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Two kinds of floating electrode, floating dielectric barrier covered electrode (FDBCE) and floating
pin electrode (FPE), which can enhance the performance of plasma jet are reported. The intense
discharge between the floating electrode and power electrode decreased the voltage to trigger the
plasma jet substantially. The transition of plasma bullet from ring shape to disk shape in the high
helium concentration region happened when the floating electrode was totally inside the powered
ring electrode. The enhanced electric field between propagating plasma bullet and ground electrode
is the reason for this transition. The double plasma bullets happened when part of the FDBCE was
outside the powered ring electrode, which is attributed to the structure and surface charge of
FDBCE. As part of the FPE was outside the powered ring electrode, the return stroke resulted in a
single intensified plasma channel between FPE and ground electrode. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4817954]

I. INTRODUCTION

The term floating electrodes means metallic objects that
are disconnected from the ground, which are used widely in
lighting protection system.' Recently, the floating electrodes
are introduced into gas plasma sources development to
improve their performances.”™ A pair of pin electrodes con-
sist of one floating electrode and one powered electrode
effectively increased the plasma plume length,” and a float-
ing electrode separated from main electrodes by a slim
dielectric barrier decreased the ignition voltage of non-
thermal arc discharges significantly.® However, there are
surprisingly few reports on the effect of different materials
which make up floating electrode and the various distance
between power electrode and floating electrodes. In this pa-
per, we shall report the performance of the plasma sources
affected by the floating dielectric barrier covered electrode
and floating stainless steel pin electrode, and various dis-
tance between the power electrode and floating electrodes.

Il. EXPERIMENT SETUP

The plasma jet used for this study is shown schemati-
cally in Fig. 1, with a ring power electrode wrapped around
the quartz tube near the tube nozzle and a floating electrode
recessed within the quartz tube. The inner diameter and outer
diameter of the quartz tube were 8 mm and 10 mm, respec-
tively. Two kinds of floating electrode were used, one is
stainless steel pin of accurately machined radius of curvature
(20 um) and the other one is a slim glass tube (inner diameter
of 4mm) with slim copper wire inside and one sealing
end.”® The floating electrode is placed at two positions as
shown in Fig. 1, one is inside the tube and the horizontal
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distance between the floating electrode and the power
electrode is Smm (Fig. 1(a)), and the other is that part of the
floating electrode (5 mm) is out of the quartz tube (Fig. 1(b)).
The ring electrode is powered by a pulsed DC voltage
(amplitudes up to 10kV, repetition rate is 10 kHz, and pulse
width is 300 ns). An indium tin oxide (ITO) ground electrode
was placed 2cm downstream from the quartz tube nozzle,
with its ITO covered side towards the plasma jets. Helium
(99.996%) was used as carrier gas and the gas flow rate is
5 slm. Voltage and current signals were measured with
Tektronix P6015AS 75MHz high voltage probe and a
Pearson 2877 1 V/1 A 200 MHz current probe, respectively,
and recorded via a Tektronix DPO4104 oscilloscope (1 GHz
bandwidth and 10 mega-bit sample record length). Plasma
images were taken by the digital camera Nikon D700 and
ICCD camera (Princeton Instruments, PIMAX?2).

lll. EXPERIMENT RESULT AND DISCUSSION

When the floating dielectric barrier covered electrode
(FDBCE) was inside the tube, the gas breakdown happened
at the pulsed DC voltage of 5.02kV, and the plasma extended
out of the tube for 0.7 cm as shown in Fig. 2(a). The break-
down voltage decreased to 3.7kV when part of the FDBCE
was moved out of the tube for 5 mm; this is attributed to the
decreased gap distance between the FDBCE and the power
electrode [Fig. 2(c)]. Without the dielectric barrier, the pin
electrode is expected to decrease the breakdown voltage,’
and this indeed happened for the case of the floating pin elec-
trode (FPE) outside tube. Its breakdown voltage was 3.2kV,
and most of the plasma was confined inside the tube [Fig.
2(d)]. However, when the pin electrode was inside the tube,
the breakdown voltage was 5.6kV, which was 62% higher
than the voltage of FDBCE inside tube. Such a high break-
down voltage not only initialized the intense discharge inside
the tube but also extended the plasma to the ground electrode

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4817954
http://dx.doi.org/10.1063/1.4817954
mailto:liudw@hust.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4817954&domain=pdf&date_stamp=2013-08-29

083516-2  Huetal.
5mm 2cm
E 5
i 1
(a) N
Pulsed DC —
Gas u 2cm
r" =
5rn;n
(b) M
Pulsed DC -

FIG. 1. Schematic of plasma jet with floating electrode. (a) Floating elec-
trode (pin electrode) is totally inside the tube. (b) Part of the floating elec-
trode (dielectric barrier covered electrode) is out of the tube.

