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Abstract
Atmospheric-pressure non-equilibrium plasma jets (APNP-Js), which generate plasma in open
space rather than in a confined discharge gap, have recently been a topic of great interest. In
this paper, the development of APNP-Js will be reviewed. Firstly, the APNP-Js are grouped
based on the type of gas used to ignite them and their characteristics are discussed in detail.
Secondly, one of the most interesting phenomena of APNP-Js, the ‘plasma bullet’, is discussed
and its behavior described. Thirdly, the very recent developments on the behavior of plasma
jets when launched in a controlled environment and pressure are also introduced. This is
followed by a discussion on the interaction between plasma jets. Finally, perspectives on
APNP-J research are presented.

(Some figures may appear in colour only in the online journal)

1. Introduction

For atmospheric-pressure non-equilibrium plasmas, the
electron temperature is far higher than the temperature of the
heavy particles. Due to the high collision frequency between
electrons and heavy particles, the electrons lose their energy
in a short period. If molecular gas is present, the electrons
could quickly transfer their energy to molecular rotational and
vibrational states because the energy levels of the rotational
and vibrational states of the molecules can be much lower
than that of the electrons’ excitation and ionization [1–3].
This makes it a difficult task to obtain atmospheric-pressure
non-equilibrium plasmas with high electron energy. Thus, the
ionization efficiency in such a case is low. Furthermore, when
an electronegative gas, such as O2 and SF6, is present, the
electrons could be absorbed by the gas on a time scale of tens
of nanoseconds, or even shorter, which makes it even harder
to obtain atmospheric-pressure non-equilibrium plasmas with
electronegative gases [4].

Nevertheless, for traditional discharges, a plasma is
generated as long as the applied electric field across the
discharge gap is high enough to initiate a breakdown. However,

4 Author to whom any correspondence should be addressed.

at a pressure of 1 atm, the electric field required to initiate the
discharge is quite high. For example, when air is used, the
required electric field is about 30 kV cm−1. That is why
the discharge gaps for most atmospheric-pressure discharges
are from mm to several cm [5–13]. On the other hand,
from the applications point of view, the short discharge gaps
significantly limit the size of the objects to be treated if
direct treatment (when the object is placed between the gaps)
is desired. If indirect treatment (the object is placed next
to the gaps and the active radicals of the plasma reach the
object by flowing with the gas) is applied, active radicals with
short lifetimes and charged particles may already disappear
before reaching the sample to be treated. To overcome
the shortcomings of the traditional atmospheric-pressure non-
equilibrium plasmas, plasmas generated in open space rather
than in a confined discharge gap are needed. However, when
a plasma is to be launched in open space where the applied
electric field is normally quite low, it is extremely difficult to
sustain the existence of the plasma.

Briefly, as pointed to above, there are two facts that
make it a big challenge to generate atmospheric-pressure non-
equilibrium plasma jets (APNP-J), one is the high electron–
heavy particle collision frequency, and the other is the low
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Figure 1. Schematic of a dielectric-free electrode (DFE) jet [14].

applied electric field. Fortunately, various methods were
developed to overcome these challenges and several sources
based on different designs were subsequently reported [14–78].
APNP-Js are generated in open space rather than in confined
gaps. Thus, they can be used for direct treatment and there is
no limitation on the size of the object to be treated. This is
extremely important for applications such as plasma medicine
[79–106]. In this paper, the development of APNP-Js will
be reviewed. The paper is organized as follows: First, since
the working gas is one of the main factors that affect the
characteristics of APNP-Js, the APNP-Js are grouped based
on the type of gas used to ignite them. Second, one of the
most interesting phenomena of APNP-Js, the ‘plasma bullet’,
is discussed and its behavior is described. This is followed by a
section devoted to a presentation of very recent developments
on the behavior of plasma jets when launched in a controlled
environment and pressure. Finally, the interaction between
plasma jets is discussed in the last section.

