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Abstract. In this paper, an atmospheric pressure plasma discharge in argon was generated using a needle-
to-ring electrode configuration driven by a sinusoidal excitation voltage. The electric discharge processes
and discharge characteristics were investigated by inspecting the voltage-current waveforms, Lissajous
curves and lighting emission images. The change in discharge mode with applied voltage amplitude was
studied and characterised, and three modes of corona discharge, dielectric barrier discharge (DBD) and jet
discharge were identified, which appeared in turn with increasing applied voltage and can be distinguished
clearly from the measured voltage-current waveforms, light-emission images and the changing gradient
of discharge power with applied voltage. Based on the experimental results and discharge mechanism
analysis, an equivalent electrical model and the corresponding equivalent circuit for characterising the
whole discharge processes accurately was proposed, and the three discharge stages were characterised
separately. A voltage-controlled current source (VCCS) associated with a resistance and a capacitance
were used to represent the DBD stage, and the plasma plume and corona discharge were modelled by a
variable capacitor in series with a variable resistor. Other factors that can influence the discharge, such as

lead and stray capacitance values of the circuit, were also considered in the proposed model.

1 Introduction

The atmospheric pressure plasma jet (APPJ) has recently
attracted great attention for their potential in many ap-
plications [1-3]. Working under gas flow conditions, the
generated active species are not only confined to the elec-
trode regime, and can be blown out of the reactor to form
plasma with moderate energy density in open air. The
APPJ has great flexibility, and imposes no limitations on
the sizes of the objects to be treated. APPJ can treat the
target from a distance and can treat large areas, espe-
cially for plasma treatment of three-dimensional complex
materials, living objects and cells, thus facilitating its ap-
plications in surface treatment of materials, biomedicine
and thin film deposition [4-6].

Various types of APPJ sources based on different
geometric configurations have been developed, and the
experimental and theoretical studies on their character-
istics have been carried out, mainly focusing on under-
standing its formation mechanism [7-16]. For electrical
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characteristic analysis of the jet discharge, an equivalent
electrical model is necessary and useful. From an electri-
cal point of view, the jet system can be modelled by an
equivalent electrical model, which complies with a power
law [17-19]. Using this kind of model, the electrical param-
eters which cannot be measured directly from experiments
can be obtained, and facilitating the study and analysis
of the dynamic electrical behavior of the discharge, thus
allowing us to study the discharge characteristics deeply
and to determinate the optimal working conditions.

In recent years, several equivalent electrical models
have been developed and used to characterise the dis-
charge characteristics and behaviours of systems, in which
the DBD plasma is modelled using either a temporally
variable resistance, or a diode full bridge, or a voltage CCS
combined with a temporally variable resistance [20-25].
Some researchers used the DBD-based model to study and
analyse the electrical discharge characteristics of jet dis-
charge [26-29]. However, there may be some inaccuracies
and uncertainties for analysing the discharge characteris-
tics of the APPJ by using the DBD based model. This is
mainly due to discharge behaviours of the APPJ not be-
ing completely in agreement with DBD, which only gen-
erated plasma between the electrode regimes. Also, for
some jet configurations, the discharge transits between
several modes from breakdown to jet stage with increasing
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Fig. 1. Schematic diagram of the experimental set-up.

applied voltage [7,9,10,12,30-32], a model to characterise
the whole discharge behaviour from discharge breakdown
to the jet stage should be developed. Therefore, it is of
importance to develop an equivalent electrical model to
characterise the discharge, and thus to determine the elec-
trical characteristics accurately, but there are yet few re-
ports currently about the electrical models characterising
jet discharge.

In this paper, a simple jet device with needle-to-ring
electrodes was set up to generate the jet discharge in ar-
gon (Ar), and its discharge processes and discharge charac-
teristics from breakdown with applied voltage were inves-
tigated. Based on the experimental results and discharge
mechanism analysis, an equivalent electrical model and
equivalent circuit for accurate analysis of the electrical
characteristics of the discharge were proposed.

