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On the Electrical Characteristic of Atmospheric
Pressure Air/He/O2/N2/Ar Plasma Needle

Zilan Xiong, Quanjun Huang, Zhan Wang, Xinpei Lu, and Yuan Pan

Abstract— The electrical characteristics of an air plasma nee-
dle are investigated. The discharge is driven by pulsed direct
current voltages. A series of discharge pulses appear for one
applied voltage pulse. The interval between nearby discharge
current is tens of nanoseconds, which corresponds to a frequency
of tens of MHz. This is much higher than that of the Trichel pulse
(tens of kHz). The frequency of the discharge current pulses
increases with the applied voltage but decreases with the gas gap
distance. The series current pulses are found not only existing
in electronegative gases (air, pure O2), but also in Ar and N2.
On the other hand, when He is used, there always appears only
one discharge current pulse; by adding small percentage of O2
to He, multiple discharges appear again.

Index Terms— Atmospheric pressure plasma, biomedical
application, nonequilibrium plasma, plasma jet.

I. INTRODUCTION

ROOM temperature atmospheric pressure plasmas
(RT-APPs) attract lots of attention because of their

enhanced plasma chemistry without the need for elevated
gas temperature [1]–[15]. For plasmas originating from gas
discharge, the plasma chemistry is driven by electrons. The
electrons gain energy from the electric field and then transfer
part of the energy to molecules through collisions. Some of the
molecules are excited, dissociated, or ionized, which makes
the plasma very reactive while the gas temperature remains
at low or even at RT. These attractive characteristics make
them attractive for applications such as plasma medicine.

Traditionally, RT-APPs are generated in discharge gaps
between two electrodes, which are inefficient or even impos-
sible for applications, such as teeth root canal treatment and
assistant wound healing. To overcome the shortcoming of the
traditional RT-APPs mentioned above, various RT-APP jets
(RT-APPJs) are developed [16]–[19]. The RT-APPJs generate
plasmas in open space rather than in confined discharge
gaps, which make it very convenient for applications such as
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Fig. 1. Schematic view of the experimental setup.

plasma medicine. Recently, we have reported an RT-APPJs
using air as working gas [20] . The plasma is driven by
pulsed direct current (dc) voltages. It is found that there
are multiple discharge current pulses for a single voltage
pulse. The pulsewidth of each current pulse is ∼ 10 ns and
the time between adjacent current pulses is ∼ 100 ns. These
characteristics are very different from the traditional Trichel
pulses in negative and positive pin-to-plane corona discharge
in air. To understand more about the characteristics of the
plasma, the effects of the amplitude of the applied voltage,
pulse frequency, pulsewidth, and working gas (He, He+O2, Ar,
N2, O2, and air) on the current–voltage (I–V ) characteristics
of the plasma are investigated in this paper.

II. EXPERIMENTAL SETUP

Fig. 1 shows the schematic view of the device. The main
body of the device comprises a stainless steel needle. The
diameter of the stainless steel tip is ∼ 100 μm. The stainless
steel needle serves as the electrode, which is connected to a
high-voltage (HV) submicrosecond pulsed dc power supply
through a 60-k� ballast resistor R and a 36-pF capacitor C .
Both the resistor and the capacitor are used for controlling
the discharge current and the voltage on the needle. Hence,
the plasma can be touched by bare hands of human being
without any feeling of heat or electrical shocking. The applied
voltage V1, the voltage after the capacitor V2, and the voltage
V3 on the needle are measured by three P6015 Tektronix
HV probes, respectively. The discharge currents are measured
by a CT1 Tektronix current probe. The voltage and current
waveforms are recorded by a Tektronix DPO7104 wideband
digital oscilloscope. More detailed information about this
device can be found in [20].

0093-3813/$31.00 © 2013 IEEE
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In this paper, to investigate the effect of working gas on
the plasma characteristics, the needle is fixed inside a sealed
quartz glass tube (innerdiameter of 2.5 cm) with the length
of 10 cm. One end of the tube is sealed by a rubber stopper
with a hole allow the working gases flowing. The bottom of
the tube is covered with aluminum foil that acts as the ground
electrode. The flow rate of all the gasses used is 200 sccm.
Before turning on the power supply, we have the gas flowing
into the quartz tube for 5 min. Industrial grade (99.99%) of
the Air/He/O2/N2/Ar gas is used.

