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Abstract
In this paper, we report the observation of an interfacial pattern formation on the ITO surface by 
atmospheric pressure helium plasma jet-ITO interactions. By changing the voltage polarity of 
positive and negative pulses, the interfacial phenomenon displays two different pattern modes, 
i.e. a double ring pattern with a combination of homogeneous and filamentous modes as well 
as a single ring pattern with a homogeneous mode. The reasons may mainly be attributed to the 
spread of a radially outward traveling surface ionization wave that would cause electric field 
distributions and charge accumulations on the ITO surface. The spatial-temporal distribution of 

( )∑+ +BN2
2

u , He(3s3S), and O(3p5P) emissions are diagnosed to better understand the formation 
mechanism and the differences of plasma jet patterns under positive and negative polarities. 
Results show that the distribution of ( )∑+ +BN2

2
u  emission is the main contributor for generating 

the filament structure in a double ring pattern for positive polarity, the homogeneous mode 
pattern mainly depends on the distribution of O(3p5P) emission for positive and negative 
polarity. Additionally, in order to further systematically understand the behaviors of plasma 
jet patterns, some parametric results, such as behaviors versus pulse peak voltage, dielectric 
material, pulse repetition rate, and flow rate are investigated. Some interesting phenomena and 
additional insights for the plasma jet pattern are found with different parametric conditions. 
This study might help to better understand effects of plasma jets in interaction with surfaces, or 
its application in the medical sector.

Keywords: surface ionization wave, atmospheric pressure plasma jet, reactive species, pulse 
polarity, spatial-temporal distribution
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1. Introduction

In the last few years, atmospheric pressure plasma jets 
(APPJs) have attracted considerable interest as a source of 
chemically and biologically active species for applications 
in material processing and biological medicine [1–3]. In 
many cases, the treated surface or workpiece by discharge 
plasma is a dielectric material that can retain surface 
charge, for example, organic materials in industrial pro-
cessing or living tissue (or in vitro cultures) in new medical 
therapies. Thus a proper understanding of the mechanisms 
of delivery of reactive species to  dielectric surfaces and 
the nature of charge accumulation and  electric field dis-
tribution are vital for optimizing APPJs to suit a particular 
application [4–6].

Up to now, there have been many experimental and com-
putational research that focused on investigating the free 
plasma jet under different parameter conditions, in which 
helium (He) plasma jet flows into ambient air without inter-
ruption, i.e.  without consideration of the plasma–surface 
interaction [5–9]. This physical mechanism regarding free 
plasma jets propagating in open air is well understood. 
However, the knowledge of plasma–surface interactions 
is in severe deprivation [10, 11]. In applications of APPJs 
treating a surface, for instance a polymer in industrial pro-
cessing or living tissue in new medical therapies, the inter-
action becomes quite complicated because it would not only 
deform the electric field distribution on contact, but also 
affects the fluxes of significant particles delivered to the 
dielectric surface [10–12]. Recently, a number of compu-
tational studies have simulated the behavior of plasma jets 
interacting with dielectric materials [10, 11, 13–17], such 
as Breden et al who investigated the roles of distance from 
the gas exit tube to the target, target thickness, and dielectric 
properties on APPJ-surface interactions excited by nano-
second pulse voltages; the results were found to be that the 
fluxes of radical and ionic species at the dielectric surface 
decreases with increasing dielectric thickness, and that the 
gas gap distance significantly affects the fluxes of reactive 
species delivered to the surface [13]. Norberg et al presented 
a computational study of an APPJ impinging on materials 
with varying permittivity. They confirmed that the electrical 
properties of the surface, the production of charged and 
reactive species on the surface, and the discharge dynamics 
of the plasma jet are all significantly affected by changing 
the relative permittivity of the material being treated [14]. 
Even if the computational study of APPJ impinging on the 
di electric surface has been conducted and some theoretical 
knowledge has been understood in a certain extent, the mech-
anism research of interaction between APPJs and dielectric 
surface, especially in experimental studies, are not yet fully 
understood [10, 17]. The mechanism associated with the 
interaction of APPJs with dielectric surfaces is of significant 
practical interest. In particular, it is important to understand 
the nature of the discharge dynamics of the APPJ impinging 
on a dielectric surface [13], the distribution of active spe-
cies in space and time, and the reasons for different modes 
of plasma jet–surface interaction. Such works would hold 

a far-reaching significance in the surface modification and 
biological sterilization [1, 4].