2 Experimental setup

A schematic illustration of the experimental setup is
shown in Figure 1. The system consisted of a quartz tube,
a high-voltage (HV) electrode and a grounded electrode.
The inside and outside diameters of the quartz tube were
6 and 10 mm respectively, and the length is 180 mm. A
copper rod with a diameter of 3 mm and length of 100 mm
was inserted into the center of the quartz tube as a high
voltage electrode. The copper rod was fastened by Teflon
fitting at one end, and it had a sharp tip to reduce the
breakdown voltage greatly, in order to ensure that the
discharge would occur at relative low applied voltages. A
10 mm wide copper strip was wrapped on the outer sur-
face of the quartz tube as a grounded electrode, and it
was placed at a distance of 30 mm from the tip of the
high-voltage electrode and 40 mm away from the edge of
the quartz tube. High-purity argon (99.999%) was used
as the working gas and was fed into the quartz tube, and
its flow rate was measured and controlled by a mass flow
controller, which was fixed at 4 L/min in our experiments.
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The discharge was powered by an AC sinusoidal HV power
source with a frequency of 5—15 kHz and an adjustable
peak voltage of 0—12 kV.

The voltage applied to the electrodes was measured
via a Tektronix P6015A voltage probe, and the discharge
current was measured using a 50 €2 non-inductive resis-
tor (r) connected in series with the grounded electrode.
The voltage and current waveforms were recorded by a
digital oscilloscope (Tek TDS3054¢ (500 MHz, 5G S/s)).
The discharge consumed power and transferred charge
were obtained by using the measured voltage and current
data. The light emission images of the plasma jets were
taken by a Canon 400D digital camera mounted for taking
pictures of the discharges from the side, with an exposure
time of 1/30 s.

3 Discharge processes and characteristics

It was found that the generation and evolution of the dis-
charge were sensitive to the applied voltage. When the
peak applied voltage was raised above the breakdown
threshold of 3.2 kV, discharge occured near the tip of
the high-voltage electrode first, where a bright radiation
spot was observed. With the increase in applied voltage,
a thin cylindrical-shaped discharge channel started to ex-
tend downstream toward the grounded electrode, and no
visible radiation between the front of the discharge chan-
nel and the grounded electrode was observed, as is seen
in discharges 1—3 in Figure 2a. Then, as the peak ap-
plied voltage was increased to 3.8 kV, complete breakdown
of a whole inter-electrode gap occurs, and a large bright
plasma channel inside the quartz tube between the high-
voltage electrode and grounded electrode were observed.
With further increases in the applied voltage, the plasma
channel was transmitted through the grounded electrode
and extended along the quartz tube wall toward the open
end of the quartz tube, as is seen in discharges 4—5 in Fig-
ure 2a. As the peak applied voltage approached to 5 kV,
the plasma channel expanded out of the quartz tube out-
let to form a plasma jet in ambient air, which can be seen
in discharge 6 in Figure 2a. Figure 2b shows the evolution
of the length of the plasma channel with the peak ap-
plied voltage. It can be seen that the length of the plasma
jet can be increased to its maximum value of 3 cm when
the peak applied voltage amplitude was increased from
5 kV to 8 kV. As the applied voltage was increased fur-
ther, the plasma jet became brighter and remained sta-
ble, while its length became slightly shorter, as is seen in
discharges 10—11 in Figure 2a. When the peak applied
voltage reached 9.5 kV, the discharge became unstable,
some plasma filaments appear along the quartz tube wall,
between the high-voltage electrode and the grounded elec-
trode. Therefore, it appears that 9.5 kV is the maximum
voltage that our jet reactor can withstand, because no sta-
ble discharge could be obtained when the applied voltage
is higher than this value.

