate�, as evident in Figs. 2�c� and
2�d�. As discussed later, collisions between the dust and the
background gas caused the dust to drift downward rather
than free fall. In the time interval between Figs. 2�d� and 2�e�
the discharge was spontaneously reignited and the dust par-
ticles began to be pulled back toward the aperture, as shown
in Fig. 2�f�. Dust particles continued to return to the suspen-
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sion for several frames following that shown in Fig. 2�f� until
the next episode of instability and jet formation occurred.
The extinction of the discharge was clearly related to the
presence of a sufficient quantity of dust because the dis-
charge was stable during the initial phase of the experiment,
while the dust cloud was building up.

The observed phenomena can be characterized by two
time scales: �T, the time for expansion, jet formation, and
retraction of the suspension; and T, the time between succes-
sive occurrences of the effect. T and �T were determined by
examining a long video record of a large number of occur-
rences of the instability �over 1200 video frames�. The dis-
tribution of �T values was very narrow, with an average of
�T=0.20�0.03 s, this uncertainty was equivalent to one

video frame. The distribution of the T values is shown in Fig.
3. The distribution was relatively broad with an average of
T=0.34�0.2 s �periods of 2�6 Hz�. The tail on the high
end of the T distribution was due to episodes where the dust
cloud appeared to be on the brink of instability but stabilized
before the jetting occurred.

The position and velocity of the expanding jet and re-
tracting dust cloud in Fig. 2 are shown in Fig. 4, where
t=0 corresponds to the initial equilibrium state in Fig. 2�a�.
The maximum jet speed, vjet=85 mm /s, occurs at
t�66 ms, although the jet continues moving outward over
the next video frame before retracting back to the initial po-
sition. Further evidence of fast particles can be seen by the
streaks in the single frame images, indicating particles mov-
ing at least several millimeters over 1/30 s. The speed of the
retracting cloud was typically 50% higher than the jet speed.
There was some scatter in the measured jet speeds, with
values ranging from 70 to 120 mm/s, with an average value
of 84 mm/s. The dust-acoustic speed is given by20,21

CDA = � kTd

md
+

ZdkTiP

md�1 + ��1 − P��	
1/2

, �1�

where md, Zd, and Td are the dust mass, charge number,
and temperature, respectively, �=Ti /Te, where Te�i� is the
electron �ion� temperature, k is Boltzmann’s constant, and
P
�noZd /ni� is the Havnes’ parameter,22 where nd�i� is
the dust �ion� density. With Te�2.5 eV, Ti�0.03 eV,
�d �dust mass density�=1500 kg /m3, Zd�2000, P�0.2,
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FIG. 1. �Color online� �a� Schematic diagram of the experimental setup �top
view�. �b� Single frame video image �side view� of the dust suspension
protruding from the aperture.
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FIG. 2. ��a�–�f�� A sequence of single frame video images, acquired at 30
frames/s, showing the development of the dust-discharge instability and jet
formation. In �b�–�d�, the jet is moving outward from the aperture, while in
�e� and �f� the dust cloud is retracting back to its original position near the
aperture �enhanced online�. �URL: http://dx.doi.org/10.1063/1.3470093.1�
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we find that for Td ranging from 0 to 25 eV,
CDA�45–90 mm /s. Thus, the Mach number of the dust jet
is Mjet=vjet /CDA�1.

III. DISCUSSION

A full explanation for the observations that have been
presented will probably require numerical simulations; how-
ever, we will try to provide a reasonable picture for the in-
stability and the resulting jet formation. The behavior of the
dust suspension after the discharge is extinguished depends
on the amount of residual charge that remains on the dust
particles. This, in turn, depends on the time scales for plasma
loss, electron temperature relaxation, and dust charge fluc-
tuation. A model for the decharging of the dust in a plasma
afterglow has been proposed by Ivlev et al.23 to explain the
measurements of the residual charge in a microgravity ex-
periment after the discharge was switched off. This model
was also compared to measurements of the residual charge in
a ground-based experiment by Couëdel et al.24 The conser-
vation of the particle charge after switch off of the plasma
was also discussed in connection with a possible micropar-
ticle thruster.17 When the discharge current is suddenly
turned off, the plasma decays by ambipolar diffusion and
absorption on the dust particles, and it occurs on a time scale
approximately tens to hundreds of microseconds. In the
present experiment, the diffusion process is affected by the
fact that the electrons are weakly magnetized, while the ions
are not. If the plasma remains quasineutral during the decay,
the charge on the dust can only decrease if the electron tem-
perature decreases. The relaxation of the electron tempera-
ture occurs via collisions with the neutral gas atoms and the
rate at which this occurs depends on the neutral gas pressure.
According to the model of Ivlev et al.,23 the rate of the de-

crease of the normalized electron temperature, T̃e=Te /Ti, is

given by dT̃e /dt=−�T̃e−1� /�T, where �T is the temperature

relaxation time scale given by �T= �2�me /mi�vTi
/�en��T̃e�−1,

where vTi
is the ion thermal speed and �en= �N	en�−1 is the

mean free path for collisions between the electrons and the
neutral atoms with 	en as the cross section for momentum
transfer and N as the neutral atom density. Due to the large
mass difference between the electrons and neutral gas atoms,
the electron temperature relaxation process requires many
collisions before equilibration is reached. As Te decreases, �T

increases, in our case, �T varies from approximately a few
milliseconds to tens of milliseconds. Since the electron tem-
perature decays on a much longer time scale than the plasma
decay, we expect that the dust should remain, at least par-
tially charged during the jetting event. The neutral pressure
in our experiment is about four times less than that reported
in Ref. 22 and 2–15 times less than the pressures used in Ref.
23. The fact that the dust is pushed primarily away from the
aperture seems to indicate that it probably retains some, if
not a good portion, of its charge during the process. During
the retraction phase, it is possible, however, that the dust may
be recharged, when the discharge is reignited.

