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Non-thermal atmospheric pressure plasma jets (NAPPJs) using ambient air as the inducer
are of particular and desirable interest but with significant challenges. In this study, we
report an air APPJ driven by ionization in the afterglow region, resembling noble gas
APPJs. A pin-to-nozzle electrode is used for the air plasma jet with a nanosecond-pulsed
DC high voltage as the power supply. Results show that the nozzle diameter plays an
essential role in forming the air plasma jet. When the nozzle diameter is 3 mm, the air APPJ
is driven by ionization in the afterglow region which is proved by the following three
phenomena. First, with an exposure time of 0.1 s, an obvious shiny line (the narrow channel
plasma) formed by electron accumulation is observed in the jet. The narrow channel
becomes much brighter with a grounding pin approaching the nozzle vertically. In
comparison, there is no such phenomenon with a 1-mm diameter nozzle. Second, the
afterglow region discharge current of the ionization-driven processes is hundreds of mA
distinguished from airflow-driven processes, the afterglow region current of which is
typically zero. By using E-FISH to measure the electric field in the afterglow region, it can
detect the electric field which has a maximum value of 10.5 kV/cm. Third, the intensity of
the N2

+ band is much stronger with a 3-mm diameter nozzle than with a 1-mm diameter
nozzle, indicating that the local electric field plays an important role in the discharge. We
expect this study can offer useful guidelines on the design and understanding of ionization-
driven air plasma jets.
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INTRODUCTION

Atmospheric pressure plasma jets (APPJs) capable of producing various reactive species have attracted
increasing attention because of their potential applications in plasma medicine and material processing
[1–10]. With an output voltage ranging from several thousand volts to several tens of kilovolts, the gas in
the dielectric tube will be ionized, which can produce ionizing waves. These ionizing waves are highly
repeatable and able to propagate along the dielectric tube under the action of airflow and extend to the
surrounding air to form APPJs [11–16]. Unlike other plasma discharges, which can only occur in narrow
electrode gaps, plasma jets can be generated in an open space. Such plasma jets are then feasible for
processing samples with complex three-dimensional structures such as tubes, teeth, and skin, and are
highly warranted in the plasmamedicine area [17–19].When the working gas for the plasma jets is a noble
gas such as He and Ar, generally, a low breakdown electric field is required and a stable discharge is
observed [20–24]. Noble gas plasma jets have already been studied in most available reports. In recent
years, air plasma jets have begun to attract widespread attention.

An air plasma jet contains two regions: the active region and the afterglow region. An air plasma jet is
formed by plasma propulsion in the afterglow region. The driving process of the plasma in the afterglow
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region is mainly studied. It is generally believed that the air plasma in
the afterglow region is driven by airflow [25, 26]. The propagation of
these air plasmas is determined by the transport of active particles
with long life, the charged particles are led out directly through the
earth electrode, and the propulsion speed is close to the airflow
velocity so it is driven by the airflow [27–29]. To obtain a longer air
plasma jet in the afterglow region, increasing the gas flow rate is
seemingly the only currently available method. Only in the narrow
breakdown gap is the effect of airflow relatively obvious, which
thereby greatly limits further applications of such jets. Therefore,
for the current study on air plasma jets, although the cost of air is
lower and more convenient, its application is greatly limited by weak
ionization, the low concentration of active particles, and high gas
temperature, especially when the treatment targets are fragile and
sensitive such as cells and tissues [30–33].

This study aims at developing a more application-oriented
ionization-driven air APPJ. A bare pin-to-nozzle electrode
configuration in a dielectric tube to generate the bare metal air
plasma jet was used with a short-pulsed DC high voltage as the
power. It is found that different from the previous air jet driven by
airflow, part of this air jet is driven by ionization [29, 34]. It has
the following characteristics: the jet cross-section is larger and
longer; the ionization strength becomes stronger, increasing the
concentration of active particles; and the gas temperature
decreases. Therefore, this study focuses on the “propagation”
characteristics of the ionization-driven air APPJ.

