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Dynamics of an atmospheric pressure plasma plume generated
by submicrosecond voltage pulses
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Nonequilibrium plasmas driven by submicrosecond high voltage pulses have been proven to
produce high-energy electrons, which in turn lead to enhanced ionization and excitations. Here, we
describe a device capable of launching a cold plasma plume in the surrounding air. This device, “the
plasma pencil,” is driven by few hundred nanosecond wide pulses at repetition rates of a few
kilohertz. Correlation between current-voltage characteristics and fast photography shows that the
plasma plume is in fact a small bulletlike volume of plasma traveling at unusually high velocities.
A model based on photoionization is used to explain the propagation kinetics of the plasma bullet
under low electric field conditions. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2349475兴
INTRODUCTION

Nonequilibrium plasmas, which have a relatively high
electron temperature and low gas temperature, have many
attractive characteristics. One of them is their enhanced
plasma chemistry at relatively low gas temperatures. Their
technological applications include the biological and chemical decontaminations of media, surface modification/
functionalization of polymers, absorption and reflection of
electromagnetic waves, deposition of thin films, the synthesis
of carbon nanotubes, and shock-wave mitigation at supersonic speeds.1–8
To drive the electrons’ temperature to even higher levels,
pulsed electric fields 共pulse widths from few to hundreds of
nanoseconds兲 have proven to be a promising means, which
can enhance active chemical species generation efficiency
and ultraviolet 共UV兲 emission intensity.9–12 Recently, we reported on a specially designed cold plasma jet, “the plasma
pencil,” which was driven by submicrosecond voltage pulses
and was able to generate room temperature plasma plumes
up to 5 cm in length.13 In this paper, in order to have an
in-depth understanding of the characteristics of the plasma
plume, first the I-V characteristics of the discharge are studied. Then, using a fast charge-coupled device 共CCD兲 camera,
the temporal and spatial evolutions of the plasma inside the
discharge chamber and in the plume are elucidated. Finally, a
model based on photoionization is proposed to explain the
high-speed propagation of the plasma plume under low applied electric field conditions.

eter, while the diameter of the disk is about 2.5 cm. The
diameter of the copper ring is greater than that of the hole,
but smaller than that of the disk. The two electrodes are
inserted in a dielectric cylindrical tube of about the same
diameter as the disks and are separated by a gap the distance
of which can be varied in the 0.3– 1 cm range. The two
electrodes are connected to a high voltage pulse generator
capable of producing pulses with amplitudes of up to 10 kV,
pulse widths variable from 200 ns to dc, and with a repetition rate of up to 10 kHz. The rise and fall times of the
voltage pulses are about 60 ns.
When helium is injected at the opposite end of the dielectric tube and the submicrosecond high voltage pulses are
applied to the electrodes, a discharge is ignited in the gap
between the electrodes and a plasma plume is launched
through the hole of the outer electrode and in the surrounding room air.

EXPERIMENTAL SETUP

Figure 1 is a schematic of the experimental setup. Each
of the two electrodes is made of a thin copper ring attached
to the surface of a centrally perforated alumina 共Al2O3兲 disk.
The hole in the center of the alumina disk is 3 mm in diama兲
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FIG. 1. Schematic of the experimental setup.
© 2006 American Institute of Physics
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FIG. 2. Applied voltage Va, total current Itot, and displacement current Ino,
vs time.

Applied voltages are measured by a P6015 Tektronix
high voltage probe and currents by a A6312 Tektronix current probe. The voltage and current wave forms are viewed
by a Tektronix TDS 784D wideband digital oscilloscope. A
CCD camera 共Stanford Computer Optics, Inc. Model 4 Picos兲 is used to capture the temporal and spatial behaviors of
the discharge in the gap between the electrodes and of the
plasma plume that is launched through the hole of the outer
electrode.
EXPERIMENTAL RESULTS

For all the experimental results presented in this paper,
the operating gas was helium and the applied voltage, pulse
width, pulse frequency, and gap distance were Va = 5 kV,
tPW = 500 ns, f = 1 kHz, and d = 5 mm, respectively. The helium gas flow rate was 3.5 min−1.
The current-voltage characteristics of the discharge are
shown in Fig. 2 and 3. Figure 2 shows the applied voltage
Va, displacement current Ino 共without He flow: no plasma兲,
and total current Itot 共with plasma on兲. It should be mentioned that the voltage wave form remains the same when the
plasma is on or off. To find out the actual discharge current,
the displacement current Ino is subtracted from the total current Itot. Figure 3 shows the applied voltage Va and actual

FIG. 3. Applied voltage Va and discharge current IDis, vs time.