The dust dynamics occurs on a time scale much longer
than the plasma extinction time scale, so it is reasonable to
consider the instability and jet formation processes sepa-
rately. The extinction of the discharge is clearly related to the
presence of the dust, and we conjecture that the discharge is
quenched when the dust density builds up to the point that
the ion current to the dust is comparable to the ion current in
the discharge. The ion current to a dust grain from OML
�orbit limited motion� theory is Ii,dust�10−10 A. The total
ion current to all grains contained within the volume of
the cloud is Ii,dust-tot= Ii,dust · �ndVcloud��10−10 A· ��5–10�

1010 m−3 ·2
10−7 m3��1–2 �A. The ion discharge
current can be estimated as Ii,dis=enivi A, where ni is the ion
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FIG. 3. �Color online� Distribution of dust-discharge instability periods.
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FIG. 4. �Color online� Position �circles� and velocity �squares� of dust jet
�from Fig. 2� vs time.
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density and vi is the ion drift speed in the plasma. The drift
speed is obtained from vi=�iE, where �i is the ion mobility
and E is the electric field of the discharge.25 Assuming
E��100–300� V /m, the ion drift speed is �400 m /s, so
that Ii,dis is approximately microamperes. The novel feature
of the experimental arrangement is that ions which are
formed by ionization between the anode and aperture must
pass through the aperture. This places a severe constraint on
the absorption of ions by the dust in order for the discharge
to be maintained. The path of the ions through the aperture
must remain open, otherwise the circuit between the anode
and the grounded walls of the device which serve as the
cathode for the discharge is interrupted.

If the plasma is starved by absorption on the dust, the
discharge will disappear on a time scale of less than 1 ms.
Consider now what would occur if the plasma suddenly dis-
appeared. Since the dust cloud is confined by a potential
structure in the plasma, the loss of plasma leaves the charged
dust without electrostatic confinement, and at the same time,
the charged dust particles are no longer shielded by the
plasma. The cloud may then “explode” under the action of its
unshielded charge or “electrostatic pressure”26 and be pushed
outward by the electric field due to the negatively charged
aperture plate. Essentially, as the plasma decays, the Debye
length increases and the aperture effectively becomes
smaller, expelling the dust outward. From the shape of the
dust cloud near the aperture, it seems clear that the electro-
static potential contours associated with the aperture have the
structure of a nozzle. When the plasma disappears, the
nozzle collapses radially, accelerating the dust outward.
When the dust is expelled from the aperture, the ions can
again flow through it and the discharge can then be reignited,
which reestablished the dust confining potential so that the

expelled dust will be pulled back to its original position ad-
jacent to the aperture.

We can compare the horizontal �x� and vertical �y� posi-
tions of the dust jet obtained from the video images to cal-
culations based on a simple dynamical model of the motion
of the dust under the combined influence of gravity, electric
force, and neutral drag force. If we assume that the electric
field of the aperture plate is approximately perpendicular to
the plate so that the downward motion of the jet is due only
to the forces of gravity and neutral drag, the equation of
motion is then ÿ�t�=g−�dnẏ�t�, where g=−9.8 m /s2 and �dn

is the dust-neutral collision frequency, given by �dn

=��8�2
 /3��mn /md�a2NvTn, where mn, N, and vTn are the
neutral mass, density, and thermal speed, a is the dust radius,
md is the dust mass, and � is a factor of �1–1.5.27 For a
neutral pressure p=100 mtorr, and a=0.5 �m, �dn

�200–300 s−1. The solution y�t� for �dn=250 s−1 is shown
in Fig. 5 �lower plot� and compared with the experimental
values. The good agreement indicates that, at least for the
vertical motion, the effects of gravity and neutral drag seem
to be dominant. The horizontal �x� motion is determined
from ẍ=e�Zd /md�Ex−�dnẋ, where Ex is the horizontal electric
field due to the negatively charged aperture plate. Using
�dn=250 s−1, which gave the best fit to the vertical motion,
Ex�−100 V /m, md�10−15 kg, and Zd�1000, we obtained
the solution x�t�, as shown in the upper plot of Fig. 5 along
with the experimental points. The values of Ex and Zd used to
obtain x�t� were chosen with the following considerations.
Before the discharge was terminated, Zd�2000, and we as-
sumed that in the afterglow the charge decreased by a factor
of 2. If we model the plate as a circular charged disk of
radius R, the electric field on the axis at x /R�1 is approxi-
mately given by Ex��Vf /R��1−z /R�, where Vf is the float-
ing potential of the disk. If we treat the plate as a planar
probe, we find that Vf �−5kTe /e. With R=3.5 cm and at
x=5 mm from the plate, Ex�−�150–250� V /m, which is
reasonably close to the value of �100 V/m used to obtain the
calculated values of x�t� in Fig. 5. We point out, of course,
that the plate is large and coated with a dielectric, so there is
likely to be more than one value for Vf.

In conclusion, experimental observations of the forma-
tion of a supersonic dust jet resulting from a dust-discharge
instability have been presented. A simple model was pro-
posed to account for the gross features of the observations.
The formation of dust jets may be of some interest for tech-
nological applications, for example, fast dust jets have been
proposed as a means of terminating unstable tokamak dis-
charges. This would require the ability to trigger the jet on
demand, as opposed to spontaneous jet formation as reported
here. This might be accomplished, for example, by control-
ling the discharge using discharge voltage source in the form
of a square wave.
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