In this paper, we present two kinds of modes of pattern 
by a He APPJ-ITO interaction;specifically, how the evolution 
of the pattern of APPJ-ITO interaction observed though the 
spatial-temporal distribution of +N2 (B), He(3s3S), and O(3p5P) 
emissions is affected by each others interactions controlled 
by positive and negative polarities. In addition, some exper-
imental behaviors under several key parameter conditions 
are performed, such as pulse peak voltage, pulse repetition 
rate, dielectric material, and flow rate to analysis the dynamic 
behavior of the plasma jet interacting with dielectric materials.

2. Experimental setup

Figure 1 shows a schematic illustration of the experimental 
setup of APPJ, the generator is made up of two parts, one 
is a T-shape cylindrical quartz tube, the other is a stain-
less steel needle with a length of 10 cm and a diameter of 
0.1 mm, which is located in the center of quartz tube (od.: 
6 mm, id.: 4 mm) and fixed in place by a rubber plug. The 
side of the needle with a length of 3 cm is located outside of 
tube, and the other side of the needle is 15 mm away from 
the nozzle of tube. The quartz tube is wrapped with a copper 
sheet with a length of 10 mm, which is located 10 mm from 
the open end of tube. An ITO glass plate with a thickness of 
1 mm is perpendicular to the center axis of the quartz tube 
and is located 10 mm from the nozzle of tube. The side of 
insulating layer of ITO is facing toward the tube nozzle. The 
purity of He gas, as a working gas, is supplied into the tube 
from a gas inlet at a flow rate of 5 slm. A homemade nano-
second pulse generator with a rising time of about 40 ns and 
pulse duration of 1 μs is used to generate the plasma jet. The 
electrical characteristics are measured by a digital oscillo-
scope equipped with voltage/current probes (P6015A and 
P6021, Tektronix) and the optical emission spectroscopy 
(OES) is detected by an Andor SR-750i grating monochro-
mator (grating grooving 1200 lines mm−1). The instanta-
neous images of self-organized patterns with an exposure 
time of 5 ns are obtained by an ICCD camera (PI-MAX3, 
Princeton Instruments) equipped with different waveform 
optical filters. Note that in figure 1(a), the needle electrode 
is connected to the pulse generator as both the powered 
electrode and copper sheet are connected to the grounded 
electrode; this case is called positive polarity, on the con-
trary, it is called negative polarity in figure 1(b). The image 
of patterns of He APPJ-ITO interaction captured by a digital 
camera with an exposure time of 1000 ms at 9.6 kV pulse 
peak voltage, 4 kHz pulse repetition rate, and 5 slm flow 
rate are displayed in figures 1(c) and (d) under positive and 
negative pulse polarity. Upon interaction with ITO glass 
under positive polarity, it can be observed that the plasma 
spreads out across the surface and generates streamerlike 
ionization fingers that branch out and propagate across the 
surface; this finally generates the plasma jet pattern with a 
double ring structure in figure 1(c), e.g. the inner ring pat-
tern is the homogeneous mode and the outer ring pattern 
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is the filament mode, these two modes are separated by a 
clear dividing line. With respect to the negative polarity, it 
is found that the plasma spreads along the radial direction 
and forms a homogeneous pattern with a single ring struc-
ture (figure 1(d)), and the pattern has a relatively smaller 
area. These two different pattern modes indicate two kinds 
of interaction mechanisms and distribution of active species 
on the surface. Due to the reflective effect of ITO glass, 
the inverted reflection of plasma jet can also be observed 
in images. The waveforms of pulse voltage and current of 
the plasma jet for positive and negative pulses are shown 
in figure 2 with 9.6 kV and 4 kHz. Note that the plasma jet 
is only produced during the rise-edge and fall-edge phases, 
as evidenced by the current peaks. Meanwhile, the pulse 
current peak for positive polarity can reach up to 250 mA 
at the rising-edge period, while the value is only 150 mA 
for negative polarity, this difference may be attributed to 

