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An experimental observation of fast-moving plasma bullets produced in an atmospheric
dielectric-barrier discharge jet is reported in this paper. Nanosecond imaging suggests that the
atmospheric discharge jet consists of a plasma bullet train traveling at a hypersonic speed from
7.0 km/s to 43.1 km/s. Yet on a millisecond scale, the bullet train appears as a plasma jet of several
centimeters long. The plasma bullets are produced through several possible mechanisms, the most
likely of which is related to the ionization wave. Time and space resolved optical emission
spectroscopy show that reactive plasma species can be delivered to different spatial sites with
varying quantities. © 2008 American Institute of Physics. [DOL: 10.1063/1.2828551]

I. INTRODUCTION

Nonthermal atmospheric plasma jets have recently at-
tracted growing interest, motivated by their considerable ap-
plication potentials for material modification'™ and biomedi-
cal applications.“’5 These plasma sources can be generated
with sinusoidal excitation at 60 Hz,6 kHz,S’L10 MHZ,1’4’”714
and with repetitive nanosecond pulses at kilohertz.'* For
many of their applications, nonthermal plasma jets offer a
useful practicality of separating the plasma generation region
from the application region thus facilitating access to an ex-
tensive range of reaction chemistry.7 However, possible
mechanisms responsible for the production of atmospheric
plasma jets remain largely unknown. Several recent reports
suggest that atmospheric plasma jets could be formed
through fast-moving plasma bullets.*"! Further investiga-
tions are needed to progress to these preliminary studies and
to advance the current understanding of atmospheric plasma
jets. In this article, we present an experimental investigation
of fast-moving plasma bullets formed in an atmospheric
dielectric-barrier discharge jet.

Il. EXPERIMENTAL SETUP

The atmospheric plasma jet used in this study was pro-
duced in a dielectric tube wrapped with a metal strip of
10 mm wide as the power electrode and a metal plate as the
ground electrode placed a distance of 27 mm away from the
nozzle of the dielectric tube, as shown in Fig. 1(a). The inner
and outer diameters of the dielectric tube were 1.58 and
2.44 mm, respectively. The electrodes were connected to a
20 kHz sinusoidal voltage with an amplitude of 4 kV. A he-
lium gas flow of 5 standard liters per minute (SLM) was fed
through the dielectric tube and the resulting discharge was
ejected out of the outlet of the dielectric tube, in the form of
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a plasma jet, into the surrounding ambient air. Therefore, it
was essentially an atmospheric dielectric-barrier discharge
jet, details of which have been reported elsewhere.”’ Current
and voltage were measured by a current probe (Tektronix
P6021) and a voltage probe (Tektronix P6015A), and re-
corded on a digital oscilloscope (Tektronix TDS 3000B). To
image the plasma jet on a nanosecond scale, an intensified
charge coupled device (iCCD) camera (Andor i-Star DH720)
was used with its triggering achieved using a pulse generator.
Optical emission spectrum was measured with a spectrom-
eter system (Andor Shamrock) with a focal length of 0.3 m
and a grating of 600 grooves/mm.

lll. RESULTS AND DISCUSSIONS

With the exposure time of the iCCD camera set at 1 ms,
the plume of the atmospheric dielectric-barrier discharge was
imaged and it appeared as a plasma jet as shown in Fig. 1(a).
Typical waveforms of discharge current and applied voltage
are shown in Fig. 1(b). The applied voltage is predominately
sinusoidal but with a small positive dc offset, and its positive
and negative amplitudes are 3.94 kV and 3.57 kV, respec-
tively. The total current measured from the ground electrode
is made of a displacement current and a discharge current,
with the former being largely sinusoidal and the latter being
essentially conductive current. The discharge current appears
in Fig. 1(b) as a large spike superimposed onto a small sinu-
soidal displacement current. As the applied voltage has a
positive dc offset, the current has a distinct peak of 1.28 mA
in each positive half-cycle of the applied voltage, whereas its
peak is barely visible in the negative half-cycles. Further
increase of the applied voltage will lead to a significant cur-
rent peak in both the positive and the negative half-cycles of
the applied voltage, exhibiting the typical current-voltage
characteristics of atmospheric dielectric-barrier discharges.16
The gate signal for triggering the iCCD camera is also shown
in Fig. 1(b) and its time delay was used to correlate the bullet
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FIG. 1. (Color online) (a) Image of an atmospheric dielectric-barrier dis-
charge jet with 1 ms exposure time and the schematic of its electrode unit;
(b) current (solid) and voltage (dashed) waveforms of the plasma jet to-
gether with the iCCD triggering signal.

