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ABSTRACT

The auxiliary pulse voltage on the discharge dynamics of ionization wave in atmospheric pressure plasma jet is investigated by both
experimental and numerical methods. The distribution of electrical potential is modified by the introduction of auxiliary pulse voltage. The
velocity and intensity of jonization wave in terms of plasma bullet is enhanced by reducing the amplitude of auxiliary pulse voltage. The
uniformly distributed electron and ion density are obtained by raising the amplitude of auxiliary pulse voltage. By reducing the amplitude of
auxiliary pulse voltage, the ion and electron density are concentrated in the ionization wave front, which improves the radial electric field and
expands the radial size of plasma bullet. It shows that the electric field, the ion and electron density, and the electron temperature can be

enhanced by elevating the amplitude difference between the internal and the applied auxiliary electrical potential.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0271135

Recent advancements in atmospheric pressure plasma jet (APP])
technology underscore its extensive potential across a variety of appli-
cations. The generation of APPJ employs the dielectric barrier dis-
charge (DBD) method, in which a noble gas flows through a discharge
gap to generate and release the plasma into the open air. This process
produces a continuous stream of directed ionization wave, which are
often visualized as high-speed luminous spots known as “plasma bul-
lets.”' These plasma bullets function as powerful chemical reactors,
generating reactive species crucial for a range of applications. Notably,
APP] can transmit high electric fields over significant distances,
enabling them to impart charges onto remote objects.”” This capability
is particularly beneficial for precise surface modifications, including
biological tissues. The ability of APPJ to interact with complex surfaces
has attracted considerable scientific and practical interest, although
many aspects of their mechanisms and applications remain unre-
solved. Furthermore, APP] operated with nanosecond repetitive puls-
ing has demonstrated the production of substantial reactive species
and high-energy electrons, thereby broadening their applicability in

" as well as plasma

material processing,(”8 surface modification,””
medicine and biochemistry."” "

In order to expand the application of APP], it is necessary to
study the generation and propagation mechanisms of the plasma jet
and develop manipulation technologies. Many previous studies have
demonstrated significant achievements on manipulating plasma jets
through external conditions”'* ' and discharge dynamics in propaga-
tion of ionization wave.””***° In our previous study,27 a noninvasive
method was developed to measure the electrical potential in an open
environment that played a crucial role in the propagation of plasma
bullets. It proposes that enhancements and restrictions could be
achieved through different waveforms of auxiliary pulse voltage. Here,
the dependence of discharge dynamics on the auxiliary pulse voltage
amplitude is studied through both experiment and simulation. The
experimental system used to generate the plasma jet is a three-
electrodes configuration similar to that described in a previous work’’
with three electrodes (One less GND compared to previous work)
wrapped on the outer-tube wall, which are the power electrode (PE),
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the grounded electrode (GND), and a copper ring with a 0.1 mm width
acting as the auxiliary electrode (AE) between the PE and GND. The
distance between the PE and GND and that between the PE and AE
are 50 and 20 mm, respectively. Similarly, an equivalent 2D numerical
simulation model was developed, which includes an air region, copper
electrodes, a dielectric region, and an inner discharge area.

Figure 1(a) shows the waveforms of pulsed voltage for both the
experiment and simulation. Figure 1(b) illustrates the voltage wave-
forms applied in the simulation, including the power pulse voltage
(black) =6kV and the self-consistent electrical potential (EP, red
dashes) on the outer-tube wall generated at the axial distance (AD) of
20 mm, where the AE is located. Three types of auxiliary pulse voltage
(APV) waveforms are also presented in Fig. 1(b), with amplitudes of
APV =2.0KkV (blue), 40kV (red), and 6.0kV (orange), which are
lower, similar to, and higher than the self-consistent electrical potential
of 4.0kV when ionization wave propagates to AD =20 mm, respec-
tively. Figure 1(b) illustrates that the self-consistent electrical potential
at AD =20 mm exhibits an immediate increase upon the application
of PPV, followed by plasma initiation after a nanosecond delay.