the different space electric fields formed between the propa-
gating ionization fronts and the charges accumulation.

3. Results and discussion

3.1. The spatial-temporal behavior of the pattern of APPJ-ITO 
interaction

In order to investigate the spatial-temporal behavior of the 
pattern of APPJ-ITO interaction, the time-resolved images of 
patterns produced by APPJs-ITO interaction for positive and 
negative polarities are taken by the ICCD camera and shown 
in figure  3. The time range from 10 ns to 1250 ns chosen 
from a single pulse cycle (in figure 2) is utilized to analyse 
the microscopic evolution of the pattern of APPJ-ITO inter-
action in figure  1. As for the ICCD images under positive 
polarity, in the initial phase form 10 ns to 600 ns, plasma 

Figure 1. (a) and (b) Schematic illustration of the experimental setup of plasma jet-ITO interaction, (c) and (d) the plasma jet patterns 
under positive and negative polarity.

J. Phys. D: Appl. Phys. 50 (2017) 195203
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bullets start from the initial breakdown within the dielectric 
tube and propagates into open air. At about 600 ns, the fast 
ioniz ation wave eventually reaches the dielectric surface and 
then gradually spreads along the radial direction on the sur-
face to form the double ring structure at 750 ns. As time goes 
on, the outer ring still continues to spread and begins to frac-
ture into many small segments at 800 ns, which are regarded 
as the main reason to generate the filaments of plasma jet 
pattern in figure 1(c). The falling edge period of pulse voltage 
takes place at 975 ns, the area of plasma jet pattern suddenly 
increases and reaches its largest size at 1000 ns, where it 
also obtains its strongest intensity. Finally, the intensity of 
the plasma jet pattern gradually weakens and the area of the 
plasma jet pattern decreases. As for the ICCD images under 
negative polarity, it is clearly found that the plasma jet pattern 
always keeps the single ring structure with a homogeneous 
mode no matter the discharge duration period or falling edge 

period. The similar evolution behaviors also take place com-
pared to that of positive pulse at falling edge periods while 
the homogeneity of plasma jet patterns is unchanged under 
negative polarity.

3.2. The measurement of optical emission spectroscopy

To identify reactive species from plasma jet patterns under pos-
itive and negative polarity, the OES in the wavelength range 
from 300 nm to 800 nm is shown in figure 4, via the head of 
optical fibers placed vertically to the center of the pattern. From 
figure  4, it can be found that the emission spectra is mainly 
dominated by +N2 (B), He(3s3S), and O(3p5P) emissions; addi-
tionally, the emission line of OH(A2Σ), N2(C3Πu), Hα and Hβ 
can also be detected. Reactive species such as +N2 (B), O(3p5P), 
OH(A2Σ), and N2(C3Πu) produced are not only attributed to 
high energy electron excitation, but also energy transfer from 

Figure 2. The waveforms of pulse voltage and current of plasma jets under positive and negative polarity.

Figure 3. The ICCD images of plasma patterns produced by APPJs-ITO interaction under positive and negative polarity.
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He  metastable state [18, 19]. It is also found that the intensity 
of +N2 (B), He(3s3S), and O(3p5P) emissions for plasma jet pat-
terns under positive polarity is much higher than under negative 
polarity; this indicates that a higher concentration of reac-
tive species can be produced in the plasma pattern of positive 
polarity.