images directly to a specific time instant on the discharge
current waveform. As indicated in Fig. 1(b), the plasma jet at
the positive and negative half cycle of the applied voltage are
referred to as Jet-1 and Jet-2, respectively. It is worth men-
tioning that the plasma plume can also be produced in the
absence of the ground electrode.

Figure 2 shows a sequence of 20 images of the plasma
jet, each with an exposure time of 1 ns, during a positive
half-cycle of the applied voltage (Jet-1) when the ground
electrode was the instantaneous cathode. The time interval
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FIG. 2. (Color online) Nanosecond images of Jet-1 with 1 ns exposure time
of the plasma jet at different delay times from the rising edge of the iCCD
gate signal.
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FIG. 3. (Color online) Nanosecond images of Jet-2 with 1 ns exposure time
of the plasma jet at different delay times from the rising edge of the iCCD
gate signal.

between any two successive images was fixed at 100 ns.
These nanosecond images suggest that the plasma jet shown
in Fig. 1(a) with 1 ms exposure time was actually formed by
a fast moving plasma bullet. In each pulse of the discharge
current, one plasma bullet is produced and so over a suffi-
ciently long period of time the atmospheric dielectric-barrier
discharge jet is essentially a fast-moving train of plasma bul-
lets with 1/(2X20) kHz=25 us between two sequential
plasma bullets. As a plasma bullet traveled from the outlet of
the dielectric tube to the ground electrode, its optical signa-
ture changed its intensity and size. The time delay marked in
Fig. 2 corresponds to the time difference between the gate
signal and a point on the discharge current waveform in Fig.
1(b), and so at a time delay of 38.7 us, when the discharge
current start to go up, marks the emergence of a plasma
bullet from the dielectric tube. At a time delay of 39.3 us,
the discharge current reached its peak value, and the intensity
of the plasma bullet also became strongest. This suggests that
during the rising phase of the discharge current, the plasma
bullet grew and became stronger, as shown in Fig. 2(a). After
that, the plasma bullet started to die off as the discharge
current started to decline. During this current-falling phase,
there were fewer and fewer sufficient energetic electrons to
produce relevant excited plasma species resulting in a dimin-
ishing optical emission. Figure 2(b) shows the plasma bullet
reaching the ground electrode and extinguished there. The
time between the first and the last images in Fig. 2 is 2.0 us,
close to the current pulse width of 2.3 us. Therefore the
discharge current peak may be attributed to the moving of
the plasma bullet across the discharge gap.

Although there is no large discharge current peak in the
negative applied voltage phase, a weak plasma bullet (Jet-2)
was observed during this voltage-falling phase. It is shown in
Fig. 3 that a sequence of 18 images of Jet-2. As Jet-2 was
much weaker and traveling at a slower speed than Jet-1,
which will be shown later, the time interval between any two
successive images was fixed at 500 ns and the image inten-
sity was enhanced. Compared to the plasma bullet in Jet-1,
the plasma bullet in Jet-2 was longer and started to die off in
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FIG. 4. The maximum optical intensity of the plasma bullet in Jet-1 and
Jet-2 as a function of the distance from the exit of the dielectric tube.

the middle of the discharge gap well before reaching the
ground electrode. It is worth mentioning that the lifetime of
Jet-2 (~9 us) is much longer than that of Jet-1 (2.0 us).