2. Plasma jets

2.1. Noble gas plasma jet

Various types of APNP-Js with different configurations have
been reported, where most of the jets are working with noble
gas mixed with a small percentage of reactive gases, such as
O2. Plasma jets operating with noble gases can be classified
into four categories, i.e. dielectric-free electrode (DFE) jets,
dielectric barrier discharge (DBD) jets, DBD-like jets and
single electrode (SE) jets, as shown in figures 1–4.

2.1.1. DFE jets. One of the early APNP-Js, developed by
Hicks’ group, is a DFE jet, as shown in figure 1 [14, 15].
The jet is driven by a radio frequency (RF) power source at
13.56 MHz. It consists of an inner electrode, which is coupled
to the power source, and a grounded outer electrode. A mixture
of He with reactive gases is fed into the annular space between
the two electrodes. Cooling water is needed to keep the jet from
overheating and the gas temperature of the plasma jet varies
from 50 to 300 ◦C, depending on the RF power. The window of
stable operation without apparent arcing of the device uses He
flow rates greater than 25 l min−1, O2concentrations of up to
3.0% by volume, CF4 concentrations of up to 4.0% by volume,
and RF power between 50 and 500 W.

Several notable characteristics of the DFE jet are, firstly,
that arcing is unavoidable when the stable operation conditions
are not met. Secondly, compared with DBD and DBD-like

jets (discussed below), the power delivered to the plasma for
the DF jet is much higher. Thirdly, due to the high power
delivered, the gas temperature of the plasma is quite high
and out of the acceptable range for biomedical applications.
Fourthly, for this DFE jet, which is driven by an RF power
supply, the peak voltage is only a few hundred volts, so the
electric field within the discharge gap is relatively low and its
direction is radial (perpendicular to the gas flow direction).
The electric field in the plasma plume region is even lower,
especially along the plasma plume propagation direction (gas
flow direction). Finally, since the electric field along the
plasma plume propagation direction is very low, the generation
of this plasma plume is probably gas flow driven rather than
electrically driven.

On the other hand, because a relatively high power can be
delivered to the plasma and the gas temperature is relatively
high, the plasma is very reactive. This kind of plasma jet is
suitable for applications such as material treatment as long
as the material to be treated is not very sensitive to high
temperatures.

2.1.2. DBD jets. For DBD jets, as shown in figures 2(a)–(e),
there are many different configurations. As shown in
figure 2(a), which was first reported by Teschke et al [25], the
jet consists of a dielectric tube with two metal ring electrodes
on the outer side of the tube. When a working gas (He, Ar)
flows through the dielectric tube and kHz high-voltage (HV)
power supply is turned on, a cold plasma jet is generated in
the surrounding air. The plasma jet only consumes a power of
several watts. The gas temperature of the plasma is close to
room temperature. The gas flow velocity is less than 20 m s−1.
The plasma jet, which looks homogeneous to the naked eye,
is actually a ‘bullet’-like plasma volume with a propagation
speed of more than 10 km s−1. It is believed that the applied
electric field plays an important role in the propagation of the
plasma bullet. More discussion on this phenomenon will be
given in section 3.

Figure 2(b) eliminates one ring electrode [26], so the
discharge inside the dielectric tube is weakened. Figure 2(c)
replaces the HV ring electrode with a centered pin electrode,
which is covered by a dielectric tube with one end closed
[27]. With this configuration, the electric field along the
plasma plume is enhanced. Walsh and Kong’s studies show
that a high electric field along the plasma plume is favorable
for generating long plasma plumes and more active plasma
chemistry [28]. Figure 2(d) further removes the ground ring
electrode of figure 2(b) [29], so the discharge inside the tube
is also weakened. On the other hand, a stronger discharge
inside the discharge tube (as in the case of figures 2(a) and
(c)) helps the generation of more reactive species. With the
gas flow, the reactive species with relatively long lifetimes
may also play an important role in various applications. The
configuration of figure 2(e), developed by Laroussi and Lu
[30], is different from the previous four DBD jet devices.
The two ring electrodes are attached to the surface of two
centrally perforated dielectric disks. The holes in the center of
the disks are about 3 mm in diameter. The distance between
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Figure 2. Schematic of a DBD plasma jet.

