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Temporal-spatial-resolved optical emission spectroscopy was employed to shed light on the
dynamic behavior and the propagation mechanism of a plasma, originating from a dielectric barrier
discharge in helium inside a quartz tube for microplasma jet formation. The plasma propagated,
regardless of the gas flow direction, in an accelerating manner at a high velocity up to 17 km/s,
suggesting that the propagation was sustained by photoionization. A theoretical analysis
demonstrated that the enhancement of the local electric field ahead of the ionization front was
mainly responsible for the acceleration of the plasma near the electrode. © 2008 American Institute
of Physics. �DOI: 10.1063/1.2972119�

Atmospheric pressure �AP� plasma has been widely used
in materials processing owing to its attractive properties such
as being nonequilibrium and vacuum-free. It can be gener-
ated in different discharge modes and using various types of
energy sources.1–7 Recently, several research groups demon-
strated that an AP plasma jet could be formed by flowing a
working gas through a fine quartz tube equipped with tubular
electrodes.8–10 This finding enables the generation of micro-
plasma jets using simplified electrode configurations by
means of dielectric barrier discharge �DBD�.

The formation of a DBD AP plasma jet is largely depen-
dent on the operating frequency. When operating at higher
frequencies, the plasma jet is formed by a continuous plasma
flow. However, when operating at lower frequencies, it was
found that the plasma jet is constituted of discrete bulletlike
plasma clouds moving at a velocity much higher than the gas
velocity.8 As will be shown later, the “plasma bullet” is ac-
tually an ionization front propagating at high speed. Recently
a number of experimental studies have been carried out to
understand the dynamic behavior of the tubular-electrode
DBD He plasma jet. Images of the discharge were captured
using an intensified charge-coupled device �ICCD� camera,
and the propagation velocity of the plasma was also deter-
mined.8,11,12 The formation mechanism of the high-velocity
plasma plume was ascribed to photoionization.11 In addition,
the density of metastable He �2 3S1� atoms in the DBD
area and in the jet was measured using laser absorption
spectroscopy.13 However, detailed behavior of the propaga-
tion of the plasma was still not revealed.

In this work, we carried out temporal-spatial-resolved
optical emission spectroscopy �OES� on a DBD He plasma
produced in a quartz tube, aiming to provide fundamental
insights into the dynamic behavior of the moving plasma, as
well as into the formation mechanism of the plasma jet. We
then elucidated the dynamic behavior of the plasma with a
model taking into account the effect of the plasma on the
local electric field.

As schematically illustrated in Fig. 1, the plasma was
generated in a 5.7 mm inner diameter quartz tube with a
thickness of 1.3 mm and was powered by a sinusoidal high

voltage �HV� at a peak value of 5.6 kV and a frequency of 7
kHz. Pure He with a flow rate of 6 l/min was used as the
working gas. In order to observe the plasma behavior in both
the upstream direction and the downstream direction, only a
single tubular electrode was used. The OES measurement
was performed using a gated multichannel detector system
�PMA-50, Hamamatsu Photonics K.K.� at a grating of 1200
groove/mm and a gating time of 50 ns. In order to detect the
variation of emissions along the tube, an optical lens was
mounted on a guide rail parallel to the tube, allowing it to
scan axially at a 1 mm spatial resolution. The sampling time
was 200 ms, corresponding to an accumulation of emissions
from 1400 discharges for each data point.

The dynamic behavior of the plasma emission at differ-
ent axial positions was obtained by scanning along the tube
from the downstream to the upstream with respect to the
electrode. It is found that the discharge only occurs at the
positive half of a pulse cycle, since there are no appreciable
emissions from the negative half. Figure 2 presents the time
evolution of the emission intensity of the N2

+ line at 391.4 nm
at different positions. It shows that the plasma was able to
travel in both the downstream and upstream directions. One
should be aware that the moving plasma or the luminous
body is actually an ionization front propagating at a high
velocity rather than a bulk movement of the heavy species in
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FIG. 1. �Color� Schematic of the quartz tube DBD device and the temporal-
spatial-resolved spectroscopic system.
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the working gas.8 The width of the intensity profile increases
as the plasma moves away from the HV electrode, indicating
that the decay of the plasma slows down with increasing
distance. It is also seen that the plasma volume extends over
a distance as large as 4 cm in the developing regions since
there is a noticeable overlap of the emissions from different
positions. These results suggest that the plasma is more like
a fine cylinder with a fast moving front and a gradually ex-
tending tail than a moving “bullet.”

In Fig. 2, the N2
+ emission exhibits different behaviors in

the downstream and upstream movements. In the down-
stream, the intensity only decreases slightly as the plasma
moves forward. This phenomenon might be ascribed to the
diffusion of the N2 molecules into the He flow near the exit,
enhancing the Penning ionization. However, in the upstream,
the emission intensity drops sharply as the plasma moves
upstream, owing to the reduced N2 concentration. This indi-
cates that the plasma is able to reach a further position in the
downstream direction than in the upstream direction. The gas
flow direction also affects the relaxation time of the plasma.
This effect can be seen from the full width at half maximum
�FWHM� of the emission intensity. The FWHMs are 3.3 and
1.4 �s at 1 cm downstream and upstream and 8.6 and
6.0 �s at 8 cm downstream and upstream, respectively. It
means that the plasma decays more slowly when moving
along the gas flow; however, it quenches quickly while trav-
eling counter to the gas flow.