Figure 4 shows the position dependence of the optical
emission intensity of the plasma bullet, indicating clearly
that it is much brighter in the middle than the two ends. For
Jet-1, the position dependence has an interesting profile of
double humps with the two maximum optical intensities oc-
curring at 2.5 mm and 17.5 mm, respectively. The reason for
this interesting double hump spatial profile remains un-
known; further measurements with better spatiotemporal res-
olution will be necessary in future studies. This double-
humped profile contrasts with the position dependence of the
bullet size that has the largest bullet centered around 10 mm.
The intensity of the plasma bullet reaches its maximum of
6.3 (arbitrary unit). In Jet-2, the plasma bullet traveled a
longer distance of 9.8 mm before reaching its maximum in-
tensity of 0.20 and was extinguished at 16.3 mm from the
nozzle of the dielectric tube. This clearly shows that the op-
tical emission intensity of Jet-2 is much weaker than that of
Jet-1 with the ratio between their maximum value being
6.3/0.2=31.5. These results suggest that the plasma jet was
dominated by Jet-1 although it was sustained over a longer
period in Jet-2.

Figure 5 shows the position dependence of the bullet
velocity, estimated from the sequence of nanosecond bullet
images. In Jet-1, it is found that the bullet speed started at
about 7.5 km/s at the exit of the dielectric tube, reached its
peak of 43.1 km/s at 13.8 mm, and then reduced to
7.0 km/s near the ground electrode. As the plasma bullet in
Jet-2 increased in size, the bullet speed became difficult to
estimate. At a position of 4.9 mm, the bullet reached the
maximum speed of 0.5 km/s, which is about two orders of
magnitude lower than the maximum bullet speed in Jet-1.
After that, the bullet speed decreased to 0.08 km/s at
16.1 mm from the nozzle of the dielectric tube. In other
words, both plasma bullets accelerate first and then deceler-
ate towards the ground electrode. The maximum bullet ve-
locity is reached at approximately the same position as that
where the largest bullet size is reached.
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FIG. 5. The velocity of the plasma bullet in Jet-1 and Jet-2 as a function of
the distance from the exit of the dielectric tube.

As the plasma jet is dominated by Jet-1, the characteris-
tics of Jet-1 are explained in the following. The speed of the
plasma bullet in Jet-1 is at the very high end of the hyper-
sonic range. The gas flow rate of helium in the dielectric tube
is estimated to be 10.6 m/s, some three orders of magnitude
lower than the bullet speed. Further experiments (not shown
here) suggest that the speed of the plasma bullet is indepen-
dent of flow rate of fed helium gas. Therefore, it is unlikely
that the plasma bullets are propelled by the gas flow. By
assuming that the electric field was uniform and set up by the
applied voltage, the drift velocity of helium atom ions and
molecular ions are estimated to be 133.4 m/s and 319.6 m/s
thus suggesting their minor roles, if any, in the production of
the plasma bullets. Again assuming a uniform electric field,
the electron drift velocity is found to be 15.0 km/s, similar
to the bullet velocity of 7.0—-48.7 km/s. However, it does not
explain why plasma bullets, if composed of negatively
charged electrons, move towards the instantaneous cathode.