[Fig. 2(b)]. On the other hand, the case without floating elec-
trode was also tested. As the pulsed DC voltage was
increased to 10 kV (maximum output of the power supply)
and the gap between power electrode and ground electrode
was decreased to 1 cm, the plasma did not arise (image not
shown), which proved ability of the floating electrode to
decrease the voltage initialize the discharge.

Fig. 3 shows pictures of the plasma jets with the same
setup as four cases in Fig. 2, when the pulsed DC voltage
(Vpp) was increased to 6 kV. Because the exposure time of
pictures in Figs. 2 and 3 was fixed at 0.4 s, the comparison
between Figs. 2 and 3 with FDBCE and FPE at same posi-
tion shows the difference of the plasma jet intensity. The
higher Vpp increased the power coupled to plasma; there-
fore, the plasma jet became longer and brighter [compare
Figs. 3 and 2]. For the cases of floating electrode inside the
tube, Fig. 3(b) shows the stronger plasma jet of the FPE than
that of the FDBCE, which is attributed to more power con-
sumed by the discharge inside the tube of the FDBCE
[Fig. 3(a)]. For the case of part of floating electrode outside
the tube, the double stream from the end of the FDBCE
[Fig. 3(c)] make the plasma jet wider than the other cases,
and the single intensified plasma jet from the FPE was

FIG. 2. Images of a plasma jet arising with FDBCE and FPE at different
positions: (a) FDBCE inside the tube, Vpp=5.02kV; (b) FPE inside the
tube, Vpp=5.6kV; (c) FDBCE outside the tube, Vpp=3.7kV; (d) FPE
(yellow line) outside the tube, Vpp =3.2kV. The exposure time of each pic-
ture is 0.4 s.
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FIG. 3. Images of a plasma jet arising with FDBCE and FPE at different
positions: (a) FDBCE inside the tube; (b) FPE inside the tube; (c) FDBCE
outside the tube; (d) FPE (yellow line) outside the tube. The pin electrode
connected with ground when (e) pin electrode inside the tube and (f) pin
electrode outside the tube. Vpp =6kV. The exposure time of each picture is
0.4s.

observed in Fig. 3(d)]. On the other hand, although the
ground connected pin electrode initiated much more intense
discharge [Figs. 3(e) and 3(f)], most of the plasma is con-
fined inside the tube due to the strong cross direction electric
field'” between the power electrode and the ground pin
electrode.

Plasma jets are known to be affected by the helium mole
fraction along the plasma jet propagation path;'' therefore,
computational fluid dynamics simulation to characterize
helium mole fraction and helium velocity in the experiment
region was performed by COMSOL Multiphysics 4.3. The
governing equations consist of Navier-Stokes, continuity,
and convection-diffusion equations. The inlet helium flow
rate from the bottom opening of the tube is 5 SLM, and the
air inlet velocity adjacent to the opening of tube is 2%"'" of
the helium inlet velocity. Fig. 4 shows the helium mole frac-
tion from the tube exit to the ground electrode with FDBCE
and FPE at different positions. The helium mole fraction is
almost 1 in the column along the tube exit for all cases
because the short distance to the ground electrode compared
with cases reported in Refs. 11 and 12.
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FIG. 4. Helium mole fraction within the tube and between the tube and
ground electrode as a function of radial and axial directions for helium flow
rate of 5 SLM: (a) FDBCE inside the tube; (b) FPE inside the tube; (c)
FDBCE outside the tube; (d) FPE outside the tube.
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Fig. 5(a) shows the temporal characteristics of the
applied voltage on the ring electrode and the induced voltage
on the floating electrodes. During the rising phase of the
applied pulse voltage (before the gas breakdown inside the
tube), the floating electrode worked as a voltage probe inside
the strong electric field; therefore, the induced voltage
increased with the applied voltage. The voltage distribution
inside the tube is simulated by AC/DC model of COMSOL
Multiphysics 4.3 and shown in Fig. 5(b). The peak voltage
value is right below the ring electrode, so the induced
voltage was larger and increased faster when part of it was
moved out of the tube. On the other hand, because the volt-
age was measured on the copper wire inside the FDBCE, and
the dielectric barrier was as the capacitor, the voltage of
FDBCE was less than that of FPE.