To clarify the uniformity and the spatial distribution fea-
ture of reactive species on the plasma jet patterns, the spatially 
resolved OES of excited state +N2 (B), He(3s3S), and O(3p5P) 
are examined along the radial direction under positive and 
negative polarity, with the results shown in figures 5(a) and (b),  
respectively. It is found that the +N2 (B), He(3s3S), and O(3p5P) 
display a near-symmetrical distribution of emission pro-
files, the distribution is relatively uniform in the middle part 
and then decreases gradually toward both ends, and finally 
approaches zero. The +N2 (B) and He(3s3S) emissions display 
the greatest intensity at the center of the distribution profile, 
and the O(3p5P) emission displays the weakest . The differ-
ence between figures 5(a) and (b) is that the emission profile 
area of positive polarity is wider between  −8 mm and 8 mm in 
the radial direction, while the emission profile area of nega-
tive polarity is thinner and only range from  −4 mm to 4 mm; 
this also confirms that the former pattern for positive pulse 
has a larger dimension. Additionally, two small peaks at the 
two edges of plasma jet pattern in figure 5(a) can be observed, 
which is attributed to some filament channels with high current 

formed, although the fast ionization waves become weaker at 
this position.

For a small energy gap between rotational levels, the equi-
librium between translational motion and rotational motion 
is readily achieved because of frequent collisions among 
heavy particles at atmospheric pressure, thus, the gas temper-
ature of the plasma is approximately equal to the rotational 
temper ature (Trot) [20]. To determine the Trot of the plasma 
jet pattern, the emission spectra of the OH(A2Σ  →  X2Π, 0–0) 
band and +N2 (B2∑+u   →  X2∑+g , 0–0) are used to calculate the 
rotational temperature by comparing experimental and sim-
ulation spectra using the LIFBASE software [21]. The best 
fitting simulation spectra to the experimental spectra of OH 
(A2Σ) and +N2 (B) bands are shown in figure 6, at 9.6 kV pulse 
peak voltage and 4 KHz pulse repetition rate. The Trot is esti-
mated at 365  ±  10 K for OH(A2Σ) and at 350  ±  10 K for +N2

(B). To study the plasma gas temperature distribution on the 
surface of ITO, the gas temperature varies as a function of 
the radial direction of circular patterns under positive and 
negative polarity (figure 7). As shown in figure 7, it is clearly 
found that the plasma gas temperature also display a near-
symmetrical distribution, the maximum value of gas temper-
ature is shown in the center of the plasma jet pattern, and 
then gradually decreases toward to both ends. However, the 
gas temperature under positive polarity is higher than under 
negative polarity.

Figure 4. The OES from the plasma jet patterns, (a) positive polarity, and (b) negative polarity.

Figure 5. Spatially distribution of the +N2 (B), He(3s3S), and O(3p5P) for plasma jet patterns along the radial direction under positive (a) and 
negative (b) polarity.
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3.3. The evolution of spatial-temporal distribution

So far, some urgent questions about two modes plasma pat-
terns have been proposed: firstly, how active species distribute 
on the pattern in real time? Secondly, which active species are 
responding when producing filament mode of pattern? Thirdly, 
which active species are the main contributors for generating a 
uniform plasma pattern? It would be satisfying to solve these 
questions if the spatial-temporal distribution of simplex reac-
tive species from plasma patterns can be accurately detected 
using an ICCD camera with optical filter of different spectra 
ranges; because the separated studies of species may offer us 
a better way to understand the evolution of plasma jet patterns 
in real time. Since the active species of +N2 (B), He(3s3S), and 
O(3p5P) are main constituents of the full-spectra emission, 
they are chosen to study the evolution of the spatial-temporal 
distribution for plasma jet patterns. As shown in figure 8(a), 
under positive pulse, the reactive species of +N2 (B), He(3s3S), 
and O(3p5P) exhibit three different kinds of spatial-temporal 
distribution behaviors. For +N2 (B), the double ring structure 
also happens and gradually spreads along the radial direction; 
the emission of +N2 (B2∑+u ) is mainly concentrated in the center 
and outer ring. More interesting is that the outer ring also 
presents a fractured phenomenon and shows similar temporal 
change behaviors compared to that of all species distribution 
on plasma jet patterns with the increase of evolution time, it is 
confirmed that +N2 (B) is regarded as the main contributor for 
generating the filament structure of the outer ring of patterns. 
As for the He(3s3S), the He(3s3S) emission also displays a 
double ring structure at 600 ns, which pulls ahead at least 100 ns  
compared to the +N2 (B) emission, this difference is attributed 
to their different spreading speeds and lifetime resulting in 
the time out of synchronous when the fast ionization wave 
reaches the surface of the ITO glass. As for the O(3p5P) dis-
tribution, the O(3p5P) emission has a homogeneous distri-
bution in the whole plasma jet pattern region. At the falling 
aged period, both the intensity and plasma jet pattern distribu-
tions rise abruptly and then fade away, but the distribution of 