The temporal-spatial-resolved OES offers a viable way
to estimate the propagation velocity of the plasma as well.
The propagation velocities in both the downstream and
the upstream directions were calculated according to the
detected arrival time of the emission at each position, and
the corresponding results are plotted in Fig. 3. It shows
that the plasma leaves the HV electrode at a velocity of
2.3�103 m /s and propagates in an accelerating manner. Its
velocity increases slightly between 2 and 4 cm, then rises
sharply to 1.7�104 m /s between 4 and 6 cm in the down-
stream and 1.6�104 m /s in the upstream, followed by a
slow acceleration afterward. The measured propagation ve-
locity is at least three orders of magnitude higher than the
gas velocity of 3.9 m/s, which is in line with those measured
using the ICCD.8,11 The results also reveal an interesting
phenomenon where the propagation velocity is irrelevant to
the gas flow direction. It propagates at almost the same ve-
locity in the downstream and the upstream directions.

The OES measurements make it possible to unveil the
mechanism responsible for the dynamic behavior of the

plasma propagating inside the tube. Since the propagation is
unaffected by the motion of the heavy particles, such as the
ions and the atoms, it is reasonable to attribute the energy
transfer along the tube to the movement of the electrons.
Because the discharge only occurs at the positive half, in
order to reach the HV electrode the electrons have to move
in the counter direction to the plasma propagation, suggest-
ing that ionizations should always occur in front of the
plasma to serve as an electron source. This phenomenon is
coincident with the behavior of a positive streamer initiated
by photoionization.11,14,15 In the photoionization theory, a
high-speed ionization front is present, traveling at a velocity
qualitatively equivalent to the electron drift velocity.14 The
electron drift velocity ve is dominated by the strong localized
electric field �Ei� consisting of the external applied field �Ea�
and the electric field induced by the local charge accumula-
tion in the streamer head. Since Ei is stronger than Ea, an
estimated ve based on Ea should stand for the lower limit of
the drift velocity. As pointed out before, the plasma volume
extends over a few centimeters. Taking this effect into ac-
count, we may reasonably assume that the plasma fills the
tube between the electrode and the ionization front at the
early stage of a streamer development. Since the plasma is
literally conductive, the voltage drop across the plasma vol-
ume can therefore be neglected. As a result, the potential
applied on the electrode can be effectively forwarded to the
front edge of the plasma, enhancing the electric field ahead
of the ionization front. This process, as well as the estimated
electron drift velocity as a function of the axial position, is
illustrated in Fig. 4. In the figure, Ua, Uc, and Ui are the
applied voltage, the potential formed by the charges in the
ionization front, and the total local potential, respectively. A

FIG. 2. �Color� Time-evolution of the N2
+ emission at 391.4 nm at various positions along the tube, �a� the downstream and �b� the upstream. The voltage

waveform is also presented.

FIG. 3. Measured propagation velocity of the ionization front moving
toward the downstream and the upstream.
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virtual ground �U=0� is assumed at the tip of the plasma jet
about 15 cm from the electrode. The electron drift velocity
was estimated using ve=�eEa, where �e=0.113 m2 /V s is
the electron mobility.16 The calculated ve is from 4.5�103 to
9.0�103 m /s between 1 and 8 cm in the downstream at the
peak applied voltage of 5.6 kV. These values are in the same
order of magnitude of the measured propagation velocity of
the ionization front. Here the electron drift velocity is appar-
ently underestimated to a certain degree since the induced
electric field is unable to be included. Nevertheless, an im-
portant feature, i.e., the acceleration of the ionization front at
an early stage, is predicted by the model and confirmed by
the experimental results. Of course, the acceleration cannot
be sustained any longer than when the tail of the plasma
leaves the electrode, then the velocity will start to decrease
after a certain distance.

In conclusion, the dynamic behavior and the propagation
mechanism of the He plasma generated in a quartz tube were
elucidated by means of spatial-temporal-resolved OES. The

results show that the plasma moved with increasing volume
at different relaxation times in the downstream and the up-
stream directions. The propagation velocity of the plasma
was independent of the gas flow direction and was in an
accelerating state in the region considered. This behavior
was ascribed to the propagation of the positive streamer in-
duced by photoionization. A model was put forward to inter-
pret the dynamic behavior of the ionization front. The accel-
eration phenomenon of the ionization front was predicted,
and the same tendency was confirmed by the experimental
results.
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FIG. 4. �Color online� Estimated electron drift velocity in the applied elec-
tric field as a function of the axial position. The axial distribution of the
electric field along the tube is considered linear.
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