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Plasma jet is an important low-temperature plasma source in extensive application fields. To promote the production
of active oxygen species, oxygen is often introduced into the inert working gas. However, the influence of oxygen content
on the discharge characteristics of an argon plasma jet is not clear. Aim to this status, an argon plasma jet in a single-
electrode geometry is employed to investigate the influence of oxygen concentration (Cp) on discharge aspects. Results
indicate that with increasing Co (< 0.6%), the plume transits from a diffuse morphology to a hollow structure. Electrical
and optical measurements reveal that both discharge number per voltage cycle and pulse intensity alter with varying Cop.
Moreover, discharge morphologies of negative and positive discharges obtained by fast photograph also shift with varying
Co. Besides, optical emission spectra are collected to investigate atomic Cp, electron density, and electron temperature.
The results mentioned above are explained qualitatively, which are believed to be of great significance for the applications

of atmospheric pressure plasma jet.

Keywords: plasma jet, oxygen addition, fast photography, optical emission spectra

PACS: 52.80.Tn, 52.50.Dg, 52.70.Kz

1. Introduction

Without the need for any vacuum device, atmospheric
pressure plasma jet can produce a kind of remote plasma
in open atmosphere, which is also referred to as a plasma
plume. Being abundant with active species in plasma
plume,[':?) plasma jet has extensive applications, such
as material synthesis,’! surface modification,*-8! ozone

U0 methane conversion,[!!!

[16,17]

generation,°! water purification,

n,[12-14] catalysis, '] and medicine.

sterilizatio

For an inert-gas plasma jet in a barrier discharge configu-
ration, three distinct operating modes are witnessed with vary-
ing input power, which include a chaotic mode, a bullet one,
and a continuous one.!'8! For the plasma jet operated in the
bullet mode, a fast-moving bullet-like plasma is observed in
plasma plume when imaged by fast photography.!'®! The for-
mation of plasma bullet is attributed to a streamer regime. [2°!
In addition to discharge regime, various discharge character-

istics, such as plume length,>'=?* plume morphology,?>-3(]

and plasma parameters, [27-2%-31-33]

are investigated for inert-
gas plasma jet.

In fact, oxygen is often added to promote the produc-
tion of active species,**! thus increasing the plasma treat-
ment efficiency.!3! However, oxygen addition is harmful for

36.37] Besides, vibrational and gas temperatures

37]

plume length.!
increase with increasing oxygen content of a helium jet.!
Due to the electronegativity of oxygen molecules, electron
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density decreases with increasing oxygen content of a helium

1381 For low-cost argon plasma jet, 32401

d.141-43

jet. a constant oxygen

dose has been investigate ! In fact, discharge aspects
are influenced by oxygen concentration (Cg). Preliminary re-

h,[36:37] electron

sults have revealed that Cg affects plume lengt
density and gas temperature.'37-3] Detailed investigations are
needed for the influence of Cp on the discharge characteristic
of an argon plasma jet.

In this paper, a single-electrode argon plasma jet is em-
ployed to investigate in detail the influence of oxygen addi-
tion on the discharge characteristics including plume morphol-
ogy, discharge intensity, atomic oxygen concentration, elec-

tron density and electron temperature.

2. Experimental setup

The plasma jet is in a single-electrode geometry, whose
schematic diagram is drawn in Fig. 1. A 12.0 cm long tung-
sten needle (both radius and tip radius are 0.5 mm) is poised
at the axis of a quartz tube with inner and outer diameters of
5.0 mm and 8.0 mm, respectively. The needle tip is aligned
with the quartz-tube nozzle. Argon and oxygen, both of
which have a purity of 99.999%, are regulated by two inde-
pendent gas flow meters (Sevenstar CS200A). Hence, oxy-
gen content (Cp, volume ratio) in argon is variable with a
total flow rate (Q).
duces a sinusoidal voltage with an amplitude (V},) of 10.0 kV