O(3p5P) can be maintained for a long time on the ITO surface. 
From figure 8(b), it is found that the spatial-temporal distribu-
tion of +N2 (B), He(3s3S), and O(3p5P) always show a homo-
geneous single ring structure, which is an extremely similar 
change behavior compared to the distribution of all reactive 
species of plasma jet patterns, which is also the most different 
compared to the evolution behavior in figure 8(a). Furthermore, 
the distribution of O(3p5P) is more homogeneous and gentler 
on the surface of ITO glass compared to the distribution of +N2

(B) and He(3s3S) no matter the plasma jet pattern produced 
under positive and negative pulse polarity. Therefore, it is rea-
sonably concluded that the distribution of O(3p5P) emission is 
the main contributor for generating the homogeneous mode of 
plasma jet pattern. These attributes may enable a more accurate 
interpretation of how gas plasmas interact with the biological 
environment, and potentially allows for the deconvolution of 
the direct action of whole plasma from reactions with primary 
and secondary plasma species [1].

Based on the above experimental results, it is clearly found 
that the properties of plasma jets excited by positive and negative 
polarity are quite different, which results in the different change 
behaviors and pattern modes when the bullet head reaches the 
surface of ITO glass. These two obvious phenomena are attrib-
uted to different propagating mechanisms of ionization wave 
on the surface under positive and negative polarity. As for posi-
tive polarity, when the plasma jet is ignited, the electrons with 
high energy quickly move toward to the needle electrode and 
generate many reactive species, of which the positive ions that 
accumulated at the front of the plasma jet bullet would effec-
tively enhance the applied electric field. Corresponding higher 
concentrations of excited species is generated due to the higher 
electric field and higher speed of ionization rate. The plasma 
jet bullet including many excited species under the action of 
electric field force is accelerated to propagate and collide with 
glass surface to form plasma jet patterns [22, 23]. As reported 
in the literature published by Wang et al [11], who confirmed 
that +O2  and +N2 (B) are distributed along the streamer body, the 
maximum density of +N2 (B) is located in the streamer head, and 

Figure 6. Plot of the experimental and simulation spectra for 
patterns at 9.6 kV pulse peak voltage and 4 KHz pulse repetition 
rate.

Figure 7. The plasma gas temperature varies as a function of the 
radial direction of patterns under positive and negative polarity.

J. Phys. D: Appl. Phys. 50 (2017) 195203
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has the highest density of positive ions at the dielectric surface, 
the penning ionization is the major ionization reaction along the 
streamer body as well as in the streamer head. As for the nega-
tive polarity, the electrons from needle electrodes have a lower 
velocity to move toward the space and recombine with positive 
ions, such as +N2 (B), which leads to the reduction of the quantity 
of positive ions and weakens the applied electric field in the dis-
charge region [24]. So the plasma jet bullet with lower concen-
trations of excited species is obtained and collides with the glass 
surface to produce single pattern of negative pulse.