J. Appl. Phys. 100, 063302 共2006兲

discharge current Idis versus time. The first pulse of the discharge current starts after the applied voltage reaches its plateau value. The delay between the start of the applied voltage
and that of the first discharge current pulse is about 60 ns.
The first current pulse 共between points 1 and 3兲 lasts about
100 ns. Immediately after the first current pulse, the discharge current has another increase. The peak value of this
second current pulse is about one-fourth that of the first current pulse. But it lasts much longer 共between points 3 and 6兲,
about 375 ns. As can be seen, this second current pulse rises
to a peak value of about 1.2 A in 100 ns 共between points 3
and 4兲, then slowly decreases to zero in 275 ns 共between
points 4 and 6兲. It is interesting to note that this second
current pulse was not observed in our planar dielectric barrier discharge driven by the same power supply11 共this particular device did not emit a plume兲. The mechanism of this
second current pulse, which is directly linked to the launch
of the plume, will be discussed in the next section of this
paper. After point 6, which is about 25 ns after the arrival of
the falling front of the applied voltage 共point 5兲, a third current pulse starts. This corresponds to a new breakdown of the
gap. This discharge ignites because of the voltage induced by
the charges, which have accumulated on the surface of the
dielectric disk during the previous discharge.11 This current
pulse lasts about 100 ns, then decays to zero.
As we reported in Ref. 13, the plasma plume can achieve
lengths of up to 5 cm. To better understand the dynamics of
the plasma plume, and the evolution of the discharge inside
the discharge chamber, a high-speed CCD camera with an
exposure time of 50 ns is used to capture the temporal emission behavior of the plasma. In order to have a better spatial
resolution of the discharge inside the chamber, the CCD
camera and optical lens are adjusted to have a larger image
of the discharge inside the chamber. Figures 4 and 5 show
the temporal emission behavior of the discharge inside the
chamber and that of the plasma plume in the open air, respectively. Photograph 4共a兲 was captured at the time corresponding to point 0 of Fig. 3 共170 ns兲. Photographs 4共b兲–
4共n兲 were taken at 50 ns increments. The plasma plume
could only be captured by the CCD camera 320 ns after the
start of the applied voltage pulse. This time corresponds to
the time when photograph 4共d兲 was taken. To make Figs. 4
and 5 comparable, the first plasma plume photo of Fig. 5 is
marked as 共d兲. This means Figs. 5共d兲–5共n兲 were taken at
times corresponding to those of photographs 4共d兲—4共n兲. Figure 5共o兲, on the other hand, was taken at point 0 with an
exposure time of 700 ns, therefore showing the entire plume
emission during a whole discharge pulse period.
Figure 4 shows the discharge current pulses and the corresponding photographs of the plasma inside the chamber.
Each photograph was taken with an exposure time of 50 ns.
Figure 5 shows a series of photographs starting from the time
the plume could be captured 关320 ns, the time corresponding
to photograph 共d兲 in Fig. 4兴. Based on Figs. 4 and 5, there are
interesting points worth emphasizing. First, as can be seen
from photographs 4共b兲–4共g兲, there is a dark layer of about
1.2 mm next to the cathode 共right electrode兲, the rest of the
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FIG. 4. High-speed photographs of the discharge inside the chamber and the corresponding discharge current. The exposure time of the photographs is 50 ns.
Photograph 共a兲 is taken at 170 ns and the rest at 50 ns increments. The gray bars on the left and right of each photograph represent the electrodes. Each
electrode has a centrally located aperture, 3 mm in diameter. The plasma plume exits from the aperture on the right.

gap being dominated by homogeneous strong emission,
which is similar to the Townsend-like discharge. Secondly,
the plasma plume can be observed only after the second current pulse appeared.
To have a more detailed discussion about the plume dynamics, the plume velocity versus time is plotted in Fig. 6.
Because the plume location has a small fluctuation for the
same delay time, five photos are taken for every delay time.
Figure 6 clearly shows that the plume starts to accelerate as
soon as it is launched from the center hole of the outer electrode. It accelerates quickly and reaches about 1.4
⫻ 105 m / s at a time corresponding to point A in Fig. 3. Then,
with a lower acceleration, the plume velocity reaches its
maximum value of about 1.5⫻ 105 m / s. This corresponds to
point B in Fig. 3. Finally, the plume velocity drops quickly
until it cannot be captured anymore.