Figure 3. Schematic of a DBD-like plasma jet.

the two dielectric disks is about 5 mm. With this device, a
plasma plume of up to several centimeters in length can be
obtained.

All the DBD jet devices discussed above can be operated
either by kHz ac power or by pulsed dc power. The length of the
plasma jet can easily reach several centimeters or even longer
than 10 cm, as reported by Lu et al [27]. This capability makes
the operation of these plasma jets easy and practical. There are
several other advantages of the DBD jets. Firstly, due to the
low power density delivered to the plasma, the gas temperature
of the plasma remains close to room temperature. Secondly,
because of the use of the dielectric, there is no risk of arcing
whether the object to be treated is placed far away or close to

the nozzle. These two characteristics are very important for
applications such as plasma medicine, where safety is a strict
requirement.

2.1.3. DBD-like jets. All the plasma jet devices shown
in figure 3 are named DBD-like jets. This is based on
the following facts. When the plasma plume is not in
contact with any object, the discharge is more or less like
a DBD. However, when the plasma plume is in contact
with an electrically conducting (a non-dielectric material)
object, especially a ground conductor, the discharge is actually
running between the HV electrode and the object to be treated
(ground conductor). For such a circumstance, it no longer
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Figure 4. Schematic of an SE plasma jet.

operates as a DBD. The devices shown in figure 3 can be driven
by kHz ac power, by RF power or by pulsed dc power.

Figure 3(b) replaces the solid HV electrode in figure 3(a)
with a hollow electrode [22, 31]. The benefit of this kind of
configuration is that two different gases can be mixed in the
device. Normally, gas inlet 2 is used for a reactive gas such
as O2 flow, and gas inlet 1 is for a noble gas. It was found
that the plasma plume is much longer with this kind of gas
control than that using a pre-mix gas mixture with the same
percentage [22]. The role (and advantage) of the ring electrode
in figures 3(a) and (b) is the same as in the case of DBD jets.

When the DBD-like plasma jets are used for plasma
medicine applications, the object to be treated could be cells
or whole tissue. In this case, these types of jet devices should
be used carefully because of the risk of arcing. On the other
hand, if it is used for treatment of conductive materials, since
there is no dielectric, more power can easily be delivered to the
plasma. So as long as arcing is carefully avoided, the DBD-like
jets have their own advantages.

2.1.4. Single electrode (SE) jets. The schematics of single
electrode (SE) jets are shown in figures 4(a)–(c). Figures 4(a)
and (b) are similar to the DBD-like jets except there is no ring
electrode on the outside of the dielectric tube. The dielectric
tube only plays the role of guiding the gas flow. These two jets
can be driven by dc, kHz ac, RF or pulsed dc power.

Because of the risk of arcing, the plasma plumes generated
by figures 4(a) and (b) are not the best for biomedical
applications due to safety issues [32]. In order to overcome
this problem, Lu et al developed a similar SE jet, as shown in
figure 4(c) [33]. The capacitance C and resistance R are about
50 pF and 60 k�, respectively. The resistor and capacitor are
used for controlling the discharge current and voltage on the
hollow electrode (needle). This jet is driven by a pulsed dc
power supply with a pulse width of 500 ns, repetition frequency
of 10 kHz and amplitude of 8 kV. The advantage of this jet
is that the plasma plume or even the hollow electrode can
be touched without any risk of injury, making it suitable for
plasma medicine applications.

Figure 5. Photograph of a plasma generated in the root canal of a
tooth using the jet of figure 4(c) [33].