A homemade power source that pro-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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and a frequency (f) of 3.0 kHz is electrically connected with
the plasma jet. The voltage is detected by a probe (Tek-
tronix P6015A). A lens is used to focus integrated light emit-
ted from the jet, which is then collected by a photomulti-
plier tube (PMT) (ET 9130/100B). Utilizing a 4-channel dig-
ital oscilloscope (Tektronix DPO4104), waveforms of applied
voltage and integrated light signal can be simultaneously ob-
tained. In addition, a digital camera (Canon EOS 5D Mark IV)
and an electron-multiplying intensified charge-coupled device
(emICCD, Pl MAX4) are utilized to capture the plume images.
A spectrometer (ACTON SP2750) installed with an emICCD
(PI MAX4) at the outlet slit is used to collect optical emis-
sion spectrum. A maximal spectral resolution is realized with
a grating of 2400 grooves/mm. Temporally resolved spectrum
is obtained with a method similar to that reported previously
by us.?% A TTL signal to trigger the emICCD is displayed
along with the light emission signal by the digital oscillo-
scope. Hence, the optical gate of the emICCD is presented
on the oscilloscope with reference to the discharge. Through
varying the gate time, temporally resolved spectra can be ob-
tained. The spatially resolved spectrum is realized by varying
the detection position of an optical fiber connecting with the
entrance slit of the spectrometer.

igger

. TTL tr
Signal Spectrometer
generator o
7 Fiber
Lens
S—
Tube Plume
Up-voltage ”“—'
amplifier m—— o
Ax "7
]
2 8 S —
5 ST
g [aF
]
Trigger
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Fig. 1. Schematic diagram of the experimental setup.

3. Results and discussion

Images of the argon plume are presented in Fig. 2 with
varying Co. When the working gas is pure argon (Co = 0), the
plasma jet emanates a solid plume, which is composed of a
white part and a purple one from side-view images (left row).
The white part shortens with increasing Co (0.2% to 0.4%).
However, the length of the whole plume keeps almost constant
with varying Cop in the small range. The purple part is diffuse,
which transits to a hollow void when Cp reaches 0.6%. The
morphology transition is observed more clearly from the front-
view images (right row). Here, the central spot comes from the
white part. Obviously, the cross section of the focus plane is
diffuse with a low Co. A purple ring resulting from the hol-
low structure is observed with Cg of 0.6%. In brief, there is

a transition from a diffuse morphology to a hollow structure
with increasing Co.

Fig. 2. Side-view (left) and front-view (right) images with varying Co. The
front-view images are focused at the dashed line (10 mm from the jet noz-
zle). Other parameters are V, = 10.0 kV, f = 3.0 kHz, Q = 4.0 L/min, and
fexp = 0.1's.

Figure 3 illustrates waveforms of applied voltage and
light emission signal from the plasma plume with varying Co.
For the sake of convenience, we define positive discharge and
negative one, which correspond to the discharges initiating at
positive negative voltages, respectively. When the working
gas is pure argon, some positive and negative discharges ap-
pear under V,, of 10.0 kV, which is similar to that reported by
Ouyang et al."**! With increasing Co (0.2% and 0.4%), the
number of positive and negative discharges decreases per volt-
age cycle. At the same time, the maximal intensity of positive
discharges increases, while that of negative ones decreases.
For the hollow plume (Co = 0.6%), one can see that only one
positive discharge initiates per voltage cycle and negative dis-
charge is almost ignorable.

Fast photography implemented by an ICCD was often
used to reveal the propagation of streamers in a plasma jet.[!]
Through using the emICCD that has a higher amplification
than ICCD, negative discharge and positive one with varying
Co are imaged, as illustrated in Fig. 4. Discharge duration
is around 300 ns, and fexp of 1.0 us is used to capture single
discharge image in Fig. 4. Apparently, diffuse negative dis-
charge extends along the argon channel, which looks like a
cone. With increasing Cop, the length of the cone decreases. In
contrast to the cone-like discharge, positive discharge is slim-
mer. The left side seems like a thin column, which appears
mainly at the axis of the argon stream. The right side tends to
be stochastically branched. Moreover, the thin column short-
ens and the branched part lengthens with increasing Co. When
Co reaches 0.6%, the branches appear at the boundary layer of
the argon channel (or the interface between the argon stream
and the surrounding air), [27] which results in the hollow struc-
ture of the plume. From Fig. 4, it can be found that negative
and positive discharges contribute to the white and purple parts
of the argon plume, respectively.