It is possible that the plasma bullet is produced by the
ionization wave front.'” There are three mechanisms through
which to contribute to the ionization front velocity, namely
the electron diffusion, the ponderomotive force and the
breakdown wave. The ionization wave front velocity due to
electron diffusion can be expressed as v=2[v,D,]"%"" where
v; is the ionization frequency and D,=10%/p is the ambipolar
diffusion coefficient with p being the gas pressure in Torr. As
the cross-sectional area of the plasma jet is about 0.02 cm?,
the maximum current density is 64.0 mA/cm? at the peak
current of 1.28 mA. Given that the discharge event lasts for
2.3 us during which the applied voltage changes very little,
this transient discharge may be approximated as a dc dis-
charge occurring at the discharge current peak. According to
a simple model for dc atmospheric pressure glow discharges
in helium,'® the maximum electron energy is 32.2 eV at a
current density of 64.0 mA/ cm?. In turn, this leads to an
estimate of the frequency of direct helium ionization by elec-
trons at 1.45 x 10'! s~1." With these parameters, the velocity
of the ionization wave is estimated to be 27.7 km/s. This is
close to the maximum plasma bullet velocity of 43.1 km/s in
Fig. 5. Given that only the electron diffusion mechanism is
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FIG. 6. (a) The optical emission spectrum from the plasma jet taken at
10 mm away from the exit of the dielectric tube and with 1 ms exposure
time; (b) the time-resolved 391 nm line measured with 5 ns exposure time
and at 0, 10, and 20 mm away from the exit of the dielectric tube.

considered and our estimate of the electron energy is likely
to be simplistic, this agreement is particularly encouraging.
The two other mechanisms of the ionization wave, namely
the ponderomotive force and the breakdown wave, depend
on the gradient of the electric field. Although the current lack
of established experimental techniques for measuring the
electric field has prevented a reliable estimate of their con-
tributions to the ionization wave in this study, it is conceiv-
able that they are likely to add to the ionization front velocity
of 27.7 km/s estimated from electron diffusion only and thus
bring the overall speed of the ionization wave front closer to
the maximum plasma bullet speed of 43.1 km/s. In short, it
is likely that plasma bullets are produced through the ioniza-
tion wave front. An atmospheric pressure plasma plume gen-
erated by submicrosecond voltage pulses was studied by oth-
ers. These authors proposed a model based on
photoionization to explain the dynamics of the plasma
plume.]5 It suggests that more must be done in order to un-
derstand the relative contributions of different mechanisms
being put forward.

To characterize the plasma bullets further, their optical
emission spectrum is shown in Fig. 6(a) with an exposure
time of 1 ms and the optical probe placed at 10 mm from the
exit of the dielectric tube. It shows that the dominated emis-
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sion lines are from the nitrogen excited species. Correspond-
ing to the R branch of the first negative system of N3 (0-0),
the 391 nm line is the strongest in Fig. 4(a). The time-
resolved 391 nm line was measured with an exposure time of
5 ns, and its spatial resolution was obtained by repeating the
time-resolved measurement at 0, 10, and 20 mm away from
the exit of the dielectric tube. The peak optical intensities of
the 391 nm line are seen in Fig. 6(b) to occur at a delay time
of 38.9 us, 39.5 us, and 39.7 us, respectively, when the
plasma bullet travels across the three observation positions.
As the 391 nm line is related to direct ionization of the mo-
lecular nitrogen with a threshold electron energy of
18.7 eV, its temporal profiles at these three positions
suggest the presence of energetic electrons in the electrode
gap. With plenty in the 0—10 mm region, these energetic
electrons are most numerous at d=10 mm. Beyond d
=10 mm, the number of energetic electrons starts to decrease
rapidly. This trend is consistent with that of the bullet images
in Fig. 2 and their characterization in Figs. 4 and 5. It is also
consistent with the suggestion that electron diffusion and
hence the ionization wave are likely to be responsible for
hypersonic plasma bullets. The spatial variation of the 391
line in Fig. 4(b) and more generally reactive plasma species
represents a useful application flexibility of delivering reac-
tive plasma species of varying quantities to different process-
ing locations.

IV. SUMMARY

In summary, the atmospheric dielectric barrier discharge
jet has been shown to be formed by a hypersonic plasma
bullet train. It has been established that their production is
likely to be through the ionization wave and that they can be
used to deliver reactive plasma species to different spatial
locations.
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