The images comparing between plasma bullet captured by an
ICCD camera with a 40 ns exposure time in experiment and He™ den-
sity spatial profile obtained from simulation when APV is 4.0kV are
shown in Figs. 2(I-al)-2(I-el) and 2(I-a2)-2(I-e2), respectively. Five
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FIG. 1. (a) The waveforms of power pulse voltage in experiment (PPV, black dash)
and in simulation (PPV, black) =6kV as well as auxiliary pulse voltage (APV) in
simulation = 2.0kV (blue), 4.0kV (red), and 6.0kV (orange). (b) The rising phase of
waveforms of PPV (black), self-consistent electrical potential (red dash-dot) on the
outer-tube wall at axial distance (AD)=20mm and APV =2.0kV (blue), 4.0kV
(red), and 6.0kV (orange) in simulation. The auxiliary electrode (AE) is placed in
AD =20 mm.
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FIG. 2. (I) Comparison figures between (a1)—(d1) plasma bullet images captured by
the ICCD camera in experiment with 40 ns exposure time and (a2)—(d2) He™ den-
sity spatial profiles obtained in simulation when plasma bullet propagates to the
position of AD = 20, 25, 30, 35, 40, and 45 mm; (Il) (a) the velocity of plasma bullet
in experiment and (b) velocity of He™ density in simulation without AE (black) and
discharge with APV =2.0kV (blue), 4.0kV (red), and 6.0kV (orange).

typical time instances as the plasma bullet propagates to the position
of AD =19, 24, 30, 35, 40 mm have been selected. Figures 2(II-a) and
2(11-b) show the velocity of plasma bullets in the experiment and the
He™" density in the simulation, respectively. The velocity of plasma bul-
let around AD = 20 mm increases to 110.2, 103.4, and 84.2 km/s in dis-
charge with APV =2.0, 4.0, and 6.0kV in experiment, respectively,
while in simulation, it is 138.0 km/s in all discharge with different APV
due to more stable and accurate waveforms. When both the plasma
bullet and He" density propagate through the AE, the velocity
decreases and then undergoes a second acceleration. The sustained
APV on the AE contributes significantly to the second acceleration,
which occurs during the plateau period of the pulse voltage. The
enhancement of He™ density velocity increases with the APV ampli-
tude from 2.0 to 6.0 kV.
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Figure 3(a) illustrates the effect of AE on the electrical potential of
the ionization wave front. The introduction of AE with varying ampli-
tudes of APV initially reduces the electrical potential on the ionization
wave front from 5.2 to 4.7kV at the moment of generation. Following
a sustained decline in the region between AD=0 and 20 mm with
APV remaining at 0, the electrical potential on the ionization wave
front begins to rise at AD =20 mm from a minimum value of 2.9kV
with an instantaneous increase in APV. The magnitude of this rise in
the electrical potential varies with the amplitude of APV applied at the
specific time. In discharges with APV =6.0kV, the peak electrical
potential increases to 6.3kV, while in discharges with APV =2.0kV,
which is lower than the self-consistent electrical potential previously
observed, it increases to 4.8 kV. These results indicate that introducing
AE with an instantly applied APV increases the electrical potential on
the ionization wave front. Furthermore, with the location of AE acting
as a boundary, the electrical potential can be divided into lower and
higher regions.
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FIG. 3. (a) Electrical potential distribution on the ionization wave front in discharge
without AE (black) and discharge with APV =2.0kV (blue), 4.0kV (red), and 6.0kV
(orange) and (b) axial distribution of electron density in discharge with
APV =4.0kV when ionization wave propagates to the positions of AD = 10 (black),
20 (blue), 30 (red), and 40 (orange) mm; the axial distribution when ionization wave
propagates to the position of AD = 20 (c) and 30 mm (d) including ion density (red),
electron density (black), axial electrical field (green dash), and electron temperature
(blue dash) in discharge with APV =4.0kV.
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Figure 3(b) shows the axial distribution of electron density in dis-
charge with APV =4.0kV. An enhancement in the electron density is
observed at AD =20 mm where AE is applied. When ionization wave
initially generates near the power electrode and propagates close to
AD = 10 mm, the electron density in the region between AD = 10 and
20 mm increases due to the lower electrical potential in AE. As the ion-
ization wave propagates to AD =20 mm, the electron density in dis-
charge with APV =4.0kV is 1.4x 10" m™> and it increases to
3.4 x 10'® m 2 with the APV amplitude decreasing from 6.0 to 2.0kV,
which is higher than the electron density of 1.1 x 10'” m ™~ in the dis-
charge without AE at the same position. Furthermore, the electron
density in regions not yet propagated by the ionization wave remains
low, below 10" m ™3, in discharges with AE. These results demonstrate
that introducing AE concentrates the electron density within the ioni-
zation wave front and the regions it has propagated to, while restricting
the accumulation of electron density in regions where ionization wave
has not yet approached. Additionally, even after the ionization wave
have moved away from AE, a higher magnitude of electron density
persists in the regions surrounding AE.