The propagation dynamics are shown in Fig. 6 to analyze
the effect of different floating electrodes on plasma jets. For
the case of FPE inside the tube, the plasma first appeared as a
positive corona at the end of FPE at 200 ns, which was indi-
cated by the emission confined in the region less than 0. 3 mm
from the electrode [Fig. 6(m)]. The voltage on the ring elec-
trode and the pin electrode is 6kV and 3.5kV, respectively
[Fig. 5]. The strong electric field due to the large voltage dif-
ference between ring electrode and pin electrode and the tip
curvature r=20um is the reason for the corona discharge.
Once the corona discharge happened, positive ions accumu-
lated on the surface of pin electrode; therefore, the voltage of
FPE kept increasing [Fig. 5(a)], and the discharge inside the
dielectric tube became more intense [Fig. 6(n)]. However,
because the electric field between positive ions on the floating
electrode and electrons accumulated on the inner surface of
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FIG. 5. (a) Electrical characteristics of pulsed DC plasma jet with FDBCE
and FPE at different positions. (b) Voltage distribution inside the tube before
gas breakdown.
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dielectric tube is opposite to the applied electric field, and its
magnitude increased within the intense discharge inside the
tube and decreased the effect of applied electric field, the
intense discharge inside the tube was kept only 15ns.
Afterwards, the discharge developed along the inner surface
of tube and changes into plasma bullet when it ran out of the
tube. When the plasma bullet propagated towards the ground
electrode, the side view picture shown in Fig. 6(o) suggests
the ionization and excitation was stronger in the mixing layer
of helium and air [compare Fig. 6(o) and Fig. 4(b)]. This is
the typical characteristics of ring shape plasma bullet, and the
end view picture taken at the same time shown in Fig. 7(c)
indeed captured this plasma bullet in the ring shape.'? The
stronger ionization in the mixing layer is attributed to the
lower ionization level of No(E+N, — >2e+N,",15.6eV)
compared with that of He(e +He — >2e +He™, 24.587¢V)
and supports the earlier simulation results."*

During the following 90ns, the plasma bullet transited
from the ring shape to the disk shape. Fig. 6(p) indicates the
strong ionization happened not only in the mixing layer but
also in the FPE horizontal extension region with high helium
concentration [Fig. 4(b)]. The end view shown in Fig. 7(d)
indicates the disk shape of plasma bullet. This transition is
different from the traditional constriction of ring shaped
structure happened at the end of plasma bullet propagation.'®
These tradition discharge devices do not have the confine-
ment of ground electrode at the opposite of dielectric tube,
and the constriction is attributed to the diffusion of air into
helium flow channel.'>™"” However, the ground electrode
and 2 cm gap between the tube and ground electrode provide
a high helium concentration channel in the FPE horizontal
extension [Fig. 4(b)]; therefore, ionization of helium domi-
nates the ionization reaction there.'* Helium ionization level
is higher than that of nitrogen, then the question is where the
energetic electrons are from. Since the high conductivity of
dark channel behind the plasma bullet, the voltage drop
along plasma channel increased slowly during plasma jet
propagation.'® The electric field in the plasma bullet became
stronger as the result of decreasing gap between plasma bul-
let and the ground electrode, which is also by the increasing
706 nm emission from the tip of plasma bullet (data now
shown).'® 2 So the electrons produced by photo-ionization'?
were accelerated by this increasing electric field and ionized
helium in the PE axis horizontal extension region. For the
energetic electrons in the mixing layer, they are consumed
not only by rotation and vibration state of N, and O, but also
by attachment to O,.%'* Therefore, the ionization in the high
helium concentration region increased, and the plasma bullet
changed from ring shape to disk shape. The larger and
brighter plasma bullet shown in Fig. 6(q) suggested the effect
of enhanced electric field between the propagating plasma
bullet and the ground electrode again.

