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A large-gap uniform discharge is ignited by a coaxial dielectric barrier discharge and burns between a needle anode
and a plate cathode under a low sustaining voltage by feeding with flowing argon. The basic aspects of the large-gap
uniform discharge are investigated by optical and spectroscopic methods. From the discharge images, it can be found
that this discharge has similar regions with glow discharge at low pressure except a plasma plume region. Light emission
signals from the discharge indicate that the plasma column is invariant with time, while there are some stochastic pulses in
the plasma plume region. The optical emission spectra scanning from 300 nm to 800 nm are used to calculate the excited
electron temperature and vibrational temperature of the large-gap uniform discharge. It has been found that the excited
electron temperature almost keeps constant and the vibrational temperature increases with increasing discharge current.

Both of them decreases with increasing gas flow rate.
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1. Introduction

In recent years, considerable attention has been paid to
atmospheric pressure uniform discharge (APUD) because it
[1-41 which makes
The APUD

has application prospects in a rich variety of fields, such

does not require a costly vacuum system,
it possible to be used in the assembly line.

as materials processing,>! polymer deposition, ! biological
sterilization,”1 aircraft cloacking,[8] and so on.

So far, several methods were developed to generate
APUD. Dielectric barrier discharge (DBD) was a traditional
way to initiate APUD.!>!%! The APUD in parallel plate DBD
configurations were extensively investigated. Massines et al.
pointed out that the electrons and metastable density before
the discharge were very important for the APUD in inert
gases.!!!] Rahel ef al. investigated the APUD in atmospheric
pressure air and found that the macroscopically uniform dis-
charge was obtained by numerous radially expanding stream-
ers that were temporally overlapping.['?! The APUD in flow
argon was investigated in coaxial DBD configurations and the
corona discharge around the inner electrode was important for
the APUD.['3! Usually, the APUDs in DBD configurations
were excited by power sources with several tens Herz. Shi in-
vestigated the radio-frequency DBD in atmospheric argon, and
demonstrated that a stable glow discharge was obtained. ']
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The gas gap in DBD-based APUD mentioned above was
not large enough. It is typically several millimeters, which
was too small to be used in plasma processing for materi-
als with large scale. Compared with the DBD, plasma jet
could generate a uniform plasma plume with a relatively large
length.['5-17] Algwari er al. investigated a DBD jet operated
in helium and showed that the discharge was streamer.!'8]
Liu et al. found the electrical characteristics of a monofila-

[19

ment in DBD jet at atmospheric pressure.!!°! Forster investi-

gated an atmospheric pressure plasma jet by optical emission

1201 Kong et al. pointed out that the linear-field

spectroscopy.
jet had higher chemical efficiency compared with the cross-
field jet.[>!] Plasma bullets with a very high velocity were of-
ten observed in the plasma jets operated in inert gases.[?>23]
The fast moving bullets showed that a streamer discharge
mechanism was usually involved in the uniform plume forma-
tion. The plasma bullets may damage the vulnerable materials,
APUD in glow mode is more desirable.

In order to eliminate the onset of a steamer, the break-
down voltage needs to be lowered. Watanabe et al. used DBD
as a pre-ionizer for the multi-hole micro-hollow cathode dis-
charge, and found that the pre-ionization significantly reduced
the sparking voltage and improved the spatial uniformity of the
discharge.**! Tang et al. developed a DBD enhanced plasma

jet,[?] they found that the plasma generation was more effi-
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cient. The gap width is not large enough, with a maximum
width of 1.5 cm. A kilohertz excited plasma jet was used as a
pre-ionizer to generate a atmospheric-pressure microwave ar-
gon plasma discharge.?®! Although the plume length is several
tens centimeters long, it can only be operated in a closed argon
environment.

In this paper, a large-gap APUD was excited by a DC
source in ambient air with atmospheric pressure argon used
as working gas. The basic aspects of the large-gap discharge
at atmospheric pressure are investigated by optical emission
spectroscopy.