EXPERIMENTAL SETUP

Figure 1 shows the schematic of the plasma jet device. Air is used
as the working gas. The dielectric tube is made of quartz. In the

middle of the dielectric tube is a metallic pin with a diameter of
2 mm. The inner diameter of the dielectric tube is 38 mm. A
horn-like nozzle made of copper is inserted tightly from the right
end of the dielectric tube. There are three nozzles with different
diameters (1, 2, and 3 mm, respectively). The distance between
the pin electrode and the exit of the nozzle is 3 mm. The device is
powered by a nanosecond pulse power supply directly connected
to the pin electrode, with an adjustable amplitude of 0–10 kV, a
repetition frequency of 0–10 kHz, and a pulse width from 100 ns
to DC. The nozzle is grounded. A voltage probe (Tektronix
P6015A) is used to measure the voltages of the pin electrode
and the plasma jet, with a digital oscilloscope (Tektronix
MDO3034) recording all the voltage waveforms. The working
gas (air) flow direction is from left to right in the dielectric tube
with the flow rate controlled by a mass flowmeter (MKS GE50A).
The plasma photographs are captured by a camera (Canon
D7000) with an exposure time of 0.1 s. An intensified charge-
coupled camera detector (ICCD) is used to capture the air plasma
jet’s dynamics photos. A half-meter spectrometer (Princeton
Instruments, Acton SpectraHub 2500i) was used to measure
the optical emission spectrum of the discharge.

EXPERIMENTAL RESULTS

Visible Properties of Air Plasma Jets With
Nozzles of Different Diameters
As shown in Figure 2, the different phenomena of the air plasma
jet ejected from the nozzle with diameters of 3 and 1 mm are
presented, respectively. Clearly, in Figure 2A, an obvious shiny
line (the narrow channel plasma) in the central region of the
plasma jet with a 3-mm diameter nozzle can be observed. In

FIGURE 1 | Schematic of the air plasma jet device.

Frontiers in Physics | www.frontiersin.org June 2022 | Volume 10 | Article 9284022

Jin et al. Ionization-Driven Air Plasma Jet

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


comparison, the jet from the nozzle with a diameter of 1 mm does
not have such a phenomenon, as shown in Figure 2C. To have a
deeper insight into this difference, a grounding pin is extended
vertically into the air plasma jet to influence the electric field of
the afterglow region. As shown in Figures 2B,D, when the
distance between the grounding pin and the nozzle is 2 mm,
the narrow channel in the central region of the plasma jet with a
3-mm diameter nozzle becomes much brighter, while no visible
change can be observed in the plasma jet with a 1-mm diameter
nozzle.

Discharge Voltage and Current
Characteristics
The discharge voltage and current of the air plasma jet with a 3-
mm diameter nozzle are measured. The voltage amplitude is set to
8 kV and the voltage pulse width is set to 250 ns. As shown in
Figure 3, with the increase of the applied voltage amplitude, the
voltage maintained the pulse waveform until the discharge gap is
broken down. When the voltage amplitude rises to 8 kV, the
voltage pulse width is reduced to about 130 ns(Figure 3B). The
discharge current can be obtained by measuring the displacement
current and the total current. The displacement current is
measured, as shown in Figure 3A. The measurement result of
the total current is shown in Figure 3B. It can be seen that the
peak value of the discharge current is very large, which may be
due to a large amount of charge flowing directly into the ground
electrode.

The afterglow region of the general air plasma jet cannot
measure the current, but there is a bright narrow plasma
channel in the air plasma jet of the 3-mm diameter nozzle,
which is worth studying. A grounded resistance of 10 kΩ is
used to measure the current of the afterglow region. The
measuring position is on the same horizontal plane as the
jet, and the measuring distance x is the distance between the

measuring position and the nozzle outlet. As shown in
Figure 4, the measured current became smaller as the
measurement distance increased from 2 to 5 mm. Through
the small figure in Figure 4, we can see that the phase
increases with the measurement distance. The order of
magnitude of the current in the afterglow region is
confirmed to be 102 mA. This illustrates that there is an
electric field in the afterglow region of this air plasma jet.
This phenomenon has never been observed and reported
before. It is worth mentioning that there is no current in
the afterglow region of the air plasma jet with the 1-mm
diameter nozzle.