The transition of the plasma bullet from the ring shape
to disk shape is also observed when the FDBCE is totally
inside the tube [compare Figs. 6(c) and 6(d)]. Figs. 6(c)-6(e)
suggest the discharge inside the tube developed backward
and its velocity is only a quarter of the forward plasma bullet
velocity. This emphasizes the role of air ambient in the
plasma bullet formation, because the ionization photons
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FIG. 6. The plasma jet propagation dy-
namics. Each image was taken with
5ns exposure time. (a)—(f) FDBCE
inside the tube, (g)—(1) FDBCE outside
the tube, (m)—(r) FPE inside the tube,
(s)—(x) FPE outside the tube.

emitted by N, which have wavelengths in the range
98-102.5nm (~12.1-12.65eV) and photo-ionization of
oxygen molecules'*?* guided the propagation of plasma bul-
let. During the pulse off period, due to the accumulated sur-
face charge, the secondary discharge'® happened not only
between the FDBCE and inner surface of the ring electrode
but also along the plasma channel to the ground electrode
[Fig. 6(f)]. The similar conditions because of the secondary
discharge were observed for the other three cases [Figs. 6(1),
6(r), and 6(x)].

When part of the FPE was moved out of the tube,
intense discharge first happened between FPE and inner sur-
face of dielectric tube [Fig. 6(s)], which is as the traditional
dielectric barrier discharge (DBD).** The charges quickly
spread along the FPE surface, so the strong electric field

FIG. 7. The end view of plasma jet propagation for the case of FPE inside
the tube. The time of (a)—(f) is same as time of side view pictures (m)—(r) in
sequence. Each image was taken with 5 ns exposure time.

formed at the tip of FPE. Afterwards, the discharge inside
the tube turns weaker, and the plasma streamer developed
along the extension of FPE [Fig. 6(t)], which is in the high
helium concentration region [Fig. 4(d)]. This is different
from the development of plasma along the mixing layer of
helium and air for the case of FPE inside tube. The actual
mechanisms for this streamer propagation included the elec-
tron diffusion, the ponderomotive force, and the breakdown
wave.”>?® The time averaged plasma streamer propagation
speed is 1.1 x 10°m/s, which is higher than 0.8 x 10°m/s
when FPE was inside the tube. After the streamer reached
the ground electrode, a stable plasma channel connected FPE
and ground electrode [Fig. 6(w)], and the intense discharge
increased the charge accumulation on the FPE. Therefore,
the voltage on FPE is higher when part of it was moved out
of the tube [Fig. 5(a)].

FDBCE also dominated the plasma jet formation when
part of it was moved out of the tube. After the intense DBD
between the ring electrode and FDBCE [Fig. 6(g)], two sepa-
rate plasma bullet ran from the edge of FDBCE [Fig. 6(h)].
The structure and surface charge of the FDBCE are possible
reasons for the formation of two separate plasma bullets.
Two plasma bullets became stronger during its propagation
to the ground electrode [Figs. 6(i) and 6(j)], which certified
the stronger electric field between plasma bullet and ground
electrode during the bullet propagation. Once the plasma bul-
let contacted with the ground electrode, the return stroke>”2®
quickly propagated backward to the FDBCE [Fig. 6(k)]. Its
velocity is 1.5 X 10° m/s, which is an order larger than the
forward velocity (~10°m/s). The high conductivity due to
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electron density of 10'%/cm? in the dark channel behind the
plasma bullet is the reason for such a high backward veloc-
ity.'® The fast moving return stroke was also observed when
FPE was outside the tube, and it leaded to the formation of a
bright plasma channel connected the FPE to ground electrode
[Figs. 6(v) and 6(w)]. This bright plasma channel lasts for
more than 200ns [Figs. 6(w) and 6(x)] until all deposited
charge on FPE was dissipated; therefore, a single intensified
plasma jet was observed in Fig. 3(d).

IV. CONCLUSION

In conclusion, two kinds of floating electrodes were
tested in this experiment. The discharge between the
power electrode and floating electrodes decreased the
voltage to trigger plasma jet substantially. The transition
of plasma bullet from ring shape to disk shape in the
high helium concentration region happened when floating
electrodes were totally inside the powered ring electrode.
This transition is attributed to increasing electric field
between the plasma bullet and ground electrode. The
double plasma bullets and single intensified plasma jet
were observed when part of FDBCE and FPE were out-
side the powered ring electrode, respectively. The surface
structure and deposited charge of FDBCE result in the
formation of double plasma bullets. The return stroke
which connected the FPE to the ground electrode is the
reason for the single intensified plasma jet.
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