III. EXPERIMENTAL RESULTS

A. Ignition of the Plasma

Fig. 2(a) and (b) shows the typical I–V waveforms obtained
under the exact similar experimental conditions. It shows
clearly that several voltage and current spikes appear for a
single voltage pulse. The interval between adjacent current
pulses is ∼ 50 ns, and the pulsewidth of each following
current spike is ∼ 5 ns. Because of the stochastic nature of
air breakdown, the ignition time changes randomly, as shown
in Fig. 2(a) and (b). Under these experimental conditions,
the appearing time of the first current pulse changes from
∼ 150 to 700 ns, whereas the breakdown voltage V3 increases
from ∼ 2 to 4 kV. The first discharge delay times in Fig. 2(a)
and (b) are 200 and 420 ns, respectively. Studies on the
discharge breakdown delay time shows that this delay time
is relative to the seed electron in the discharging gap, the
gap length, gas pressure, working gas, and so on [21]–[23].
In this case, it may due to the seed electrons remaining in
the discharge gap. For the first breakdown, the breakdown
voltage V3 and the peak current have the largest amplitude.
On the other hand, although the first breakdown voltage V3
for different delay time is different, the following pulses have
almost the same amplitude. The breakdown voltage V3 of
the following discharge pulses is nearly the same, which is
∼ 900 V.

For every applied voltage pulse, the later the first breakdown
appears, the larger the amplitudes of the breakdown voltage
V3 and the current because the longer the charging time of
the capacitor of the gas gap, the higher the voltage V3 across
the gas gap. Fig. 2(c) shows the plots of the amplitudes of
the first breakdown voltage V3 and current versus delay time
of the first breakdown. This figure shows the stochastic but
statistic properties of air breakdown under submicroseconds
pulsed directed current voltages. It is noteworthy to point out
that, after the first discharge pulse, there are many following
pulses, but the following pulses only last for some time rather
than during the rest of voltage V1 on time. When no more
microdischarge appears, V3 keeps no obvious change. It is
∼ 900 V until the falling edge of the apply voltage V1.

B. Effects of Applied Voltage and the Pulsewidth on the
Plasma Characteristics

In the next, the discharging gap is still fixed at 0.5 mm, and
the working gas is ambient air. Initially, the pulse frequency
and pulsewidth are fixed at 8 kHz and 2000 ns, respectively.
The applied voltage V1 varies from 4 to 9 kV. With the increase

Fig. 2. (a) and (b) Two typical discharge I–V waveforms for the same
experimental conditions. The breakdown delay time for (a) and (b) are 0.2
and 0.42 μs, respectively. (c) I–V amplitudes of the first pulse versus the
delay time. Gap distance d is fixed at 0.5 mm.

of the applied voltage V1, the first discharge appears earlier,
the first breakdown voltage V3 and the peak current decrease.
However, the amplitude of the breakdown voltage of the fol-
lowing spikes V3 does not significantly change with the applied
voltage V1. On the other hand, the intervals between the
following current pulses decrease with the increasing applied
voltage V1. Fig. 3 shows the time intervals between the follow-
ing current pulses generated at different applied voltage V1.
It is ∼ 85 ns between the following current pulses when
applied voltage V1 is 4 kV, it decreases to 48 ns for V1 of 9 kV.
In other words, the frequency of the following current pulses
increase with the increase of the apply voltage V1, which
is consistent with the characteristics of the Trichel pulses.
The intervals between the following pulses in our experiments
are, however, in the order of tens of nanoseconds, whereas for
the Trichel pulse it is in the order of several microseconds.

With the increase of the pulsewidth, the discharge becomes
more and more stable, and the first discharge tends to appear
early. The intervals between the following discharge pulses
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Fig. 3. Intervals between adjacent current pulses versus apply voltage V1
for applied pulse frequency of 8 kHZ and gas gap of 0.5 mm.