One of the potential applications is in dentistry, such as
root canal treatment. Due to the narrow channel geometry of
a root canal, which typically has a length of few centimeters
and a diameter of one millimeter or less, the plasma generated
by a plasma jet is not efficient to deliver reactive agents into
the root canal for disinfection. Therefore, to have a better
killing efficacy, a plasma needs to be generated inside the root
canal, whereupon reactive agents, including the short-lifetime
species, such as charged particles, could play some role in the
killing of bacteria. Using the device of figure 4(c), a cold
plasma could be generated inside a root canal, as shown in
figure 5.
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Figure 6. Schematic of a N2 plasma jet.

2.2. N2 plasma jet

As pointed out in section 1, it is difficult to generate
atmospheric-pressure non-equilibrium nitrogen (N2) plasma
jets. Up to now, only a few N2 plasma jets have been reported
[34–36]. Figure 6 shows the schematic of two N2 plasma jets.
The N2 plasma jet as shown in figure 6(a) was reported by Hong
and Uhm [34]. A 20 kHz ac power supply is connected to two
electrodes of thickness 3 mm and a center hole of diameter
500 µm. The two electrodes are separated by a dielectric
disk with a center hole of the same diameter. With this
configuration, they are capable of generating a N2 plasma up
to 6.5 cm long. When the N2 gas flow rate is 6.3 slm (standard
liters per minute), the gas is ejected out from the hole at a speed
of about 535 m s−1. The gas temperature of the plasma plume
at 2 cm from the nozzle is below 300 K. Figure 6(b) shows a
slightly different N2 plasma jet device, which replaces the inner
perforated HV electrode of figure 6(a) by a pin electrode [35].
The inner electrode can also be replaced by a tube such as the
one used by Hong et al [36].

2.3. Air plasma jet

Due to the presence of electronegative oxygen, O2, in air it
is difficult to sustain an atmospheric-pressure non-equilibrium
air plasma jet. Nevertheless, several different air plasma jets
have been reported [37–41]. Mohamed et al reported a micro-
plasma jet device that can operate in various gases including
air [38]. The schematic is shown in figure 7(a). A discharge
channel through an insulator with a thickness of about 0.2–
0.5 mm and a diameter of 0.2–0.8 mm separates the anode and
the cathode, which have a center hole of the same diameter.
The ballast resistor is 51 k�. When air flows through the hole
and a dc voltage of a few hundred volts (up to a kV) is applied
between the anode and cathode (depending on the thickness
of the insulator separating the electrodes), a relatively low
temperature air plasma is generated in the surrounding air with
length up to 1 cm, depending on the gas flow rate and discharge
current. However, the gas temperature of the plasma can still
be quite high. The gas temperature within the micro-gap is
about 1000 K. However, it drops quickly as it propagates in
the surrounding air. It is about 50 ◦C at 5 mm away from
the nozzle for an air flow rate of 200 ml min−1 and discharge
current of 19 mA.

Hong et al reported another type of air plasma jet device
as shown in figure 7(b) [39]. One of the notable characters
of this device is that a porous alumina dielectric is used
to separate the HV stainless steel (typical injection needle)
electrode and the outer ground electrode. The alumina used
in this device has approximately 30 vol% porosity and has an
average pore diameter of 100 µm. The ground electrode is
fabricated from stainless steel and has a centrally perforated
hole of 1 mm diameter through which the plasma jet is ejected
to the surrounding ambient air. When 60 Hz HV power
supply is applied and the flow rate of air is at several slm,
an APNP-J up to about 2 cm is generated in the surrounding
air. During one voltage cycle, there are multiple discharges.
The increase in the input power results in more current pulses.
The shortcoming of this device is the same as the previous
one, i.e. the gas temperature of the plasma is quite high. It
is about 60 ◦C at 10 mm away from the nozzle for an air flow
rate of 5 slm. For lower flow rates, the gas temperature is even
higher.