The different operational regimes occurring with dif-
ferent applied voltages and the transitions between the
regimes can also be identified by measuring the voltage


http://www.epj.org

Eur. Phys. J. D (2016) 70: 3

110 100 90 80 70 60 50 4 3 20 10

0 mm

(1)3.2kV
(a) (2)3.5kV
“
(6) 5.0kV
(7) 6.0kV
(8) 7.3kV
(9) 8.0kV
(10) 8.5kV|
(11) 9.0kV
' | ./
100F ! H—
' E2 _/
i -
80 ; 4
A m
g s |
g A i
= 60F ! !
‘5‘0 [ } 1
: T
— 401 '
IR I
20+ 8 /l : i
S
G 1 1 1 1 1 1 1
3 4 5 6 7 8 9 10
U/kV

Fig. 2. Light-emission images (a) and a plot of the length of
the plasma channel versus the peak applied voltage (b).

and current waveforms. It was evident that the current
waveform underwent a sequence of distinct stages as the
applied voltage was increased. Figure 3 shows the volt-
age and current waveforms measured under different peak
applied voltages. It can be seen from Figures 3a and 3b
that, when the peak applied voltage was below 3.8 kV,
the current waveforms were characterised as a quasi-
sinusoidal displacement current, superimposed with a sig-
nificant number of discharge pulses in the form of micro-
peaks. The peak current of the discharges was small, and
did not exceed 1 mA. The discharge characteristics were
similar to AC corona discharges in point-to-plane DBD
reported in references [33-35]. When the peak applied
voltage was increased above 3.9 kV, the discharge cur-
rent changed abruptly both in waveform and in peak po-
sition. As shown in Figure 3¢, there was only one dominant
discharge current pulse per half cycle of the applied volt-
age, with each discharge being around a microsecond in
duration. The discharge events were periodic, though the
peak current in the positive half-cycle was not the same as
that observed in the negative half-cycle. This is similar to
the discharge behaviour observed in atmospheric pressure
homogeneous DBD sustained between two parallel-plate
electrodes [22-25]. The peak value of the positive current
pulse was 25 mA with a duration of about 1.9 us, and
the peak values of the negative current pulse was 18 mA,
which was slightly less than that of the positive current.
Moreover, the duration of the negative current was slightly
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Fig. 3. Voltage and current waveforms measured at different
applied voltages: (a) 3.2 kV (b) 3.7 kV (c) 3.9 kV (d) 5 kV
(e) 6 kV (f) 7.3 kV (g) 8 kV.

longer than that of the positive current, about 2.5 us.
The increase of peak applied voltage to 5 kV resulted in
changes in the number and peak values of current pulses.
There were two discharge current pulses both in the pos-
itive half cycle and in the negative half cycle in the wave-
form of the current. As can be seen from Figure 3d, there
were two consecutive discharge current pulses with peak
values of about 40 mA and 50 mA in the positive cycle
for the applied voltage of 5 kV, and the durations of these
current pulses were about 1.5 us. Two current pulses with
smaller peak values and longer durations were also ob-
served in the negative cycle. In Figure 3d, the peak values
of the two negative current pulses were 10 mA and 5 mA,
and their durations were about 3 us and 6 s, respectively.
Similar multiple current peaks in the current waveform in
Figure 3d were also observed in atmospheric pressure DBD
and reported in references [36-38], and it is regarded as
an indication of pseudo-glow discharge, which may be due
to the non-uniform surface charge distribution and den-
sity on the dielectric barrier surface and may also be due
to the negative differential resistance of the cathode fall
region. When the peak applied voltage was increased to
larger than 5 kV, the discharge was observed to occur in
jet mode. It can be seen from Figures 3e and 3f that an ad-
ditional positive current pulse with a small peak intensity
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and a longer duration appears, and the current curves in
each case were characterised by two strong narrow posi-
tive pulses, followed by a weak broad positive pulses and
two negative pulses. At further increased applied voltage,
even four to five current pulses of positive polarities were
observed, as is shown in Figure 3g. It was noted that the
number of current pulses in the negative cycles did not
change with the increase in applied voltage, and there were
always two pulses appearing. The current waveform was
not symmetrical for the positive and negative half-periods
of the voltage, the negative half-period discharge was al-
ways much weaker than those observed within positive
half-periods for all applied voltage.