Fig. 4. Multiple discharging pulses sequence for much longer applied
pulsewidth for gap distance d of 0.5 mm and applied pulse frequency of
8 kHz.

become longer. With the increasing pulsewidth of the applied
voltage V1, another discharge pulse sequence appears, as
shown in Fig. 4. The time interval between the two discharge
sequences is ∼6 μs, corresponding to a frequency of 167 kHz.
Dubois et al. [24] obtained a pulse frequency of ∼ 12 kHz in
an atmospheric positive corona discharge in air for discharge
gap of 9 mm.

C. Effects of the Discharging Gap on the Discharge
Characteristics

To understand how the discharge gap affect the plasma
characteristics, the plasma for different gaps of 0.1, 0.3, 0.5,
and 1 mm is studied for applied voltage of 6 kV, pulsewidth
of 1000 ns, and pulse frequency of 8 kHz. Experimental
results show that the discharging gap affects the interval
of nearby pulses and the pulsewidth of the current. Fig. 5
shows the interval between nearby pulses and the pulsewidth
of the current for different discharge gaps. As shown in
Fig. 5, the intervals between nearby pulses increase from 37
to 55 ns, and the half-width-half-maximum (HWHM) of the
current increases from ∼ 1.5 to 8.2 ns when the discharge gap
increases from 0.1 to 1 mm.

As we know, in a dc corona discharge, to ignite the next
discharge, all the positive ions in the discharge channel have to

Fig. 5. Intervals between adjacent current pulses and HWHM of a single
pulse versus gas gaps for applied voltage of 6 kV, pulsewidth of 1000 ns and
pulse frequency of 8 kHz.

be removed by drifting to the cathode. The ion drift mobility
μi can be expressed as follows:

μi = 36
√

1 + M/Mi

p[atm]
√

(α/α3
0)A

cm2

V · s
(1)

where M is mass of gas molecule and Mi mass of the ion,
α/α3

0 about 10 for N2 and O2 plasma [25], A is the molecular
weight of the gas. For the ion drift velocity v = μi E , we
assume the electric field along the gap is uniform. Then,
we obtain E = 1.2 × 104 V/cm for 0.5-mm long gas gap.
Thus, the removing time of the positive ions (usually N+

2 ,
hence M/Mi = 0.5) in air is ∼ 75 ns, which is close to the
experimental value of 50 ns. Regarding the pulsewidth of the
current, for the 0.5-mm long gas gap, in air, the electron drift
velocity is ∼ 7.11 × 105 m/s, thus it will take ∼ 1.5 ns for
an electron to pass the gas gap, which is on the same order
of our experimental results. Hence, it is reasonable to assume
that for each current pulse there is only one electron avalanche,
the electrons generated by the electron avalanche pass the gas
gap to form the discharge current pulse. Then, the discharge
quenches until the positive ions are removed from the gap by
drifting under electric field. It is found that (not shown here)
numbers of the current pulses in a discharge sequence reduces
as the discharge gap increases. When the discharge gap is
increased to >1 mm it becomes a single current pulse other
than multiple discharges, which is like the traditional positive
corona discharge.

D. Discharges in Different Gases

Researchers have found that regular Trichel pulses only
exist in electronegative gasses or their mixtures [26]. To know
whether the discharge current pulses reported in this paper has
the similar characteristics or not, the plasma characteristics for
different gas mixtures are investigated. Fig. 6(a)–(f) shows the
I–V waveforms for working gas of He, He/O2 (3%), He/O2
(8%), Ar, N2, and O2, respectively. During the experiments,
the needle is put inside a hermetic cylindrical jar, and the flow
rate is kept at 200 sccm. It shows that, when He is used, there
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Fig. 6. Current and voltage waveforms for different working gasses.
(a)–(f) He, He/O2 (3%), He/O2 (8%), Ar, N2, and O2, respectively. Gap
distance of 0.5 mm and pulse frequency of 8 kHz.

is only one discharge current pulse for all different discharge
conditions. The discharge current pulse is different from that
shown above in the case of air as working gas. The current
has a lower peak value and wider pulsewidth. In addition, it is
worthy to point out that the delay time of the current pulse and
the current waveform are stable. In other word, the experiment
is repeatable.