Figures 3(c) and 3(d) show the axial distribution of electron den-
sity, ion density, electrical field, and electron temperature when ioniza-
tion wave propagates to positions AD =20 mm (c) and AD =30 mm
(d) in discharge with APV =4.0kV, where the former is wrapped by
AE and the latter is away from AE, respectively. The peak values of the
axial electrical field and electron temperature correspond to the maxi-
mum gradient of the electron and ion density profiles. A region is pre-
sent on the jonization wave front where jon density exceeds electron
density. The width of this region in the discharge without AE is
12.86 mm, which reduces to 6.86, 4.88, and 9.88 mm in discharge with
APV =20, 4.0, and 6.0KkV, respectively. These results indicate that
APV increases the gradient of electron and ion density on the ioniza-
tion wave front and reduces the width of the region where ion density
exceeds electron density. Additionally, the distribution of electron and
ion density correlates with the distribution of the electrical field. As
shown in Fig. 3(c) with the green dash line, the peak value of the axial
electrical field in the discharge with APV =4.0kV is 1.5 x 10° V/m,
while in discharge without AE and discharges with APV =2.0 and
6.0kV, the axial electrical field values are 2.8 x 10°, 1.8 x 10°, and
6.2 x 10° V/m, respectively. Introducing AE increases the peak value of
the electrical field on the ionization wave front, but this value decreases
as APV increases. Furthermore, the axial distribution of electron tem-
perature, shown in Fig. 3(c) with the blue dash line, reveals peak values
of 3.29, 6.45, 6.06, and 4.28 eV for the discharge without AE and with
APV =20, 4.0, and 6.0kV, respectively. Figure 3(d) shows the axial
distributions of electron density, ion density, electron temperature, and
electrical field when ionization wave propagates to the position of
AD = 30 mm, which is away from AE in discharge with APV =4.0kV.
The peak value of the axial electrical field and electron temperature at
this moment are all are lower than those at AD = 20 mm. Additionally,
the region where ion density exceeds electron density on the ionization
wave front expands to 9.39, 9.54, and 9.74mm in discharge with
APV =20, 4.0, and 6.0kV, respectively, with an additional region
showing similar characteristics near GND. In the discharge without
AE, these two regions are connected, resulting in a combined width of
20.11 mm, which is similar in discharge with APV = 6.0kV.

Figures 4(a) and 4(b) illustrate the radial distribution of electron
density, ion density, radial electrical field, and electron temperature
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FIG. 4. The radial distribution when ionization wave propagates to the position of
AD =20 (a) and 30mm (b) including ion density (red), electron density (black),
radial electrical field (green dash), and electron temperature (blue dash) in dis-
charge with APV =4.0kV.

when ionization wave propagates to positions AD=20 and
AD = 30 mm. When ionization wave is propagating through AE with
APV =4.0kV, the distributions of electron and ion density become
more concentrated at the ionization wave front, and higher peak values
of electron temperature and radial electrical field are observed on both
sides, decreasing toward the discharge tube wall. With increasing APV,
the electron and ion density on both sides of the ionization wave front
become more similar. The peak values of the radial electrical field are
1.2 x 10% 1.0 x 10° and 4.0 x 10° V/m for APV =2.0,4.0,and 6.0kV,
respectively, while the peak values of electron temperature are 5.79,
5.58, and 4.45eV for APV=20, 4.0, and 6.0kV, respectively.
However, in discharge without AE, the radial electrical field and elec-
tron temperature are relatively low, with peak values of 2.7 x 10° V/m
and 3.33 eV, respectively, and the distributions are uniform near the
inner wall of the discharge tube. Furthermore, when ionization wave
propagates to AD = 30 mm, as shown in Fig. 4(b), both electron tem-
perature and radial electrical field are weakened. These distributions
are similar between the discharge without AE and those with
APV =6.0kV.