The different discharge modes may result from differ-
ent electric field distributions due to the arrangement of
the electrodes, which is also asymmetrical, with the cop-
per rod as the high voltage electrode, the copper strip
as the grounded electrode and the quartz tube as the di-
electric barrier. The asymmetrical electrode arrangement
will cause a non-uniform electric field between the high-
voltage electrode and the grounded electrode. When the
AC voltage was applied to the electrodes, the electric field
was formed inside the gas gap between the end of copper
rod and the grounded electrode (copper ring). For a given
applied voltage, the electric field at the vicinity near the
copper rod would be higher than that around the down-
stream copper ring electrode. When the applied voltage
was increased to the breakdown voltage (3.2 kV), the elec-
tric field near the copper rod reached the critical value for
breakdown first, and the electric field strength was higher
than the breakdown electric field for argon in this region,
resulting in the formation of a corona-like discharge on the
tip of the high-voltage electrode in argon gas. At this time,
the electric field outside this region was not high enough
to cause the breakdown in argon, therefore no discharge
was generated in that region. With the increase in applied
voltage, the region where the electric field strength was
higher than the breakdown electric field extends towards
the grounded electrode, so the corona discharge will ex-
tend towards the copper ring electrodes with the help of
gas flow. When the applied voltage was sufficiently high
(3.9kV), the electric field in the region between the copper
rod and the grounded electrode inside the quartz tube was
higher than the breakdown electric field for argon, thus
breakdown occurred also in the whole region. During this
process, the charged particles (positive ions and electrons)
will accumulate on the inner surface of the quartz tube
to form surface charges. The surface charges accumulated
formed an electric field which was in a reverse polarity
with respect with applied electric field, and caused the to-
tal electrical field to decrease rapidly, thus quenching the
breakdown and extinguishing the discharge. Due to the
formation of the dielectric barrier, the electric field distri-
bution was different from that observed in the corona dis-
charge, and the electric field in the whole gap between the
copper rod and the grounded electrode was high enough
to form a glow-like discharge, and the discharge mode has
been shown to evolve from the corona discharge to the
glow-like DBD. With future increase in the applied peak
voltage, the electric field in the region between the copper

Eur. Phys. J. D (2016) 70: 3

rod and the grounded electrode became stronger, and the
ionisation also become stronger. More active species were
generated in this region, so more of them were transferred
to the down-stream region by the argon gas flow, leading
to an extension of the plasma along the tube. When the
peak applied voltage was larger than 5 kV, the plasma
channel extended out of the quartz tube and intermixed
with the surrounding air to form a plasma jet in ambi-
ent air. In this case, although the electric field outside the
end of the quartz tube were not sufficient to ionise the
gas molecules (nitrogen, water vapor and oxygen, etc.) in
air, the electrons and metastable particles in the argon gas
flow can ionise these gas molecules, leading to the prop-
agation of the plasma jet in ambient air. In other words,
the higher the applied peak voltage is, the more electrons
and metastable particles depart into air from the quartz
tube, so more of them can interact with gas molecules in
air, and the longer is the jet length in air. When the peak
applied voltage reached 8 kV, the jet length reached its
maximum of 30 mm. This is mainly due to the fact that
the Ar/air interface showed a gradual attenuation in the
downstream direction. Hence the length of jet in the ambi-
ent air indicated the formation of the Ar/air interface via
the inter-diffusion process. In the downstream direction,
the farther away from the tube end, the more mixing of
argon with air will occur, so it formed a saturation length
that is related to the flow rate of the argon gas [12,13].