2. Experimental setup

A schematic diagram of the experimental setup is pre-
sented in Fig. 1. The discharge device is composed of two
main parts. (i) a DBD-generating part to ignite the DC dis-
charge. A tungsten electrode (12 cm in length and 1.5 mm
in diameter) with a sharp end (about 200 pm in radius) is
grounded, which is separated with a coaxially-placed water
electrode by a glass tube with thickness of 1 mm. Argon
(99.99%) flows along the gap between the tungsten electrode
and the glass tube, and the gap width is about 3 mm. An alter-
nating current (AC) power supply with a frequency of 40 kHz
is used to excite the coaxial DBD. (ii) A large gap APUD-
generating part is composed of the grounded tungsten needle
and a plate copper electrode placed 5 cm away from the needle
tip in the downstream region of the argon flow. The plate elec-
trode is connected to the negative polarity output of a home-
made DC power supply (maximal voltage is 15 kV) through
a shunt resistor (R = 500 kQ). The voltage across the plate
cathode and the needle anode is measured by a high voltage
probe (Tektronix P6015A). Light emission from the discharge
is detected by photomultiplier tube (PMT) (ET 9085SB). The
discharge current is obtained by the voltage on a small resistor
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Fig. 1. (color online) Schematic diagram of the experimental setup.

(50 Q) in series with the discharge device. The waveforms of
the sustaining voltage, the light emission signal and discharge
current are recorded simultaneously with an oscilloscope (Tek-
tronix DPO4104). A digital camera (Canon EOS 7D) is used
to record the discharge images. Emission of the discharge is
transmitted into a spectrometer (ACTON SP2758, 1340 x 400
pixels) through an optical fiber.

3. Results and discussion

Two methods can be used to ignite the DC large-gap uni-
form discharge by the coaxial DBD. One is to increase the DC
voltage to its maximal value, the DC discharge cannot initi-
ate because of the DC voltage is not high enough. Then, in-
crease the AC voltage to excite the coaxial DBD. At the same
time, with the burning of the DBD, a large-gap uniform dis-
charge is ignited between the needle anode and the plate cath-
ode. The other is to excite the coaxial DBD first by increasing
the AC voltage to its breakdown value, then, increase the DC
voltage slowly. The large-gap uniform discharge can also be
ignited between the needle anode and the plate cathode with
increasing the DC voltage to a certain value (about 6 kV). Af-
ter the burning of the DC uniform discharge, the coaxial DBD
can be turned off and the large-gap discharge can operate sta-
bly. Active particles generated in the coaxial DBD, such as
meta-stable molecules and radicals, can move along with the
flowing argon to the downstream region. Furthermore, seed
electrons can be generated in the downstream region through
photo-ionization of ultraviolet (UV) and vacuum ultraviolet
(VUV) that are emitted from the coaxial DBD. All the two
factors contribute to lower the breakdown voltage in the down-
stream region. Consequently, a fairly-large-gap discharge ini-
tiates under a low DC voltage. Figure 2 presents some images
of the large-gap discharge excited by DC voltage. It can be
found that the large gap APUD consists of some characteris-
tic regions. From the needle anode to the plate cathode, there
are a plasma column, a plasma plume and a bright cathode
spot (negative glow) at the vicinity of the plate electrode. A
dark space is also evident between the negative glow and the
plasma plume. The plasma column is bright, and the diam-
eter of it is small. The plasma plume is diffusive and dim.
Except the plasma plume, these characteristic regions are sim-
ilar with those found in glow discharges at low pressure, and
those in APUD excited by sinusoidal voltage!>’! or saw-tooth
voltage.[?8] Furthermore, the voltage—current characteristic is
also similar with that of the glow discharge at low pressure, as
shown in Fig. 3. It can be found from Fig. 3 that the sustain-
ing voltage decreases with increasing discharge current. From
the discharge images, it can also be found that the length of

plasma column increases with increasing current.
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Figure 4 indicates the waveforms of the sustaining voltage
across the needle anode and the plate cathode, the light emis-
sion signal from the plasma column and that from the plasma
plume. The light emission signal in Fig. 4 is in arbitrary unit
(a. u.). It is evident that the sustaining voltage and the dis-
charge of the plasma column almost keep invariant with time,
while there are some stochastic pulses for the plasma plume
discharge.