The homogeneous and filament modes of plasma jet patterns 
would be explained by the perspective of the spread of a radially 
outward traveling surface ionization wave (SIW) on the ITO sur-
face. Before the plasma jet bullet reaches the ITO surface, the He 
plasma jet occupies a dominant status in the plasma column into 
the tube, when the bullet propagates into open air, small amounts 
of air diffuses into the He plume and will produce bright emis-
sions from O2 and N2. For this reason, all reactive species are 
bright in the center. As the SIW starts to spread along the radial 
direction when the plasma jet bullet reaches the ITO surface, 
more and more air is diffuses into the He plume that is dispersed 
along the surface. So the weaker SIW (compared to the central 

He plasma plume) dominantly excites the N2 to form +N2 (B) in 
the radially expanding of SIW, since the weaker SIW would 
not provide enough energy to result in forming a filamentous 
structure of the outer ring of plasma jet pattern under positive 
polarity. The He emission in SIW in figure 8(a) is very early 
when the reduced electric field E/N (where E is the electric field 
and the N is the particle number density) in the SIW is higher, the 
E/N in the SIW decreases as SIW expands, which results in the 
He emission and metastable He* weakening and disappearing. 
There is little O emission because most of the O is produced by 
either dissociative attachment or dissociative excitation transfer 
from metastable He* in the radially expanding SIW, and there is 
not much He* produced by the weaker SIW. This spreading of an 
SIW has been predicted computationally by several researchers. 
For example, papers by Kushner’s group [4, 9, 14, 16, 17].

3.4. The behaviors of pattern under different parameter 
 conditions

In order to further systematically understand the behaviors of 
plasma jet patterns, some parametric results, such as behavior 
versus pulse peak voltage, dielectric material, pulse repetition 

Figure 8. Spatial distribution of +N2 (B), He(3s3S), and O(3p5P) for plasma jet patterns along the radial direction under positive (a) and 
negative (b) polarity.
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rate, and flow rate, are shown in below experiments; which not 
only provides systematic trends, but also provides some inter-
esting phenomena and additional insights. Figure 9 shows the 
images of plasma jet patterns with the variation of pulse volt-
ages at 4 kHz pulse repetition rate under positive and nega-
tive polarity. It can be seen that the plasma jet pattern under 
positive polarity presents a double ring structure with homo-
geneous and filamentous modes. With the increase of pulse 
voltage, the filamentous structure on the pattern becomes more 
and more obvious and the area of the plasma jet pattern gradu-
ally extends on the ITO surface. However, as for the plasma 
jet pattern under negative polarity, the pattern always presents 
a single ring structure with homogeneous mode and the area 
of plasma jet pattern increases slowly when the pulse voltage 
is increased from 5.6 kV to 9.6 kV. Increasing the pulse peak 
voltage would cause higher SIW and E/N on the material sur-
face, therefore, more production of reactive species such as 
metastable He*, He, O, and +N2  (B) in the radially expanding 
of SIW can be obtained.

As an important factor which can affect the homogeneity 
of plasma jet patterns, the effect of dielectric materials (such 
as ITO, quartz glass, ceramic, and PTFE) on the behaviors of 
plasma jet patterns excited by positive and negative polarity 
is shown in figure 10, the pulse peak voltage and pulse repeti-
tion rate are set to 9.6 kV and 4 kHz, respectively. With respect 
to the pattern under positive polarity, the plasma jet pattern 
interaction with dielectric materials present different pattern 
structures when the quartz glass, ceramic, and PTFE are used 
as dielectric materials that plasma jets interact with. In addi-
tion, there are a large number of filamentous that appear ran-
domly on the outer edge of the pattern, which is in accordance 

with the results reported in [25]. However, for the plasma 
jet pattern under negative polarity, the pattern always shows 
a uniform pattern without any discharge filaments observed 
when the quartz glass, ceramic, and PTFE are used as the 
dielectric materials. By changing only the dielectric materials 
(namely changing relative permittivity) upon which a plasma 
jet is touched, the significant effects on the behavior of electric 
filed and deposited change density are realized. As reported in 
literature published by Kushner et al [14] who proposed that a 
lower permittivity enables greater spread of the plasma along 
the surface by propagation of the surface ionization wave, 
and allows more penetration of the electric field into the mat-
erial. Results presented in above experiments might help us to 
understand effects of plasma jets interacting with surfaces, or 
its application in the medical sector [26].