It should be noted that the distance separation be-
tween the high-voltage electrode and the grounded elec-
trode can influence the discharge mode transitions. It was
observed during our experiments that an increase in the
electrode separation resulted in the change of the oper-
ation voltage range for these three modes. For example,
at a larger electrode separation of 50 mm, the discharge
started from corona discharge after breakdown at a lower
applied voltage of 3.1 kV, while it transited to DBD and
jet modes at higher applied voltages of 4.6 kV and 5.3 kV,
respectively. This may be due to the fact that the electric
field distribution was more non-uniform for larger elec-
trode separation between the tip of copper rod and the
copper ring grounded electrode, which meant that the tip
of copper rod has higher electric field strength at cer-
tain applied voltages, and thus lower breakdown voltage.
While the higher applied voltages for DBD and jet modes
were due to thegreater electrode separation, which there-
fore needed higher applied voltage to achieve ionisation.
Apart from the electrode separation, the flow rates of ar-
gon may also influence the discharge mode transitions,
because changing of the flow rate may affect the ioni-
sation of the discharge. As stated by other researchers,
the influences of gas flow rate on characteristics of the jet
plasma are complex [10,11,27,30]. In this paper, the exper-
iments were conducted at a fixed gas flow rate of 4 L /min.
It was expected that increasing the flow rate may cause
an increase of the applied voltage required for achieving
these three discharge modes, because more species will be
brought to the downstream direction by the higher flow
rate. Details on the influences of the flow rate on the dis-
charge mode transitions need further investigation, and
will be studied in our future work.
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Fig. 4. Variation of the discharge power and charge transferred
with applied voltage.

The discharge power was an important parameter to
evaluate the efficiency of the discharge, and the evidence
of discharge mode transitions can also be characterised by
calculating the average discharge power. The average dis-
charge power P can be calculated using the measured data
of discharge voltage and current by the following formula:

T
P:TAlmﬁ@ﬁ (1)

where T is the period of applied voltage, u(t) and i(t) are
the instantaneous discharge voltage and discharge current
measured, respectively. Figure 4 shows the characteristic
curve of average discharge power dissipated versus the ap-
plied voltage amplitude. It is expected that the average
discharge powers increase with the applied voltage, which
is extremely consistent with the results shown in Figure 4.
But the average discharge power was very non-linear, with
the increase in the applied voltage, and the curve had a
step shape with two transition points at applied voltages
of 3.9 kV and 6 kV, respectively. When the applied volt-
age was increased from 3.2 kV to 3.9 kV, the average dis-
charge power was observed to increase exponentially from
0.36 W to 0.55 W. When the applied voltage increased
from 3.9 kV to 6 kV, a 1 kV increase in the applied voltage
resulted in less than a 1 W increase in dissipated power;
however, when the applied voltage increased from 6 kV
to 9 kV, a 1 kV increase in the applied voltage yielded
a 3 W increase in dissipated power. The non-linear rela-
tionship between the average discharge power and the ap-
plied voltage was a reflection of the discharge in different
modes, because these two transitions observed in average
discharge power versus applied voltage values agreed well
with data obtained in Figure 2b. According to the ex-
perimental results, three modes were clearly discernable
from measurements of dissipated power, and the gradient
of each line gave an indication of the change in electrical
conductivity of the discharge. Thus, we can conclude that
the change of the ionisation process changed at the two
critical applied voltage, due to a change in the electrical
conductivity. The charge transferred ) versus the applied
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voltage amplitude is also shown in Figure 4, which was
calculated using the measured data of discharge current
using the following formula:

T
Q:Azmﬁ (2)

It can be seen that the charge transferred increased more
linearly with the increase in the applied voltage, indication
an increase in ionisation of gas molecules in the discharge
gap with applied voltage.

4 Electrical model

Based on the above mentioned experimental results and
analysis, an equivalent electrical model shown in Figure 5
was proposed to represent the electrical behaviour of the
discharge. If the applied voltage is not high enough to
cause electric breakdown in the gap between electrodes,
the discharge in the gas gap does not occur and the sys-
tem is in the off state. In this stage, the equivalent electric
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model of the reactor can be considered as consisting of sev-
eral capacitors connected in series, as shown in Figure 5a.
The capacitor Cy represents the equivalent capacitance of
the dielectric barrier (the quartz tube), and Cs represents
the effect of parasitic capacitance between the high voltage
electrode and the grounded electrode. The capacitors Cy
and C), are equivalent capacitances of the discharge gap
and the plasma plume in surrounding air, respectively.