plasma column plasma plume negative glow

Fig. 2. (color online) Discharge images under different currents with expo-
sure time of 4 ms. (a) 6 mA and 1.85 kV, (b) 9 mA and 1.70 kV, (c) 12 mA
and 1.60 kV, (d) 15 mA and 1.50 kV. The distance from the pin anode to the
plate cathode is 5 cm and the gas flow rate is 1 L/min.
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Fig. 3. Voltage—current characteristics of the APUD in a 5-cm gap with
a gas flow rate of 1 L/min.
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Fig. 4. Waveforms of the applied voltage (top), the total light emis-
sion signal from the plasma column (middle) and that from the plasma
plume (bottom). The discharge current is 9 mA, voltage is 1.70 kV, and
the gas flow rate is 1 L/min.

Optical collimators are used to collect the light emission
signals at different positions with a detecting diameter of about
0.5 mm. PMTs behind the collimators are used to detect the
light signals emitted from the discharge. The optical method
used here is similar with that used in Refs. [29] and [30].
A coordinate system is established along the gas flow field
and the needle tip of the anode is chosen as the x axis zero.
From Fig. 5(a), it can be found that the light emission signals
from the plasma plume (x value from 26 to 44) are intermit-
tent. Obviously, there will be a pulse if the discharge passes
the position. Therefore, the time lag of the signals at differ-
ent positions in Fig. 5(a) indicates that a layer of light emis-
sion (plasma bullet) propagates from the plate cathode to the
plasma column. The light emission from the plasma plume
in Fig. 4 is stochastically intermittent, which means that the
plasma bullets appear in time stochastically. Figure 5(b) in-
dicates that the light emission signals at different positions
of the plasma column are invariant with time. Consequently,
the invariant plasma column implies that the plasma column
is a continuous discharge, which means that the plasma col-
umn behaves like the positive column in low-pressure glow
discharge.
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Fig. 5. The spatial resolved measurement of the light emission signals
for the plasma plume (a) and the plasma column (b).
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Figure 6 presents the optical emission spectra from the
whole discharge. The spectra include the second positive sys-
tem of nitrogen molecules and the emission lines from argon
atoms and argon ions. For low-temperature plasma generated
in gas discharge, local thermal equilibrium (LTE) is often sup-
posed to hold. Under the supposition of LTE, Boltzmann plot
method is used for determining the electron temperature from
lines of the same element.?"! A plot of In(Ij; A/ (gxAw)) ver-
sus Ej should give a straight line with a slope of —1/T;, where
Iy is the intensity of the emitting light, Ay, is the wavelength,
g 1s the statistical weight of the upper level, Ay, is the transi-
tion probability from level k to level /, Ej, is the energy of the
upper level, and T; is the excited electron temperature. Fig-
ure 7 indicates a Boltzmann plot to estimate the excited elec-
tron temperature. Spectral parameters of Argon used in Fig. 7
to estimate the electron temperature are also shown in Table 1.
Figure 8 shows T; as a function of the current and the gas flow
rate. It can be found that 7. almost keeps constant with in-
creasing discharge current and it decreases with increasing gas
flow rate.

Table 1. Spectral parameters of Argon used in Boltzmann plots to esti-
mate the electron temperature.

Species Wavelength/nm Agils™! E/eV 8k
Arl 706.7218 3.80x 10° 1330222666 5
Arl 727.2936 1.83 x 10° 13.32785623 3
Arl 763.5106 2.45 % 107 13.17177690 5
Arl 772.4207 1.17 x 107 13.32785623 3
Arl 419.8317 2.57 x 10° 14.57594789 1

(a)
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Fig. 6. Optical emission spectra of the APUD in the wavelength from
300 to 680 nm with an exposure time of 30 s (a) and that from 680 to
800 nm with an exposure time of 0.5 s (b). The discharge current is
10 mA, voltage is 1.65 kV, and the gas flow rate is 1 L/min.
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Fig. 7. (color online) Boltzmann plot to estimate the excited electron
temperature. The experimental condition is the same as that in Fig. 6.
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Fig. 8. Excited electron temperature as a function of the current (a) and
that as a function of the gas flow rate (b). The gas flow rate in panel
(a) is 1 L/min and the discharge current in panel (b) is 6 mA (voltage is
1.85kV).