Figures 7(c) and (d) are the schematics of two ‘floating’
electrode air plasma jets [40, 41]. Strictly, they are not plasma
jets since the plasmas are generated within a gap. However,
because the secondary electrode (ground electrode) can be a
human body, so we still categorize them as plasma jets in this
paper. Both jets could generate room temperature air plasmas.
They are completely safe from the electrical perspective and
non-damaging to animals or human beings.

For figure 7(c), kHz ac or pulsed dc voltage with an
amplitude of 10–30 kV is used to drive the device. The
discharge ignites when the powered electrode approaches the
surface to be treated at a distance (discharge gap) of less than
about 3 mm, depending on the form, duration and polarity of
the driving voltage. This jet is suitable for large smooth surface
treatment.

In contrast, the jet shown in figure 7(d) is more suitable for
localized three-dimensional treatments. This jet is driven by a
homemade dc power supply. The output voltage of the power
supply can be adjusted up to 20 kV. The output of the power
supply is connected to a stainless steel needle (typical injection
needle) electrode through a resistor R of 120 M�, which is
several orders of magnitude higher than those reported [42].
When a counter-electrode, such as a finger, is placed close to
the needle, a plasma is generated, as shown in figure 8. The
plasma is similar to the positive corona discharge. However,
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Figure 7. Schematic of an air plasma jet.

Figure 8. Plasma generated by a dc power supply touched by a
finger [41].

this jet can be touched by the human body directly, which is not
the case for the traditional corona discharge. The jet has no risk
of glow–arc transition. The maximum length of the plasma is
about 2 cm. The gas temperature of the plasma is kept at room
temperature. It is interesting to point out that the discharge is
actually pulsed. It appears periodically with a pulse frequency
of tens of kHz, depending on the applied voltage and distance
between the tip of the needle and the object to be treated, as
shown in figure 9.

It should be pointed out that all these air plasma jets
can also be operated with N2 gas. On the other hand, the
device shown in figure 6(a) can be operated with air too.
But the maximum length of the air plasma plume operated
with the jet shown in figure 6(a) is about 2 cm. In addition,
the jet shown in figure 4(c) can be operated with air as a
working gas [43]. But the length of the plasma is only several
millimeters.

2.4. Brief summary

Although noble gas plasma jets are relatively easy to generate,
they are not as reactive as air plasma jets. That is the reason why
a small percentage of reactive gases are added to the noble gas
when the plasma jets are used for various applications. The
noble gas is used to serve as the carrier gas to generate the
plasma. For biomedical applications, O2 or H2O2 is usually
added. For applications of etching, CF4 or O2 could be used.
Regarding N2 plasma jets, they are also not as reactive as air
plasma jets. It is also recommended to add a small percentage
of reactive gases to the carrier gas.

3. Plasma bullet

The discrete nature of the structure of plasma jets was first
observed by Teschke et al using an RF-driven plasma jet [25]
and by Lu and Laroussi using a pulsed dc plasma jet (the plasma
pencil) [109]. Using fast imaging, these investigators found
that the plasma plume, which appeared continuous to the naked
eye, was in fact made up of fast moving plasma structures.
Teschke et al found that the small volume of plasma, or plasma
bullet, travels at a velocity of about 1.5 × 104 m s−1 [25] while
Lu and Laroussi measured velocities as high as 1.5×105 m s−1

[109]. Comparatively, the estimated upper limit of the drift
velocity of electrons under the external applied electric field is
only 1.1 × 104 m s−1, and the estimated upper limit of theN+

2
drift velocity is 2.2 × 102 m s−1. Because these speeds are
far lower than the measured bullet-like plume velocity, Lu
and Laroussi invoked a streamer propagation model based on
photoionization, in the manner that was proposed by Dawson
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Figure 9. (a) Typical I–V characteristics of the plasma and (b) a close look on the I–V characteristics of a typical single pulse [41].

and Winn [110] for streamers, to explain the properties of these
so-called plasma bullets.