When a small percentage of O2 is added to the He gas,
multiple discharges appear, as shown in Fig. 6(b) and (c).
According to this observation, the multiple discharges are
due to the electronegative gas O2, which is similar with the
traditional Trichel pulse. To view if this is true or not, working
gas of Ar, N2, and O2 are tested. As shown in Fig. 6(d)–(f),
there are also multiple discharges for the three different types
of working gas. The time interval between nearby current pulse
in O2 is the longest, followed by N2, and finally by Ar.

When O2 is used, the electrons could attach to O or O2,
through the reactions O2 + e → O− + O, and O2 + e+
M → O−

2 + M, which lower down the electron drift velocity
and takes more time to breakdown the gas gap, and results
in the wider current pulsewidth. In the meantime, electrons
attached to O− or O−

2 , have much lower drift velocity.
Although passing the gas gap, they could also recombine with
positive ions. This could explain why O2 has the longest time
intervals between nearby current pulse.

IV. DISCUSSION

Corona discharges could be ignited on sharp edge electrode,
sharp points (like a tip of a needle) or on thin wires as long
as electric field is strong enough to break down the gas [27].

Both negative and positive pin-to-plane dc corona discharges
were researched for many years by different groups including
Trichel, Loeb Fieux, Lama, et al. [28]–[32]. The negative
point corona discharges were studied by Trichel (1938) [28],
which are characterized by regularly recurring pulses. The
discharge propagates radically and is then chocked off by
the accumulated space charges [33]. Corona discharge in air
at atmospheric pressure has a fast rising time of order 1 ns
and a relatively long time interval between pulses [34]. The
time interval between pulses is usually in the order of several
microseconds, much longer than that the value (∼ 50 ns)
obtained in discharge reported in this paper.

For negative corona discharge, researchers investigated the
effect of various parameters on the characteristics of Trichel
pulse [35], [36]. Loeb et al. [26] concluded that the Trichel
pulses only appear in electronegative gas discharge. Under
certain conditions the current of negative point-to-plane
corona discharge in electronegative gases consist of a series
of regular current pulses of short duration (∼20–100 ns) with
repetition frequencies ∼ 20–100 kHz [37]. Our experimental
results show that regular pulses are also observed in gases
such as Ar and N2, and have shorter duration with higher
repetition frequencies. It indicates that the discharge observed
in our experiments have different mechanism from that of the
traditional Trichel pulses.

Positive pin-to-plane corona and pulsed corona discharges,
which are similar with the discharges investigated in this
paper, are also researched by different groups [38]–[41].
With the increase of the applied voltages, positive corona is
characterized as follows: 1) an intermittent (geiger counter)
regime. In this regime, the current depends on the num-
ber of external triggering electrons introduced into the gap
and on space charge limitation of the individual discharges;
2) a steady burst corona regime, while the current is indepen-
dent on external ionization; and 3) breakdown streamers [42].
The positive corona discharge currents are a series of irreg-
ular pulses with small peak value (∼ 10 mA) and repetitive
frequency in the range of 10–30 kHz [43]–[47], which is
consistent with the results of the long time duration voltage
pulse between two discharge sequences. As analysis shown
above, the discharge in our experiments is similar to the
normal positive corona. It has, however, its own characteristics.
The current pulses within a discharge sequence are more
regular and the repetition frequency is much higher (tens of
MHz or even higher).

V. CONCLUSION

The electrical characteristics of an atmospheric pres-
sure pulsed plasma needle were investigated in this paper.
A sequence current pulse was observed for one applied voltage
pulse. It was found that the first current pulse appeared
randomly, and the amplitude of the voltage on the needle
V3 before first breakdown and the discharge current increased
with the increase of the breakdown delay time. After the first
breakdown, the time intervals between the following nearby
current pulses increased with the apply voltage and the gas
gap. In addition, the time intervals between the following
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nearby current pulses also depended on the working gasses.
The pulsewidth of the current increased with the discharge
gap. It was also found that there was always only a single
discharge pulse for one applied voltage pulse in He, but a
sequence of current pulses for all the other working gasses
(He /O2 mixtures, Ar, N2, O2, and air).
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