The plasma column is similar to the positive column in
low-pressure glow discharge, which means that the electric
field in the plasma column is low enough because the positive
column is almost electro-neutral. Compared with the plasma
column, the plasma plume has a much higher electric field be-
cause the discharge mechanism is a streamer. Therefore, the
sustaining voltage across the needle anode and the plate cath-
ode will decrease with increasing of the plasma column length.
The length of the plasma column increases with increasing of
the discharge current, as mentioned in Fig. 2. Therefore, the
sustaining voltage decreases with increasing discharge current,
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as shown in Fig. 3. The excited electron temperature of the
whole discharge should be mainly determined by the electron
energy in the plasma plume region because it is much higher in
the plasma plume than in the plasma column. The net electric
field in steamer discharge is the sum of the space charge (E’)
and applied electric field (Ep). According to Meek criterion,
streamer mechanism is involved in when E’ is comparable to
Ep. That is to say, when the net electric field reaches its crit-
ical value, the streamer discharge begins to develop from the
cathode to the anode. The critical value of electric field for
the streamer discharge almost keeps constant with increasing
discharge current. The electron temperature is determined by
the net electric field for gas breakdown. Therefore, the excited
electron almost keeps constant with increasing discharge cur-
rent. The breakdown field of argon is lower than that of air be-
cause oxygen is electronegative. The content of air decreases
in the working gas in the plasma plume region with increasing
gas flow rate. Consequently, the critical value of electric field
for gas breakdown decreases with increasing gas flow rate. As
a result, the excited electron temperature decreases with in-
creasing gas flow rate, as shown in Fig. 8(b).

The vibrational temperature (7y) can also be calculated
by fitting the second positive system of nitrogen molecules.
Figure 9 presents Ty as a function of the discharge current and
the gas flow rate. It can be found that 7y increases with in-
creasing current under constant gas flow rate and it decreases
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Fig. 9. Vibrational temperature as a function of current (a) and the gas
flow rate (b). The gas flow rate in Fig. 9(a) is 1 L/min and the discharge
current in Fig. 9(b) is 10 mA (voltage is 1.65 kV).

with increasing gas flow rate under constant discharge current.
This phenomenon can be explained as follows. During the
discharge process, electrons collide with nitrogen molecules,
which results in energy translation from electron to nitrogen
molecules. With increasing discharge current, more electrons
drift per unit of time from the cathode to the anode. The
electron energy keeps invariant with time, however, the col-
lision frequency increases with increasing discharge current.
Therefore, more energy is transferred per unit of time to ni-
trogen molecules. Consequently, the vibrational temperature
increases with increasing discharge current. Under constant
discharge current, the electron temperature decreases with in-
creasing gas flow rate. Hence, the energy transferred in every
collision with electron decreases with increasing gas flow rate.
Consequently, the vibrational temperature decreases with in-
creasing gas flow rate.

4. Conclusion

The characteristic of a large-gap uniform discharge be-
tween a needle anode and a plate cathode was ignited under
a low sustaining DC voltage by a coaxial DBD in flowing ar-
gon. From the discharge images, a plasma column, a plasma
plume and negative glow can be discerned in the discharge re-
gion. The large-gap APUD has the same characteristic regions
with glow discharge at low pressure except the plasma plume.
Sustaining voltage across the needle anode and the plate cath-
ode as well as the light emission from the plasma column re-
gion almost keep invariant with time, while there are some
stochastic pulses for the plasma plume discharge. The opti-
cal spectra scanning from 300 nm to 800 nm emitted from the
uniform discharge include system of nitrogen molecular and
the emission lines from argon atoms and ions. The excited
electron temperature and the vibrational temperature are cal-
culated based on the optical emission spectra. Results show
that the excited electron temperature is almost constant and
the vibrational temperature increases with increasing current.
Both of the excited temperature and the vibrational tempera-
ture decrease with increasing gas flow rate.
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