However, there are some notable differences between
the streamer-like APNP-J and positive corona discharges
that are typically used to study cathode-directed streamers.
For example, streamers developed in pulsed positive corona
discharges are typically not very repeatable due to the
stochastic nature of their initiation. In contrast, the plasma
bullet behavior is mostly very repeatable. In addition,
experiments revealed ring-shaped profiles of plasma bullet
radiation, of the densities of nitrogen ions and metastable
He atoms, with maxima shifted from the jet axis. Such a
pattern is different from that of a typical streamer in uniform
media, which does not have a donut-shaped structure. In
addition, the propagation of the plasma plume left a dark
channel between the plume head and the electrode. It is not
clear yet whether the conductivity of the dark channel is high
enough to affect the propagation of the plasma plume as in a
streamer discharge or not. Furthermore, photoionization plays
an important role in positive streamers. However, it is not clear
whether photoionization plays a similar role in the propagation
of the plasma bullet either. Finally, in a streamer discharge, the
discharge behaves differently when the polarity of the voltage
is changed from positive to negative. How plasma jets behave
for different polarities also needs investigation. Because of the
vast difference between streamers and the bullet-like plasma
plume, many studies have been carried out to investigate the so-
called ‘plasma bullet’ behavior in recent years [69, 111–146].
Some of these questions are now much better understood. In
the next section, recent studies pertaining to these issues will
be discussed.

3.1. Stochastic or repeatable characteristics of plasma bullets

It was believed that plasma plume propagation behaves in
a repeatable fashion: they consistently propagate the same
distance after the same propagation time. Xian et al found
that under certain conditions this may not be the case. The jet
used by Xian et al is similar to that shown in figure 4(c) [109].
When a pulsed dc voltage is applied, as shown in figure 10, the
discharge exhibits a chaotic mode when the applied voltage is

8 kV. On the other hand, when the applied voltage is increased
to 9 kV, the discharge becomes repeatable.

The set-up used by Walsh et al is similar to figure 2(b)
except that they put a ground electrode in front of the plasma jet
[112]. Through detailed electrical and optical characterization,
Walsh et al also found that immediately following breakdown
the plasma jet operates in a chaotic mode. By increasing the
applied voltage, the discharge becomes periodic and the jet
plasma is found to produce at least one strong plasma bullet
for every cycle of the applied voltage. These results show
that under certain conditions plasma plumes can also exhibit a
stochastic behavior.

3.2. ‘Donut’ shape of the plasma bullet

Teschke et al and Mericam-Bourdet et al observed that the
plasma bullet is, in fact, hollow and has a ‘donut’, or ring-
shaped, structure, as shown in figure 11 [25, 113].

These observations have subsequently been supported
by Sakiyama et al and Naidis through computer simulation
[114, 115]. Naidis showed that for a helium jet propagating
in air, the propagation is mainly due to confinement of the
discharge front in the channel, where the air molar fraction
x is less than 0.01, as the direct ionization rate in helium–air
mixtures decreases sharply for higher values of x [115]. Naidis
showed that the discharge has a ring shape as it propagates at
the interface where x = 0.01 [115].

Figure 12 shows the radial profiles of the number densities
of electrons ne and N2(C

3�) molecules nN2(C) at axial
positions z = 1, 2 and 4 cm, just after the arrival of the streamer
front. It clearly shows that the maxima of ne and N2(C

3�) are
shifted from the axis to some distance, which decreases with an
increase in z. The distance nearly corresponds to the position
where the air molar fraction is equal to 10−2 [115]. The figures
also show that the Penning process does have a quantitative
effect on streamer parameters, though the patterns of streamer
structure in both cases, with and without the Penning process,
are nearly the same. This is consistent with the experimental
observation by Zhu et al [116].

Since the ‘donut’ shape is related to the gas composition
due to air diffusion, Wu et al added 1.5% of N2 into the He
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Figure 10. High-speed photographs of the plasma plume for (a) 8 kV and (b) 9 kV. For (a), due to the randomness of the discharges, three
photographs are taken for every delay time. Pulse frequency: 10 kHz, pulsewidth: 500 ns, working gas: He/O2 (20%), and total flow rate:
0.4 L min−1 [109].