Figure 5 illustrates 300 nm to 900 nm scanned opti-
cal emission spectra of the argon plasma plume. The spec-
tra mainly include the lines from OH (AZXt — X2I0) at
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308.9 nm, ! and those from the second positive system of
N, (C*T1, — B3I,).146 Both of them come from the diffu-
sion of H,O and N; in ambient air.l*7*8] Besides, there are
lots of spectral lines of Ar I (2p3 — 1s4, 738.4 nm; 2p; — 1sy,
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Fig. 3. Waveforms of applied voltage and integrated emission signal from the plasma jet. Panels (a)-(d) correspond to Figs. 2(a)-2(d), respectively.

Fig. 4. Single-shot emICCD images exposed to a negative discharge (left)
and a positive discharge (right) of the plasma jet with varying Co.
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Fig. 5. The 300 nm to 900 nm scanned spectrum emitted from the plasma
plume.

Optical actinometry is used to investigate atomic Cp,
which is positively related with intensity ratio of the spectral
lines (844.6 nm to 750.4 nm) in a small range of Co.12151
From temporally and spatially resolved spectra, the spatial dis-
tribution of atomic Cp can be obtained for negative discharge
and positive one, respectively, as indicated in Fig. 6. Figure 6
reveals that with increasing Cop, averaged atomic oxygen con-
centration (reflected by the intensity ratio) increases for both
positive and negative discharges. Compared with that of neg-
ative discharge, atomic oxygen concentration of positive dis-
charge is higher. Atomic Co increases with increasing distance
away from the needle tip. The above mentioned phenomenon
can be explained as follows.

With increasing Cp, more oxygen molecules participate
in the discharge process, leading to the production of more
oxygen atoms by electron impact dissociation.”*!! As a result,
atomic Cg increases as Cp increases. On account of the same
reason, more oxygen molecules that diffuse into the working
gas contribute to the growing atomic Cp with increasing dis-
tance from the needle tip. Moreover, the difference of atomic
Co between negative discharge and positive one may come
from their different plasma parameters (density and temper-
ature of electrons), which will be shown later. With lower
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plasma parameters, less oxygen molecules will be dissociated
by electron impact, leading to lower atomic Cp in negative dis-

charge.
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Fig. 6. (a) Intensity ratio of spectral lines (844.6 nm to 750.4 nm) as a func-
tion of Cop. (b) Spatial distribution of intensity ratio (844.6 nm to 750.4 nm)
along the argon channel.

Intensity ratios of spectral lines can reflect plasma

parameters,°?) such as density and temperature for
electrons.[*31 The line intensity ratios (738.4 nm to
763.7 nm, positively related with electron density) and
(763.7 nm to 772.7 nm, positively related with electron tem-
perature) as functions of Cp are shown in Fig. 7. Here, inten-
sity ratios are calculated from integrated spectra, which reflect
space-averaged density and temperature of electrons. Appar-
ently, with increasing Co, average electron density (reflected
by the ratio of 738.4 nm to 763.7 nm) presents a decreas-
ing tendency, while average electron temperature (the ratio of
763.7 nm to 772.7 nm) increases. Compared with those of
negative discharge, average density and temperature of elec-
trons are higher for positive discharge.

As is well known, both negative and positive discharges
of plasma jet operate in a streamer regime.!!-20-24:27-30.54]
Compared with negative discharge (anode-directed streamer),
positive discharge (cathode-directed streamer) has a higher
electric field strength (E).!?%3] Electrons are mainly produced
in the plasma through the impact of argon atoms by electrons,
which is dominated by the first Townsend ionization coeffi-

cient (o).15%71 ¢ is a function of E.181 A higher E tends

to produce a plasma with a higher electron density. There-
fore, positive discharge has a higher electron density than neg-
ative discharge. Besides, electron temperature depends on E
because electrons obtain more energy in one mean free path
under a stronger E. Hence, a plasma with a higher electron
temperature can be generated with a higher E.°! Due to the
discrepancy of E, negative discharge is lower than positive one
in plasma parameters (density and temperature of electrons).