Dynamics of the Air Plasma Jet With
Different Nozzles
To further understand the propulsion mechanisms of this air
plasma jet in the afterglow region, the dynamic of the jet is
recorded using a high-speed camera to get high temporal
resolution images. For the high-voltage corona discharge with
air as the working gas, there are two modes of plasma
propulsion. One is the ball-shaped streamers (the plasma
bullets) with a velocity of ~105 m/s. The other one is the
uninterrupted plasma plumes with a velocity of ~102 m/s [35].
From previous works, in the afterglow region, the plasmas in
the noble gas jets propagate in the form of plasma bullets, but
the plasma in the air jet propagates in the form of the
uninterrupted plasma plume. In Figure 5, for the air
plasma jet with a 1-mm diameter nozzle, only the
uninterrupted plasma plumes can be observed in the
afterglow region. The continuous plasma plumes propagate
forward gradually, reaching a maximum length at around
70 µs, then weakening until the next discharge. While in
Figure 6, which shows the dynamics of the plasma jet with
the 3-mm diameter nozzle, when the exposure time is set at

FIGURE 2 |Optical photos of the air plasma jet with different diameters nozzles. The nozzle diameter is 3 mm in (A,B) and 1 mm in (C,D). The distance between the
pin tip and the nozzle center is 2 mm in (B,D). The airflow rate of air is 20 L/min. The amplitude of the voltage is 8 kV.
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3 ns, the propulsion process of ball-shaped streamers (plasma
bullets) from 60 to 120 ns can be captured. At about 110 ns,
the plasma bullets reached their peak distance. After 200 ns,
with the exposure time adjusted to 1 µs, the uninterrupted
plasma plumes can be observed and move forward with a
propulsion velocity of ~50 m/s.

According to Figures 5, 6, the position of the plasma plume
and the shooting time of each photo can be determined.
Therefore, the velocity of the air plasma propagation in the
afterglow region can be obtained. The propagation velocity of
the plasma with the 1-mm diameter nozzle shown in Figure 5
is calculated to be ~400 m/s, close to the airflow velocity of
424 m/s, suggesting an airflow-driven propagation. The
maximum propagation velocity of the plasma with the 3-
mm diameter nozzle (Figure 6) in 60–120 ns is calculated to
be 1.34 × 105 m/s, close to that of the plasma bullets with noble
gases driven by ionization. In contrast, the velocity of the
uninterrupted plasma plumes in 10–70 µs is 50 m/s,
approximately close to the airflow velocity of 47 m/s. These

results indicate that the air plasma jet with the 3-mm diameter
nozzle contains two propulsion processes in the afterglow
region, that is, ionization-driven and airflow-driven
processes.

Electric Field of the Air Plasma Jets
In order to further prove that there is an ionization-driven
process in this air plasma jet with the 3-mm diameter nozzle,
electric field–induced second-harmonic generation (E-FISH)
has been used to measure the electric field in the afterglow
region.

In the experimental system of measuring the electric field
by second harmonic, an Nd: YAG–pumped nanosecond pulse
laser is used as the fundamental frequency light source, with a
working frequency of 10 Hz, a laser pulse width of 7–9 ns, and
a laser working wavelength of 1,064 nm. The laser is
synchronized with a nanosecond pulse power supply
through a Stanford Research System (DG645). The system
for the ns E-FISH diagnostic is shown in Figure 7A. A
spectrometer connected to an ICCD is used as the detector.
Figure 7B shows the plate electrode used in the calibration
experiment, and Figure 7C shows the jet structure to measure
the electric field.

Two parallel plate electrodes were used for calibration, and the
laser passed between the plate electrodes to ensure that the
Rayleigh length is in the electrostatic field generated by the
electrodes. The distance between the plate electrodes was
adjusted so that the air gap distance is 1 cm, different voltages
were applied to produce different sizes of uniform electric fields,
and the calibration curve was obtained by measuring the second-
harmonic signals generated under different electric fields As
shown in Figure 8, the linear relationship between the square
of the electric field intensity and the second-harmonic signal
intensity can be obtained.

FIGURE 3 | Voltage and current waveforms on the pin electrode. (A)
Displacement current and (B) total current of the air plasma jet. The airflow rate
is 20 L/min. The amplitude of the voltage is 8 kV. The pulse width of the
voltage is 250 ns. The frequency of voltage is 5 kHz. The diameter of the
nozzle is 3 mm.

FIGURE 4 | Current waveform of the grounded resistance. The
resistance is 10 kΩ. V1 is the voltage of the supply. IR is the current on the
grounding resistance. x is the distance between the ground resistance pin and
the nozzle outlet. The small graph in the upper right corner is obtained by
normalizing the waveform of IR with x = 2 mm, x = 3 mm, and x = 5 mm.
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E � A
��
IS

√
, A � 95. (1)

E is the electric field strength. A is the calibration coefficient. IS
is the second-harmonic signal strength.