Additionally, the effects of pulse repetition rate and flow 
rate on the behaviors of plasma jet patterns excited by positive 
polarity are also studied and shown in figures 11 and 12, respec-
tively. The pulse peak voltage and flow rate in figure 11 are set 
to 9.6 kV and 5 slm, respectively, and the pulse peak voltage 
and pulse repetition rate in figure 12 are set to 9.6 kV and 4 kHz, 
respectively. It can be found that the pattern area of plasma jets 
touching ITO is obviously enlarged in the radial direction and 
the emission intensity of plasma jet patterns is also obviously 
enhanced in the whole pattern region with an increase of pulse 
repetition and flow rates. Because an increased pulse repetition 
rate and flow rate results in the plasma jet further contacting 
with the surface of dielectric materials, finally, the charge depo-
sition and the electric field on the surface would increase, and 
the corresponding spread of propagation of the SIW along the 
surface would be greatly enhanced.

7.6 kV 9.6 kV 11.6 kV

5.6 kV 7.6 kV 9.6 kV

(a) (b) (c)

(d) (e) (f)

 

Figure 9. The images of plasma jet pattern under positive polarity (a)–(c) and negative polarity (d)–(f ) with different pulse voltages.
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4. Conclusion

In conclusion, we investigated two types of different pattern 
mode formation by atmospheric pressure helium plasma jet-
ITO interactions through changing pulse voltage polarity. 
These two types of different pattern modes are the double ring 

pattern with combination of homogeneous and filamentous 
modes and the single ring pattern with homogeneous mode, 
respectively, which may be due to the fact that the change of 
pulse voltage polarity causes different propagation behavior 
of surface ionization waves that radially spread outward that 
would result in different electric field distributions and charge 

Ceramic PTFEQuartz glass

(f )

ITO

(e) (g) (h)

(a) (b) (c) (d)

ITO Quartz glass Ceramic PTFE

 

Figure 10. The images of plasma jet patterns under positive (a)–(d) and negative polarity (e)–(h) with different dielectric materials.

2  kHz 4  kHz 6  kHz 8  kHz 

 

Figure 11. The effect of pulse repetition rate on the behavior of plasma jet patterns excited by positive polarity.
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Figure 12. The effect of flow rate on the behavior of plasma jet patterns excited by positive polarity.
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accumulation on the ITO surface. The spatial-temporal dis-
tribution of +N2 (B), He(3s3S), and O(3p5P) emissions exhibit 
quite different temporal change behaviors for plasma jet pat-
terns under positive and negative polarity. The distribution 
of +N2 (B) emission is the main contributor for generating the 
filament structure in a double ring pattern for positive pulses, 
while the homogeneous mode pattern is mainly attributed to 
the distribution of O(3p5P) emission for positive and negative 
pulses. Additionally, the behaviors of plasma jet patterns with 
different parametric conditions, such as pulse peak voltage, 
dielectric material, pulse repetition rate, and flow rate, are 
investigated and discussed. It is found that the plasma jet 
pattern under positive polarity always presents a double ring 
structure with homogeneous and filamentous modes, while 
the plasma jet pattern under negative polarity shows a single 
ring structure with a homogeneous mode. With respect to the 
different dielectric materials, the plasma jet interaction with 
dielectric materials under positive polarity presents different 
pattern structures with a large number of random filamentous 
appearing on the outer edge of the pattern. As for the plasma 
jet pattern under negative polarity, the pattern always shows 
a uniform pattern without any discharge filaments observed 
when the plasma jet toughs with different dielectric materials.
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