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Plasma jet has extensive application potentials in various fields, which normally operates in a diffuse mode when
helium is used as the working gas. However, when less expensive argon is used, the plasma jet often operates in a filamentary
mode. Compared to the filamentary mode, the diffuse mode is more desirable for applications. Hence, many efforts have
been exerted to accomplish the diffuse mode of the argon plasma jet. In this paper, a novel single-needle argon plasma jet
is developed to obtain the diffuse mode. It is found that the plasma jet operates in the filamentary mode when the distance
from the needle tip to the central line of the argon stream (d) is short. It transits to the diffuse mode with increasing d. For
the diffuse mode, there is always one discharge pulse per voltage cycle, which initiates at the rising edge of the positive
voltage. For comparison, the number of discharge pulse increases with an increase in the peak voltage for the filamentary
mode. Fast photography reveals that the plasma plume in the filamentary mode results from a guided positive streamer,
which propagates in the argon stream. However, the plume in the diffuse mode originates from a branched streamer, which
propagates in the interfacial layer between the argon stream and the surrounding air. By optical emission spectroscopy,
plasma parameters are investigated for the two discharge modes, which show a similar trend with increasing d. The
diffuse mode has lower electron temperature, electron density, vibrational temperature, and gas temperature compared to

the filamentary mode.

Keywords: plasma jet, diffuse mode, filamentary mode, optical emission spectroscopy
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1. Introduction

Without the need for a vacuum device, atmospheric
pressure plasma jet possesses the merits of low cost
and easy operation.!!l More importantly, other than in
a confined gap between electrodes, the plasma jet can
emanate a remote plasma plume abundant with active
species in open space.!”’] Hence, the plasma jet has
been extensively used in various application fields, includ-

4 surface modification,>) ozone

9]

ing material synthesis,!
generation,!”) water purification,® pollutant degradation,!
methane conversion,[® light source,!'"! sterilization,!'!!?]
catalysis,!'3 and biomedicine,['4! ezc.

The plasma jet composed of two naked electrodes can
be driven by a radio-frequency (RF) voltage, whose plasma
plume actually has a high gas temperature (much higher than

[15-17) The high temperature makes the RF

room temperature).
plasma jet unfit for the treatment of vulnerable workpieces or
biomaterials. If a dielectric layer is inserted into the two elec-
trodes, a plasma jet in a dielectric barrier discharge (DBD)
geometry is constructed. The gas temperature of the DBD
plasma jet can be significantly reduced due to the intermit-
tent discharge aspects. Then, a room-temperature plume can

be easily emanated downstream of the DBD plasma jet.!'%19]

fCorresponding author. E-mail: jiapengying@hbu.edu.cn
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The DBD plasma jet is normally fed with noble gases, such as
helium, argon, neon, etc.?01 With helium used as the working
gas, the plasma plume is diffuse with a satisfactory length. 8]
Namely, a helium plasma jet operates in a diffuse mode. When
less expensive argon is used, the plasma plume is often con-
stricted to a filament.>!??] That is, an argon plasma jet tends
to operate in a filamentary mode.!?*! Compared to the filamen-
tary mode, the diffuse mode is more desirable in applications
such as biomedicine and surface modification.** As a result,
many efforts have been made to realize the diffuse mode of the
argon plasma jet.

The diffuse mode is achieved when argon is mixed

24]

with some impurities, such as ammonia, ! acetone, [

[26] and ethanol.?”] The additive content needs to be

hydrogen,
controlled precisely, otherwise the diffuse mode is destroyed
and will return to the filamentary one. With pure argon used
as the working gas, the diffuse mode is realized outside of the
plasma jet, while the filamentary mode is operated inside the
jet.!?8] The inner filament is thought to provide a high pre-
ionization for the outside discharge, which is important for the
realization of the diffuse mode. By deploying a plate electrode
downstream of the plasma jet with a single needle electrode,

the diffuse mode is obtained with increasing the bias voltage
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applied to the plate.>]

Inspired by the potential applications of the argon plasma
jet, a novel discharge device is developed, which gives rise to
the diffuse mode by varying the distance from the needle to
the stream in this paper. Through visualization, optoelectri-
cal measurement, and fast photography, the mechanism of the
diffuse mode is revealed. Moreover, the plasma parameters
are investigated by optical emission spectroscopy during the
transition from the filamentary mode to the diffuse one.

2. Experimental setup

The schematic diagram of the experimental setup is
drawn in Fig. 1.
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Fig. 1. Schematic diagram of the experimental setup.