DISCUSSION

As was mentioned earlier, the delay time between the
start of the applied voltage pulse and that of the first discharge current pulse is about 60 ns. On the other hand, when
the applied voltage starts falling, the charges accumulated on
the dielectric induce a reverse voltage, which results in a
third current pulse. The delay time between the arrival of the
falling front of the applied voltage and the third current pulse
is only 25 ns. This negative current pulse starts with a much
lower voltage than that required for the initiation of the first
current pulse. This lower voltage value is estimated to be
about 1 kV. We attribute this to the presence of species, such
as electrons, ions, and metastables, which are initially generated by the previous discharge 共corresponding to the first and
second current pulses兲. Since the third discharge current
pulse occurs only few hundreds of nanoseconds after the first
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FIG. 5. High-speed photographs of the plasma plume/bullet. The exposure
time is 50 ns. Photograph 共d兲 is taken at 320 ns, the time corresponding to
point 3 in Fig. 3. Photographs 共e兲-共n兲 are taken at 50 ns increments.

two pulses, the concentrations of some excited species, such
as N2 B3 ⌸g, B⬘3 兺−u , a⬙1 兺+g , and D3 兺+u states and N+2 A2 ⌸u
states 共which have a lifetime between microsecond and submicrosecond ranges兲, should be higher than that when the
first discharge starts. These states may contribute to the discharge corresponding to the third current pulse, but not to the
primary discharge since their lifetime is too short compared
to the time between the applied voltage pulses 共which is
typically several hundreds of microseconds long.兲
The second current pulse is related to the launch of the
plasma plume. There are two evidences that support this assumption. First, the plasma plume exits the center hole of the
outer electrode at the same time when the second current
pulse starts. Secondly, when the second current pulse starts
共corresponding to point 3 in Fig. 3兲, the high-speed photograph of Fig. 4共d兲 shows that the emission intensity from the
chamber does not increase at all. In fact, it decreases. Besides, it should be pointed out that the emission intensity
from inside the chamber decays slower after the first current
pulse than that after the third current pulse, as can be see
from photographs 4共d兲–4共i兲 and 4共m兲 and 4共n兲. As a result,

FIG. 6. Velocity of the “plasma bullet” vs time.
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we think that part of the second current pulse contributes to
the plasma plume and the rest is related to the discharge
inside the chamber.
It is interesting to note that the maximum value of the
plasma plume velocity is in the order of 105 m / s, a much
greater value than the gas velocity of 8.3 m / s, as calculated
according to the gas flow rate and the diameter of the hole.
To have a better understanding of the mechanism of plume
dynamics, first, the electron drift velocities inside the chamber and along the plasma plume are estimated. The product
of pressure p and mobility of electron e in pure He is
0.86⫻ 106 cm2 Torr/ V s.14 For our case, the pressure p is
760 Torr, the applied voltage Va is 5 kV, and the gap distance d is 5 mm. So the electron drift velocity e can be
estimated by e = eE, which is about 1.1⫻ 105 m / s. It is
within the same order of magnitude as the plume velocity.
However, the plume is propagating outside the discharge
chamber, where the electric field is much lower than that
inside the chamber. Even if the electric field is assumed to be
uniform from the center of the high voltage electrode to the
tip of the plume, the maximum drift velocity that the electron
could achieve along the plume is only about 1.1⫻ 104 m / s,
which is one order of magnitude less than the plume velocity.
In this estimation, we assume that the background gas is pure
helium. If an air impurity is considered, then the electron
drift velocity will be even lower because the mobility of
electrons e will be smaller in the presence of air.
According to the emission spectrum of the plasma,13 the
dominant ion is N+2 . So the drift velocity of N+2 is calculated
as follows: The mobility of N+2 in pure He at atmospheric
pressure is about 23 cm2 / V s.15 Based on the same assumption used for calculating the electron drift velocity inside the
chamber and in the plume, the N+2 drift velocities inside the
discharge chamber and in the plume are 2.3⫻ 103 and 2.2
⫻ 102 m / s, respectively. These speeds are far slower 共up to
three orders of magnitudes兲 than the measured plume velocity.
None of the mechanisms discussed above provides an
adequate explanation on why the plume propagation velocity
is as high as it is. We therefore propose the following explanation: To have a plume/bullet travel in such high speed
under very low electric field, photoionization has to play an
important role. Dawson and Winn16 proposed a streamer
propagation model in low electric field based on a photoionization assumption. In their model, the head of a cathodedirected streamer is a sphere of radius r0, containing n+ positive ions. As it moves forward, it leaves behind a
quasineutral ionized channel with a negligibly low conductivity; the head is not connected to the anode and only the
streamer head is measurably luminous. This is exactly what
is happening in our case. As can be seen in Fig. 5, the emission from the track left by the plasma plume is very weak.
We therefore propose the following model.
Assume that at a given instant of time, the streamer head
consists of a small sphere, which has a radius r0 and a space
charge n+, Because of photon emission from the streamer,
suppose that a single photoelectron is created at a suitable
distance r1 from the center of the sphere, as shown in Fig. 7.
Under the influence of the field set up by the space charge,
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TABLE I. Calculated radii 共r0 and r2兲 for different original space charge
numbers.