Then, the electric field in the afterglow region of the plasma jet
with 3- and 1-mm diameter nozzles was measured, respectively.
The laser focusing position was 2 mm below the nozzle. The

measured second-harmonic signal intensity is converted into
electric field intensity through formula (1). As the result
shown in Figure 9, there is no electric field that can be
detected in the jet with the 1-mm diameter nozzle, while in
the jet with the 3-mm diameter nozzle, the electric field can be
detected, and the maximum value is 10.5 kV/cm. It is proved once
again that there is an ionization drive in this air plasma jet.

FIGURE 5 | Dynamics of the air plasma jet with a 1-mm diameter nozzle in the afterglow region. The exposure time is 1 µs. The time labeled on each image
corresponds to the external trigger signal of the fast-speed camera.

FIGURE 6 | Dynamics photos of the air plasma jet with a 3-mm diameter nozzle in the afterglow region. The exposure time is 3 ns in 60~120 ns and 1 μs in
120~70 µs, respectively. The time that the external trigger signal gives the camera to start taking pictures is marked in each photo’s bottom right.
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Optical Emission Spectra of the Air Plasma
Jets
Figure 10 shows the spectra of the air plasma jets in the
afterglow region. The main emission lines observed are the
NO(A-X), N2(B-C), N2

+(B-X), N2O, and O atoms in the
spectra. Compared with the two nozzles, the similar
composition of the active particles and their significantly
different shapes and intensities of the spectra were
observed. The signal intensity of the spectral band with the
3-mm diameter nozzle is always much stronger than that with
the 1-mm diameter nozzle.

Then, the grating of the spectrometer was adjusted to 3,600 g/
mm to measure the spectral band near 337 nm. The experimental
spectra are fitted with the simulation one to get the rotational
temperature. Because of the high collision frequency of the
plasma at atmospheric pressure, the rotational temperature is
approximately equal to the gas temperature. Figure 11 shows the

experimental and simulated spectra of the N2 (337 nm) emission
in the afterglow region. For the plasma with the 1-mm diameter
nozzle (Figure 11A), the rotational temperature is 330 ± 50 K,
while for the plasma with the 3-mm diameter nozzle
(Figure 11B), the rotational temperature is 310 ± 50 K in the
afterglow region. It is worth mentioning that in the afterglow
region, the rotational temperature with the 3-mm diameter
nozzle is lower than that with the 1-mm diameter nozzle,
which is close to room temperature. This could be linked to
the fact that the air plasma jet with the 3-mm diameter nozzle
contains an ionization drive process.

DISCUSSION

It has been generally accepted that the propulsion of the noble
gas plasma jets is driven by ionization in the afterglow region

FIGURE 7 | System of E-FISH. (A) Schematic of the apparatus for the electric field–induced second-harmonic. (B) Device for calibration. (C) Experimental device.
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[29, 34, 36–38]. The propulsion velocity of the noble gas
plasma bullet reaches the order of km/s or even higher.
The noble gas is easily broken down, the plasma has high
ionization strength, and the gas temperature is close to room
temperature. On the contrary, because of the difficulty of air
breakdown, the general air jet is generated in the micro-
porous structure. The propulsion velocity in the afterglow
region is close to the airflow velocity, leading to a great
dependence of the air jets on the flow velocity. The gas
temperature is high, limiting the application.

In this study, an ionization-driven air plasma jet was
obtained by changing the micro-porous structure. The gas
temperature was close to room temperature. We observed the
propulsion process in the afterglow region of the air plasma jet
and obtained three phenomena to illustrate this ionization-
driven process.

First, the visible characteristics of the plasma jet with different
nozzles are different. An obvious shiny line (the narrow channel
plasma) is present in the central region of the plasma jet with the
3-mm diameter nozzle. When the grounding pin approaches the
nozzle, it is observed that the narrow channel is significantly
brighter. This phenomenon can be explained by the ionization-
driving characteristics of the plasma jet. It is proved that there is
an electric field in the air jet of the afterglow region, and the
intervention of the grounding pin affects the electric field
distribution and the propagation of the charged particles. In
contrast, the plasma jet with the 1-mm diameter nozzle has not
observed the phenomenon.