The plasma jet is composed of a glass tube (inner and
outer diameters of 3.0 mm and 5.0 mm, respectively) and a
needle electrode (1.0 mm in diameter) with a tip radius of
about 400 um. Different to the ordinary single-needle plasma
jet, whose electrode is coaxially wrapped by the tube and par-
allel to the working gas stream the needle in the novel plasma
jetis poised outside the tube end (the jet nozzle), which is per-
pendicular to the gas stream. The distance from the tip of the
needle to the central line of the tube is defined as d, which is
an important parameter of the discharge mode of the plasma
jet. The plasma jet is fed with argon with a purity of 99.99%,
whose flow rate (Q) is controlled by a gas flowmeter (Seven-
star CS200A). The needle is electrically connected with the
high-voltage output of a power supply (Suman CTP-2000K),
which can provide a sinusoidal voltage with a frequency of
25 kHz and an amplitude (V},) of up to 20 kV. The applied
voltage (V,) is detected by a high voltage probe (Tektronix
P6015A) and then displayed by a digital oscilloscope (Tek-
tronix DPO4104). Due to the lack of a ground electrode, it
is hard to directly measure the discharge current. As an al-
ternate approach, integrated light emission from the discharge
is detected by a photomultiplier tube (PMT) (ET Enterprises
9130/100B), whose window is deployed on the image plane

of a convex lens. Then, the light emission signal is simultane-
ously displayed by the oscilloscope with the waveform of V,.
In addition, the discharge can be recorded by a digital cam-
era (Canon EOS 5D Mark IV) and an intensified charge cou-
pled device (ICCD) (Intelligent Scientific System EYEITS-D-
HQB-F) with different exposure times (fexp). The control of
the ICCD gating has been described in detail in our previous
work. >l A spectrometer (ACTON SP2750) with a grating of
2400 grooves/mm is utilized to collect the optical emission
spectrum from the discharge.

3. Results and discussion

With increasing V,, higher than 15.0 kV, a plasma plume
emanates from the jet nozzle. The plasma plume operates in
the filamentary mode when the distance from the needle tip to
the central line of the tube (d) is short, which transits to the
diffuse mode when d is increased, as shown in Fig. 2. From
the end-view images, it is clear that the filament is presented as
a bright spot, while the diffuse plume appears as an emission
ring in the periphery. Hence, it can be speculated that the dis-
charge initiates in the argon stream for the filamentary mode,
while in the interfacial layer between the argon stream and
the ambient air for the diffuse mode. Besides the downstream
plume, an upstream plume (corresponding to the needle-tube
discharge as mentioned below) can also be observed in the fil-
amentary mode. However, it is absent in the diffuse mode. In
addition, the plasma plume in both modes elongates with in-
creasing V,,. Under a constant Vj,, the plume is longer in the

filamentary mode in contrast to the diffuse one.
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Fig. 2. Side-view (the left) and end-view (the right) images with zex, 0f 0.1 s
for the argon plume with Q = 5.0 L/min, d = 5.0 mm for panels (a) and (b),
10.0 mm for panels (c) and (d). The tube nozzle is marked as dashed lines
for clarity.

Figure 3 presents waveforms of applied voltage and in-
tegrated light emission for the plasma plumes in Fig. 2. In
the filamentary mode, there is one discharge per voltage cy-
cle, which initiates at the rising edge of the positive voltage
(Fig. 2(a)). The discharge number per voltage cycle increases
with an increase in V}, as shown in Fig. 2(b). Moreover, the
first discharge with high V, initiates almost at zero voltage,
which is similar to the phenomenon in dielectric barrier dis-
charge (DBD).*"! With low or high Vp, there is only one dis-
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charge per voltage cycle in the diffuse mode, which always ap-
pears at the rising edge of the positive voltage (see Figs. 2(c)
and 2(d)). The discharge intensity increases with the increas-

ing V.
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Fig. 3. Waveforms of applied voltage and integrated light signal emit-
ted from the argon plume. Panels (a)—(d) correspond to Figs. 2(a)-2(d),
respectively.
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Fig. 4. Single-shot ICCD images for the argon plume operated in the
filamentary mode (Fig. 2(a)). The fexp of the ICCD is the whole discharge
duration for the top image and 10 ns for the others.

Fast photography is implemented for the filamentary
mode, as presented in Fig. 4. One can see from the top im-
age that the discharge between the needle and the tube (the
needle-tube discharge) is striated, while the streamer is con-
tinuous. The phenomenon of striation is also observed in
DBD.B!! Due to the great difference in mobility between elec-
trons and positive ions, electrons drift toward and enter the
needle anode in the needle-tube discharge, depositing posi-
tive ions in the discharge channel and on the inner surface
of the tube.3?! With the proceeding of the needle-tube dis-
charge, more and more positive ions are accumulated, which
can enhance the electric field in the right region of the nee-
dle. As a result, the electric field grows with time, inducing a

positive streamer when it reaches a threshold. Hence, an emis-
sion layer (plasma bullet) appears near the tip of the needle
at 0 ns. Then, the plasma bullet, also referred to as streamer
head, propagates away from the needle tip in the downstream
region from 110 ns to 770 ns. It can also be called a guided
streamer owing to the constant propagation direction. In ad-
dition to the bright streamer head, weak emission can also be
discerned in the channel behind the streamer head. At 770 ns,
the head of the guided streamer reaches the plume tail and then
the discharge quenches. Hence, it can be concluded that the fil-
amentary mode originates from the propagation of the guided
streamer in the argon stream.