FIG. 7. Schematic illustrating the streamer propagation model described in
this paper.

the electron is accelerated towards the sphere and an avalanche is initiated. In moving toward the sphere, from r1 up
to some point r2, the electron forms an avalanche of multiplication
n = exp

冕

r1

␣dr,

共1兲

r2

and of diffusion radius

冉冕 冊
r1

r0 = 6

r2

D

vd

dr

Q
.
4   0r 2

1

2

3

4

5

r2 共cm兲
r0 共cm兲

0.02
0.056

0.1
0.068

0.17
0.075

0.23
0.080

0.3
0.085

共1兲 when n is equal to n+. Townsend’s first ionization coefficient ␣ is calculated according to14

␣ = 15p exp共− 365p/E兲cm−1 ,

,

D=

2 ⫻ 105
cm2/s,
p共Torr兲

共5兲

e =

0.86 ⫻ 106
cm2/V s.
p共Torr兲

共6兲

共2兲

共3兲

Here, although the main gas is helium, the main ion is N+2
Ref. 13 共nitrogen originates from the surrounding air兲. In
addition, the attachment process is dominated by O2, also
from air, which diffuses to the plume. Since the percentage
共per volume兲 of air in the plume is not readily known, we
assume that it is about 1%. The distance r1 is determined as
the distance at which the reduced electric field is equal to
30 V / cm mmHg.16 Then, r2 is calculated according to Eq.

共4兲

where p is the pressure and air is assumed to be the background gas 共this assumption, of course, introduces an error
since the helium metastable state plays an important role in
the ionization process.兲 Finally, by using Eq. 共2兲, r0 is calculated, where D and e were determined according to14

1/2

where ␣ is Townsend’s first ionization coefficient, D is the
diffusion coefficient, and d is the electron drift velocity. If
the multiplication up to the sphere is sufficient, the electrons
neutralize the positive charge but leave behind a new positive region. The best value of r1 could, in principle, be obtained from an exact knowledge of the number and type of
photons emitted from the sphere within a particular solid
angle, their absorption coefficients, and ionizing efficiency.
Since complete data on these quantities are not available, r1
is taken as the distance at which the electric field strength is
such that ionization and attachment rates become equal. For
air, this occurs when E / p = 30 V / cm mmHg.16
According to Ref. 16, the following three requirements
must be fulfilled in order for the streamer propagation under
low or zero field to occur: 共1兲 The number of new positive
ions created by the avalanche must be equal to n+, the number of ions in the original sphere; 共2兲 the diffusion radius of
the avalanche head must not become larger than r0; and 共3兲
the avalanche must reach the required amplification before
the two charge regions begin to overlap, i.e., 2r0 艋 r2.
Next, r2 and r0 are calculated for different values of
positive charge n+. The procedure is as follows: First, a value
of n+ is given. Second, the electric field as a function of r
from simple electrostatics is calculated according to
E=

n+ 共Number of original
positive charges兲
共109兲

Table I shows the calculated r2 and r0 for different n+. In
these calculations, the values of D and d were determined
for the case of helium gas. The three requirements for the
streamer self-propagation are met only if 2r0 is smaller than
r2. From Table I, it can be seen that when n+ is less than 2
⫻ 109, 2r0 is greater than r2. This means that the streamer
head cannot self-propagate under this condition. However,
when n+ is larger than 3 ⫻ 109, 2r0 is smaller than r2, meaning that the streamer head can self-propagate under low or
zero external electric field. Therefore, according to Dawson
and Winn,16 the plume velocity can reach values as high as
106 m / s and it can travel up to several centimeters without
the presence of an external electric field. This is in agreement
with our experimental observations.
It should be emphasized here that energy is needed for
the ionization of the new volume of gas replaced by the
streamer channel. This energy can be drawn only from an
external source. Therefore, the self-propagation streamer
model in low applied electric field discussed above is not
steady but merely a quasi-steady-state process. The streamer
will stop propagating when the electrostatic energy of the
sphere of charges is lost via the ionization processes. Detailed description of how a cathode directed streamer stops
propagating can be found in Ref. 16.
CONCLUSIONS

A cold plasma plume traveling with a speed of up to
105 m / s is reported. The I-V characteristics show that for
each applied voltage pulse there are three consecutive discharge pulses. The first pulse is associated with a first discharge initiation, the second current pulse is linked to the
launch of the plasma plume, and the third current pulse is
associated with a discharge caused by the charge buildup on
the dielectric surfaces of the electrodes. A mechanism of the

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
128.82.253.83 On: Wed, 13 Jan 2016 14:58:39

063302-6

plume traveling at high speeds but under very low electric
field is proposed and discussed. A streamer model based on
photoionization is used to explain this interesting phenomenon. Fast photography shows that the plume is more like a
bullet formed by a small and well-confined plasma volume
that travels from the exit aperture of the device and terminates at some distance in the surrounding air. However, how
this bulletlike plasma accelerates and how it stops is still not
quite clear.
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