According to Figs. 1(b) and 3(a), the electrical potential difference
(A¢@) between the ionization wave front and AE, influenced by APV
with varying amplitudes, is 0.4kV in the discharge without AE and
2.8, 1.2, and 0.3kV in discharges with APV =2.0, 4.0, and 6.0kV,
respectively. The characteristics of ionization waves are influenced by
A@. When APV is reduced to 2kV, Ag is 2.8 KV establishing a strong
axial electric field, driving electron acceleration and ionization front
enhancement with increased higher electron density and particle con-
centration. Conversely, a higher APV = 6.0kV reduces Ag to 0.3kV,
which is similar to 0.4kV in discharge without AE, redistributing spa-
tial charge uniformly and reducing wave front gradients of electron

ARTICLE pubs.aip.org/aip/apl

and ion density. Additionally, the region where ion density exceeds
electron density on the ionization wave front is a structure similar to
sheath near cathode, which here is regarded as “transient dynamic ion-
ization sheath” caused by axial electric field at the ionization wave
front propels accelerated electron ejection, resulting in transient local-
ized charge separation. This result is similar to previous study describ-
ing the ionization wave front as a virtual cathode.”® The thickness of
transient dynamic ionization sheath narrows to with the decrease in
the APV amplitude, concentrating spatial charge distribution and
amplifying electrical field on the ionization wave front.

Figure 5(a) presents the distribution of radial electrical potential
when ionization wave propagates to AD = 30 mm, as obtained in sim-
ulation. Figure 5(b) illustrates the full width at half maximum
(FWHM) of the plasma bullet captured experimentally by the ICCD
camera, along with the radial electrical potential in the discharge with-
out AE and with APV = 2.0, 4.0, and 6.0kV, at selected RD of 0.25,
%+0.65, and =1.40 mm. The FWHM is employed to describe the radial
size of the plasma bullet. The FWHM (black dash-dot line) of the
plasma bullet exhibits a similar trend compared to the radial electrical
field at RD = +0.65 mm. At AD = 30 mm, the FWHM of the plasma
bullet is 3.18 mm with a low radial electrical field of 0.6 x 10° V/m in
the discharge without AE. Conversely, the FWHM in the discharge
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FIG. 5. (a) The radial distribution of radial electrical field in discharge without AE
(black) and discharge with APV =2.0kV (blue), 4.0kV (red), and 6.0kV (orange);
(b) the FWHM of plasma bullets and radial electrical field obtained from
RD = +0.25mm (blue), £0.65mm (red), and =1.40 mm (orange) in discharge
without AE and APV =2.0, 4.0, and 6.0kV.
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with APV =2.0kV is 3.42 mm, associated with a higher radial electri-
cal field of 5.1 x 10° V/m. As the APV increases from 2.0 to 6.0kV,
the FWHM of the plasma bullet decreases from 3.42 to 2.76 mm, while
the radial electrical field decreases from 5.1 x 10° to 0.8 x 10° V/m.
According to Fig. 4, the introduction of APV will lead to the enhance-
ment of current path bifurcation of dual pathways, which are axial
propagation via the ionization front and radial transport along the
plasma-gas interface as stronger radial fields promote lateral charge
spreading. This result indicates that the radial electrical field signifi-
cantly influences the radial size of the plasma bullet.

In summary, the impact of auxiliary pulse voltage (APV) on the
discharge dynamics of the plasma bullet in atmospheric pressure
plasma jet (APP]) is studied using both experimental and numerical
simulation methods. It demonstrates that the velocity and intensity of
ionization wave in terms of plasma bullet are enhanced by reducing
the amplitude of APV. The introduction of an auxiliary electrode (AE)
and APV increases the electrical potential on the ionization wave front,
and electrical potential difference (A¢) between the ionization wave
front and outer-tube wall is manipulated by APV. The electrical field,
ion and electron density, the density gradient on the ionization wave
front, and electron temperature are increased by raising A¢. Higher
APV raises the electrical potential in the discharge region but reduces
electron density and temperature between the AE and the grounded
electrode. Additionally, radial distributions indicate that more concen-
trated ion and electron density on the ionization wave front and a
higher radial electrical field is obtained by reducing the amplitude of
APV. The high radial electrical field at a lower APV expand the radial
size of the plasma bullet. The introduced APV provides a method to
manipulate the intensity of active species such as N," and O. These
results offer valuable insight into the manipulation of APP] perfor-
mance for various applications.

See the supplementary material for figures including the axial and
radial distribution of ion and electron density, electrical field and elec-
tron temperature in discharges with APV = 0.0, 2.0, 6.0kV, the sche-
matic of experiment setup and simulation model, and the intensity of
active species manipulated by modified APV.
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