When the applied voltage exceeds the breakdown volt-
age, gas ionisation in the quartz tube occurs near the
tip of the high-voltage electrode, and the discharge starts
from the corona stage. In this stage, the equivalent elec-
tric model of the gas gap can be considered as consisting of
an ohmic resistor representing the corona discharge, con-
nected in series with the capacitance representing the non-
breakdown gas gap, as shown in Figure 5b. It was known
that the variation of the ionisation level after breakdown
leads to the alteration of the value of the relative permit-
tivity of the gas gap, thus modifying the equivalent ca-
pacitance and ohmic resistance of the gap, so the plasma
impedance was represented by a variable Cy(t) capcitor in
series with a variable resistor Ry, (t), while Cy(t) decreases
and R, (t) increases with the applied voltage.

As the peak applied voltage is increased past a certain
value, complete breakdown of whole inter-electrode gap
inside the quartz tube between the high-voltage electrode
and grounded electrode occurs, and the discharge mode
transits from a corona discharge to the glow-like DBD. At
this case, the discharge space in the dielectric tube corre-
sponds to the discharge gap in a plane-plate DBD, so the
equivalent electric model is similar to that for character-
ising DBD by other researchers. Our model was employed
to represent the discharge phenomenon in the quartz tube,
which is illustrated in Figure 5c. A voltage-controlled cur-
rent source (VCCS) associated with a resistor and a ca-
pacitance has been used to represent the DBD discharge
in the gas gap. In Figure 5c, a variable Cj(¢) value in series
with a resistance Rgy(t) represent the plasma impedance,
and their values change with applied voltage. Based on
the phenomenology of DBD, the VCCS is based on the
power law and represents the discharge current of the
DBD plasma, and its current characteristic is defined by
the applied voltage [23-25].

With further increases in applied voltage, the plasma
channel transits the grounded electrode and expands out
of the quartz tube outlet to form a plasma jet in ambient
air. In this stage, the discharge in the inter-electrode gap
inside the quartz tube between the high-voltage electrode
and grounded electrode is still a DBD, so the equivalent
electrical circuit model for the gap inside the quartz tube
is the same with that in the previous DBD stage. Be-
cause the ionisation between the high-voltage electrode
and grounded electrode is in the steady state, the con-
stants Cy and R, were used for characterising the plasma
impedance of DBD in the tube. The propagation of plasma
jet in ambient air leads to the alteration of the value of the
relative permittivity of the air, thus modifying its equiv-
alent resistance The plasma plume can be simulated by a
variable Cp(t) in series with a variable resistance R,(t).
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Fig. 6. Equivalent circuit diagrams of the discharge (a) before
breakdown, (b) during corona discharge, (¢) during DBD, (d)
during jet discharge.

With the plume extending further in air with increasing
applied voltage, Cp(t) decreases and R, (t) increases, as
shown in Figure 5d.

By considering the relationship of voltage and current,
the electrical behaviour of the jet at different stages can be
represented by an equivalent electric circuit model shown
in Figure 6. In Figure 6, v,(t) is the applied voltage, i,(t)
is the total external circuit current, vy(t) is the voltage
across the dielectric barriers, vy (t) is the voltage across the
gas gap, i4(t) is the displacement current in the gas gap,
14(t) is the displacement current in the dielectric barrier,
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ices(t) is the current voltage-controlled source that rep-
resents the discharge current in the gas gap, and i,(t) is
the displacement current through Cyg.