Figure 5 presents temporal evolution of the argon plume
in the diffuse mode. It can be found that the needle-tube dis-
charge is almost absent in this mode. The positive streamer
originally propagating in the air reaches the vicinity of the
interfacial layer between the argon stream and the ambient
Due to penning ionization between argon and
nitrogen,*3! the breakdown threshold in the interfacial layer
is lower than that in the argon stream. As a result, other than

air at O ns.

in the argon stream, the streamer tends to propagate in the in-
terfacial layer under this condition. Moreover, the streamer
is branched in the layer. As time elapses from 60 ns to
about 420 ns, the branched streamer propagates in the inter-
facial layer toward the plume end. Behind the bright streamer
heads, the emission in the channel is hardly discernible. From
Fig. 5, one can see that the position and number of the streamer
head are random. Hence, it can be concluded that the diffuse
mode results from the propagation of the randomly branched
streamer in the interfacial layer. In other words, the diffuse
plume corresponds to the temporal superposition of branched

streamers. 34

_

: :
=

Fig. 5. Single-shot ICCD images with fexp of 10 ns for the argon plume
operated in the diffuse mode (Fig. 2(c)). Due to the randomness of the dis-
charge, three images are given in a column for a given moment.
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Optical emission spectra are compared in Fig. 6 for the
two modes of the argon plasma jet. The spectra are clearly
dominated by Ar atomic lines (Ar I (4p—4s)) in the red spec-
tral region (690 nm—-800 nm). In the blue spectral region, the
spectra are rich in molecular rotational and vibrational bands,
for instance, the hydroxyl band (A?X* — X?II) of OH, and
the second positive system band (CII, %B3Hg) of Np. In
fact, the spectra shown in Fig. 6 have been normalized at
763 nm. By comparing the spectra emitted from the two
modes, one can see that the molecular vibrational band of N,
in the diffuse mode has a stronger intensity than in the fila-
mentary mode. The presence of the second positive system
band (C°T1, —B>I1,) of N, is attributed to the diffusion of
air into argon. 3] Obviously, compared to the argon stream in
which the streamer propagates in the filamentary mode, the in-
terfacial layer in which the streamer propagates in the diffuse
mode has a higher air content. Resultantly, the intensity of Ny
(CM, —B3I,) is higher in the diffuse mode in contrast to
that in the filamentary mode.

201 (@ Ar 1 (4p-4s)
-~ OH (C-X) ;
H gT
_ B N es) 5!
s ! Filamentary mode | [ j ]
£ 10 o
< () <
£ N, (C-B) e
05 — 2 |
£ £ =
2 )
oL JJ i394 Diffuse mode ol [

300 400 500 600 700 800
Wavelength (nm)

Fig. 6. The scanned spectra for 300 nm—800 nm (normalized at 763 nm)
emitted from the argon plume in the filamentary mode (a) and the diffuse
mode (b). Panels (a) and (b) correspond to Figs. 2(a) and 2(c), respectively.
The N; (BZZg) is mainly populated through collisions
with electrons above 18.7 eV, whereas N> is primarily excited
to N»(C?I1,) via collisions with electrons above 11 eV.[3¢!
Hence, higher electron temperature (7¢) results in more pop-
ulation of N; (B*%]) compared to that of Na(CIL,). The
de-excitation process of the two excited-state species pro-
duces spontaneous radiation, corresponding to spectral lines at
391 nm and 394 nm, respectively. That is to say, the more pop-
ulation of N3 (BZL]) than that of Na(C*I1,) leads to a higher
intensity ratio of 391 nm to 394 nm. Therefore, 7 is repre-
sented by the intensity ratio of 391 nm to 394 nm.3*37-3%
According to the collisional-radiative model, the electron den-
sity (n) is related to the population ratio (n; /n;) of the excited
states of Ar at the 2p energy level.!*"! In addition, the intensity
(1) of a spectral line in atmospheric pressure argon plasma can

be expressed as a function of the population (n) as follows: [!]