Second, the dynamic photograph of the plasma jet has been
captured. We observed that the plasma jet with the 3-mm
diameter nozzle contains two propulsion processes. The
plasma advanced quickly with a velocity of about 1.34 ×
105 m/s in 60–120 ns and then followed by a much slower
velocity in 10–70 µs. While the plasma jet with the 1-mm
diameter nozzle only has the airflow-driven process, the
plasma propulsion velocity is close to that of airflow.

Why do we choose the airflow rate of 20 L/min? For the
ionization-driven process, the gas turbulence causes the
instability of gas distribution, resulting in the disorder of
plasma bullet propulsion. With the increase of the gas flow
rate, the jet length decreases and finally tends to be stable. For
the airflow-driven process, the jet length becomes longer with
the increase in the gas flow rate, and finally stabilizes at a
certain length. Because the air plasma jet introduced in this
study includes both an ionization-driven process and gasflow-
driven process, when the airflow rate is 20 L/min, the plasma
length of both processes can be clearly observed.

Third, the afterglow region’s measured current has indicated
the existence of an electric field. According to the measurement of
the electric field by E-FISH, the air plasma jet with the 3-mm
diameter nozzle has a maximum electric field value of 10.5 kV/cm
in the afterglow region, while the jet with the 1-mm diameter
nozzle cannot detect an electric field.

Why is there an ionization-driven process in the afterglow
region of the air plasma with a 3-mm diameter nozzle? For the
ionization-driven process, at least two conditions are needed:
the external electric field and the local electric field. In
previous reports, the air plasma jets are driven by DC or
AC power supply. Now, we use a nanosecond pulse power
supply, which makes electrons’ accumulation reach a peak
value in a very short time. From the discharge voltage and
current curve, the voltage pulse width is set to 250 ns. When
the discharge occurs, the voltage and current on the high-
voltage electrode mainly exist in the first 100 ns; hence, the
ionization strength is relatively high during the first 120 ns of
plasma propulsion.

From the point of view of the structure, when the diameter of
the nozzles is 1 mm (micro-porous structure), the distance
between the high-voltage electrode and the ground electrode is
close, and the equivalent capacitance of the nozzle is relatively
large. It is equivalent to the high-voltage electrode and the
grounding electrode being directly connected through the

FIGURE 8 | Calibration curve of the electric field and square of the
second-harmonic signal.

FIGURE 9 | Evolution of the electric field with different diameter nozzles.
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plasma, and a large amount of charge flows out directly from the
grounding electrode, resulting in a high measured current peak.
When the diameter of the nozzles is 3 mm, the distance between

the high-voltage electrode and the ground electrode becomes
larger, and the equivalent capacitance becomes smaller. It causes
part of the charge to be ejected with the jet.

FIGURE 10 |Optical emission spectra of plasma jets in the afterglow regions. The direction of the jet is parallel to the slit of the spectrometer. The distance between
the sampling position and the nozzle is 2 mm. (A,B) Optical emission spectrum of plasma jets from 300 to 800 nm, D = 1 mm. (C,D) Optical emission spectrum of
plasma jets from 300 to 800 nm, D = 3 mm.

FIGURE 11 | Experimental and simulated spectra of the N2 (337 nm) emission. (A) Sampling point is in the afterglow regions, D = 1 mm. (B) Sampling point is in the
afterglow regions, D = 3 mm. The simulation spectra are obtained by Specair.
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Meanwhile, the jet’s spectrum curve also shows that the
intensity of N2

+ with a 3-mm diameter nozzle is much higher
than that with a 1-mm diameter nozzle, proving that the jet can
carry an electric-charge strong local electric field.

The aforementioned section can explain why there is an
ionization-driven process in the afterglow region. The findings
in this study are able to provide much-needed knowledge for the
design and fabrication of portable air plasma jets to meet
extensive applications in biology and the industry.

CONCLUSION

In conclusion, this study for the first time confirms the existence of an
ionization-driven process in the afterglow region of the air plasma jet
with 3-mm diameter nozzles excited by the nanosecond pulse power
supply. An ionization-driving process may increase the active
properties of the plasma in the afterglow region. The gas
temperature is close to room temperature. Achieving this is
expected to reduce the air-plasma jet’s dependence on airflow and
relieve its confinement by the micro-porous structure. It is beneficial
to expand the practical application of these air plasma jets.
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