Figure 11. Photographs of bullets illustrating their donut shape [111].

gas flow and found that the ‘donut’ shape is replaced by a
‘solid disk’ shape (see figure 13). This further confirms that
the ‘donut’ shape is due to air diffusion.

3.3. Dark channel left by the plasma bullet

It was noted that, with the propagation of the bullet-like plasma
plume, a dark channel between the head of the plasma plume
and the electrode exists. Lu et al and Karakas et al used
the same plasma jet as shown in figure 2(e) to study the
effect of the dark channel [118, 119]. A pulsed dc voltage
was used to drive the plasma. Lu et al found that, as long
as the pulse width is longer than 500 ns, the adjustment of
the pulse width does not affect the shape and peak value of
the discharge current pulses. In other words, when the pulse

width is increased to more than 500 ns, it has no more of an
effect on the discharge current than changing the zero current
duration. Therefore, the increase in the plasma plume length
with the increase in the pulse width from 500 ns to 1 µs can
only be attributed to the electric field effect. Thus, although
the channel left by the ionization front (plasma bullet) appears
dark, based on the high-speed photographs of the plasma, the
conductivity of this dark channel is not negligible; it affects
the propagation of the plasma bullet. Karakas and Laroussi
measured the temporal emission behavior of excited N2, N+

2
and He from the plasma plume at 2 cm away from the nozzle.
It was found that the magnitude of the emission intensity first
increases and eventually reaches its highest value. This region
corresponds to the point where the ionization front propagates
forward. Then, the emission decreases exponentially until it
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Figure 12. Radial distributions of number densities of electrons (a) and N2 (C 3�) molecules (b) at various axial positions, for z = 1 cm,
z = 2 cm and z = 4 cm. Dotted–dashed lines show the results for z = 1 cm obtained without taking into account the Penning reactions [115].

reaches low emission levels. The ionization front leaves behind
it a channel with low concentrations of short-lived reactive
species. This channel initially appears as an extension of the
plasma bullet, but if the applied voltage is sufficiently high,
the plasma bullet eventually breaks off this extension. Even
when the plasma bullet breaks off, the secondary discharge
ignition is still able to inhibit the propagation of the plasma
bullet. This further confirms that the conductivity of the dark
channel left by the ionization front is not negligible. Sands
et al used a unipolar pulsed voltage to drive a jet device like
the one shown in figure 2(b) [120]. They used He mixed
with 5% Ar as the working gas. It was found that the Ar
(1s5) column density remained greater than 1011 cm−2 for up
to 10 µs after the discharge was initiated, as shown in figure 14.
This confirms that there are some long-lifetime species that are
present in the channel and that could affect the plasma plume
propagation.

Naidis simulated the distribution of the absolute value of
electric field along the plasma plume [51]. He found that the
maximum electric field values for the positive streamer are
much higher than those for the negative one. In contrast, the
electric field in the channel of a negative streamer is much
higher than that in the positive one. Naidis also pointed out that,
while at positive polarity, radiation is emitted mainly from a
small region adjacent to the streamer head, at negative polarity
the whole channel is radiating [51]. This feature is related to
the difference between the electric field values in the channels
of positive and negative streamers. At positive polarity the
electric field in the channel is low and production of N2(C

3�)

molecules is insignificant. As the lifetime of N2(C
3�) is

much smaller than the time of streamer propagation, N2(C–B)

radiation is localized in a small region near the head. At
negative polarity the values of the electric field are much higher,
so that N2(C

3�) molecules are generated effectively in the
whole channel [51]. In this respect, plasma jets driven by
negative voltage pulses are similar to a glow plasma.