L A
12 o Azl’lz'

ey

For n; and ny, the Einstein coefficients A and A, are con-
stants. Therefore, the intensity ratio (I; /1) is is positively re-
lated to the population ratio (n; /n;), which is a function of r.
As a result, the intensity ratio of 738 nm to 750 nm is used as
an indicator of n,.[4243]

By this method, 7; and n. are investigated as functions of
d, as shown in Fig. 7. It is clear that with increasing d, T first
increases, and then decreases. On average, 7T; is higher in the
filamentary mode than in the diffuse mode. In addition, with
varying d, n. presents a trend similar to that of 7. Moreover,
the filamentary mode has a higher n than the diffuse mode. In
other words, both T and n. are higher in the filamentary mode
than in the diffuse mode.

T
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Fig. 7. Intensity ratio of the spectral lines for 391 nm to 394 nm (a) and
738 nm to 750 nm (b) as a function of d. Q = 5.0 L/min and V,, = 16 kV.
As mentioned before, in addition to the downstream
streamer, there is a needle-tube discharge between the glass
tube (virtual electrode) and the needle tip, which deposit pos-
itive ions in the discharge channel and on the inner surface of
the tube. These spatial charges enhance the electric field to di-
rect the streamer propagation in the downstream region. As a
result, the electric field will be enhanced more severely if the
needle-tube discharge is stronger. The distance between the
needle to the tube end decreases with increasing d from 0 mm
to 1.5 mm, which means that the gap width of the needle-tube
discharge decreases accordingly. The decreasing gap width
tends to initiate a stronger needle-tube discharge. Accordingly,
the stronger needle-tube discharge results in a higher field with
increasing d from 0 mm to 1.5 mm. Electrons in the streamer
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can obtain higher energy under a higher electric field. Resul-
tantly, T; increases with increasing d from 0 mm to 1.5 mm.
Moreover, a higher electric field corresponds to a higher « (the
first Townsend ionization coefficient), which means more elec-
trons are produced in the plasma. Therefore, n. increases with
increasing d from 0 mm to 1.5 mm. With further increasing d,
the needle-tube discharge turns weaker due to the lengthening
gap width. Moreover, the applied field of the needle weakens
in the argon stream with increasing d (> 1.5 mm). The two
abovementioned reasons mutually lead to the weakening field
of the downstream streamer with increasing d (> 1.5 mm).
As aresult, Tz and n. decrease with increasing d (> 1.5 mm).
Compared to the streamer propagating in the argon stream of
the filamentary mode, there is a higher oxygen content in the
interfacial layer in which the streamer propagates in the dif-
fuse mode. Oxygen molecules can attach electrons to form
negative ions, ! resulting in a remarkable reduction of 7.
As a result, n. in the diffuse mode is remarkably lower than in
the filamentary mode.

T
1950 1
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1
1800 F . :
Filamentary mode '
_ 1650} 3
&' I:.“ cffyan N
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1
D $9-3.3
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Fig. 8. The T, (a) and 7; (b) as functions of d. Q = 5.0 L/min and
V, = 16 kV.

In addition, the vibrational temperature (7y) can be es-
timated via Boltzmann plot from N (C’IT, —>B3Hg).[20’46]
Furthermore, the rotational temperature (7;) can be diagnosed
by fitting the experimental data of the first negative system
(band head at 391 nm) of N 2* 471 The calculated results of T,
and T7; are indicated as functions of d as shown in Fig. 8. It can
be found that, compared to those in the diffuse mode, the vi-
brational temperature 7, and the rotational temperature 7; are

higher in the filamentary mode. The higher 7, and T; in the
filamentary mode come from the higher 7; and n.. With more
energetic electrons in the filamentary mode, more energy is
transferred to neutral particles through collisions, leading to
higher 7, and T;.

4. Conclusions

In this paper, a novel plasma jet has been developed with
a single needle perpendicular to the argon stream. Through
increasing the distance d between the needle and the stream, it
is found that the diffuse mode has been realized. Compared to
the diffuse mode, the plasma plume is longer in the filamen-
tary mode under a constant V;,. Waveforms of the applied volt-
age and the integrated light emission indicate that there is only
one discharge per voltage cycle for the diffuse mode, which
initiates at the rising edge of positive voltage. Distinctively,
the discharge number increases with an increase in V,, for the
filamentary mode. Fast photography verifies the existence of
the needle-tube discharge in the filamentary mode, which ac-
cumulates positive charges in the discharge channel and on
the tube inner surface to enhance the electric field. The en-
hanced field induces the guided positive streamer near the nee-
dle tip, which propagates in the argon stream. For the diffuse
mode, the branched streamer is induced, which propagates in
the interfacial layer due to penning ionization. In addition, the
molecular vibrational system of N, has a higher intensity in
the diffuse mode in contrast to the filamentary mode. How-
ever, the diffuse mode has lower Tg, ne, Ty, and T; values than
the filamentary mode. Then, the difference of these plasma
parameters in the two modes is qualitatively explained based
on Penning ionization and the formation of negative ions. The
results mentioned above are of great significance for the wide
applications of plasma jet.
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