The equivalent electrical model developed in Figure 6
is relatively convenient and simple, and it reveals the inter-
action between the power supply and the plasma reactor,
and can be used as a useful diagnostic tool for studying
the dynamic electrical behavior of the reactor. For a given
configuration and set of operation conditions, the values
of Cy, Cq and C), can be calculated from the geometry
of the reactor. The values of Cscan be deduced by us-
ing the capacitance values measured when no discharge
activity is observed. The values of the other electric com-
ponents (Cy(t), Ry(t) and Cp(t)) for representing the vari-
able plasma impedance at different discharge stage can be
determined by running the simulation using the electrical
model and comparing the results with experimental ones,
until a very high correlation between the experimental and
theoretical results was found. Using this model, the dy-
namic behaviour of the discharge parameters (such as gas
gap voltage, discharge current, discharge consumed power,
and transported charges) under different operation condi-
tions, which are not measurable in the real process, can be
obtained; hence, it considerably facilitates the study and
analysis of the dynamic electrical behaviour of discharge,
thus allowing not only the determination of the optimal
working condition in the reactors but also designing of
appropriate HV power sources for jet applications. Also,
the flexibility of the model enables one to study the elec-
trical characteristics of homogeneous DBD in other gases
and discharge conditions, provided that several appropri-
ate parameters were adjusted for each case. For the dis-
charges in other gases such as helium and neon, the values
of Cy, Cq and C, in Figure 6 should be calculated using
the permittivity of applied gas, and the values of Cg and
operation voltage ranges of the three modes for specific
gas should be determined from experimental measurement
data for each gas used, then the same models described
in this paper for argon can be used. For the discharges
in other conditions such as different electrode separations,
the values of Cj;, Cyq and C), should be calculated using
the geometry of the jet cell, and the operational voltage
ranges of the three modes for specific electrode separation
should be determined empirically. For the discharges in
different flow rates, except for the above adjustments for
other gases and the electrode separation, the operation
voltage ranges of the three modes for different gas flow
rates should also be determined empirically. Our further
work will involve using this model to simulate the voltage
and current, and to study on the electrical characteristics
of APPJ under different operating conditions.

5 Summary

The discharge processes of an atmospheric pressure argon
plasma in a rod-to-ring electrode configuration with vary-
ing applied voltage were studied by electrical and optical
diagnosis. The discharge started from corona discharge,
after breakdown at an applied voltage of 3.2 kV, and it
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transited to DBD mode at 3.8 kV, then to jet mode in am-
bient air when the voltage was further increased to 5 kV.
The three stages could be distinguished clearly by their
voltage-current waveforms, light-emission images and the
changing tendency of the average discharge power with ap-
plied voltage. The corona discharge has a peak that is cur-
rent less than 1 mA, and the discharges were tens of mA
for both the DBD and jet modes. The average discharge
power increased non- lineally with applied voltage, and
the two transition points for the gradient of the discharge
power-applied voltage curve agreed well with voltage val-
ues for the discharge mode transition. The different dis-
charge modes resulted from the non-uniform electric field
between the high-voltage electrode and the grounded elec-
trode, the electric field near the copper rod firstly reached
the critical value for breakdown to occur. Based on the ex-
perimental studies and analysis, the equivalent electrical
model for characterising the discharge accurately was pro-
posed, with the three discharge stages being characterised
separately. The plasma plume and corona discharge were
represented by a variable capacitor in series with a variable
resistor, and a voltage-controlled current source (VCCS)
associated to a resistance and a capacitance has been used
to represent the DBD discharge between the two elec-
trodes. Other factors that can influence the discharge, such
as stray capacitance values of the circuit, were also consid-
ered in the proposed model. By considering the relation-
ship between voltage and current, the equivalent circuit
for characterising the discharge is deduced. This model can
simulate of the voltage and current within a discharge, and
it will be conducted in our future work. It can also be used
to study and analyse of the dynamic electrical behaviour
of discharge, thus facilitating not only the determination
of the optimal working condition in the reactors, but also
aid in the designing of appropriate HV power sources for
jet applications.
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