0.09F

0.08F

0.07F

0.06 |

Ratio of 738.4 nm to 763.7 nm

0.05F

Ratio of 763.7 nm to 772.7 nm

Co (%)

Fig. 7. Intensity ratios of spectral lines (738.4 nm to 763.7 nm) (a) and
(763.7 nm to 772.7 nm) (b) as functions of CO. V, = 10.0kV, f = 3.0 kHz,
and Q = 4.0 L/min.

Long-life active species, such as metastable argon atoms
(Ar*), play an important role in gas discharge.[®"! Since resid-
ual Ar* can greatly decrease the field threshold for breakdown
(Eg) due to stepwise ionization, [®] which is described by the
following reactions:

e+Ar— e +Ar", €))
e+Arf — Art +2e, 2)

where e = electron, Ar = ground state argon atom, and Art =
positive argon ion. Consequently, the forthcoming discharge
is inclined to initiate in the argon channel abundant with Ar*.
Resultantly, negative discharge always extends along and cov-
ers the left side of the argon channel because the previous dis-
charge (positive discharge) distributes the channel axis with
Ar*. Based on the same reason, the left side of positive dis-
charge appears in the axis of the argon stream because abun-
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dant residual Ar* are concentrated in the axis, which result
from the previous positive and negative discharges.
Compared with the left side, more oxygen molecules ex-
ist at the right side of the argon stream due to the diffusion of
ambient air. Oxygen molecules can quench Ar* through the

following reaction: (©0-61]

Ar*+0; — Ar+ 0. 3)

Therefore, the right side of the argon stream has a lower con-
centration of Ar*. As a result, a positive discharge can only be
initiated under a stronger E at the right side. Numerical sim-
ulation has revealed that streamer bifurcates under a stronger
field.[®2] Consequently, the right side of positive discharge is
branched. With increasing Cp of the working gas, more resid-
ual Ar* will be quenched,?%°!] leading to a higher Ey, of the
argon stream. This leads to the shortening column and length-
ening branched part of positive discharge. In fact, the argon
stream is surrounded by negative oxygen ions, %3 which can
provide the forthcoming discharge with seed electrons through
detachment. This factor will decrease Ey, of the boundary
layer. With the increased Ey, of the argon stream and the re-
duced Ey, in the interfacial layer, discharge tends to appear in
the interfacial layer when Co reaches a certain value (0.6%).

As mentioned above, Ey, monotonously increases with
increasing Co. This means that discharge will initiate un-
der a stronger E with a higher Cp. Since electron temper-
ature depends on E, electron temperature is higher under a
stronger E. Hence, electron temperature increases for both
negative and positive discharges with increasing Cp. Coeffi-
cient ¢ is not only a function of E, but also related with gas
ingredient.!3>! The quenching of Ar* by oxygen molecules de-
creases the number of electrons produced by stepwise ioniza-
tion, thus decreasing a coefficient.[®] Moreover, some elec-
trons are attached by oxygen molecules, which also decrease
electron density in the plasma. Consequently, electron den-
sity decreases for both positive and negative discharges with
increasing Co.

4. Conclusion

In this paper, the influence of oxygen addition on dis-
charge characteristics has been investigated in detail for a
single-electrode argon plasma jet. Within a small range of Co
(£0.6%), the emanated plasma plume keeps almost constant
in length, which is composed of the left white and the right
purple parts. With increasing Cop, the purple part transits from
the diffuse morphology to a hollow void. During this process,
the number of positive and negative discharges decreases per
voltage cycle. At the same time, the maximal intensity shows
an increasing trend for positive discharge, while a decreasing
trend for negative one. Moreover, emICCD images reveal that

negative discharge looks like a cone, while positive discharge
is composed of a column and some branches. With increas-
ing Co, both the cone and the column turn shorter, however,
the branches become longer. From optical emission spectra,
atomic Cp, density and temperature of electrons are investi-
gated as functions of Cp. Finally, these variation trends have
been analyzed qualitatively.
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