3.4. Role of photoionization

It is difficult to study the role of photoionization in the
propagation of the plasma plume. In order to study the effect
of photoionization, Naidis used two 2D axially symmetric
positive streamer models to simulate the plasma plume
[115, 121]. In one of the models, the photoionization effect
was included [121] and in the other model, photoionization
is neglected [115]. It is assumed instead that the streamers
propagate in a uniformly weak pre-ionized gas. The initial
background electron density is at a level of 1010 cm−3. In
both of the two models, the external field (the field in the
absence of volume charges inside the streamers) is assumed
to be constant in time and is evaluated as that produced by a
positively charged sphere. The simulation results show that
the streamer front moves along the jet with a mean velocity
of about 107 cm s−1 based on both models. This is close to
the experimental observations. Since photoionization effects
could be replaced by a pre-ionization channel, so it is still not
clear whether photoionization plays an essential role in the
propagation of the plasma plume or not. Figure 15 shows
the profiles of the electric field and the number density of
electrons along the symmetry axis at various times based on the
photoionization model. The line at t = 0 shows the external
electric field and the initial electron density in figures 15(a)
and (b), respectively. As can be seen, the electron density in
the discharge channel reaches higher than 1012 cm−3.

3.5. Effect of polarity of the applied voltage

Jiang et al and Xiong et al did comparative studies on the effects
of the polarities of the applied voltages on the propagation of
plasma plumes [122, 123]. They found that the plasma plume
is much longer when positive pulsed voltages are used. In
addition, the maximum velocities of the plasma plumes driven
by positive voltages are higher than those driven by negative
voltages.
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Figure 13. High-speed photographs of the plasma bullet in the surrounding air taken at head on with respect to the plasma plume. The
exposure time is 5 ns. The internal diameter of the nozzle is 2.5 mm. Working gas is He/N2 (He: 1 l min−1; N2: 0.015 l min−1) mixture [117].

Naidis calculated the dependence of streamer propagation
velocity on time for both polarities [51]. The simulation results
show that the character of the calculated velocity with time
agree with experiments reported by Jiang et al and Xiong
et al. The velocities of positive and negative streamers,
being nearly equal initially, vary with time quite differently.
While at positive polarity the velocity changes rather slowly
with time, at negative polarity a steep decrease with time
takes place. As a result, the propagation length for the
positive streamer is much larger than that for the negative
one, which is also in agreement with reported experimental
data.

4. Modes of operation of plasma jets under variable
pressures

Recently Laroussi and Akman [108] studied the behavior
of plasma plumes when the pressure of the environment in
which they propagate changes. In their experiments, the
plume/jet was injected into a chamber where the background
pressure could be controlled. By lowering the pressure, less air
molecules interact with the helium flow and a longer helium
channel could be achieved. However, Laroussi and Akman
discovered that the behavior of the plume was much more
complicated as the pressure changed. They found that from
atmospheric pressure to about 200 Torr, the plume increased
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Figure 14. Decay of the Ar (1s5) metastable line-integrated column
density and N2 (C 3�u) emission intensity at 337 nm in the residual
streamer channel 1 mm from the capillary tip [120].

in length relatively slightly. Below a pressure of 200 Torr
and down to 70 Torr, a rapid increase in the length of the
plasma plume was observed. However, below 70 Torr, the
length of the plume started decreasing rather quickly while at
the same time the plasma expanded in all directions, starting
at the tip of the acrylic tube inside the chamber. Figure 16,
which shows photographs of the plasma plume/jet inside the
chamber at three different pressures, 760 Torr, 180 Torr and
75 Torr, illustrates the dramatic increase in the plume length
for pressures below 200 Torr but above 70 Torr. The plasma
plume/jet length reaches up to 25 cm at a pressure of 75 Torr.
This is due to the fact that the ratio of helium mole fraction
to that of air stays above the quenching threshold for longer
distances.

When the pressure is below 70 Torr the plume length
decreases while the plasma starts expanding in all directions.
Figure 17, an image taken at a pressure of 18 Torr, clearly shows
a shorter plume (as compared with the 75 Torr case) while a
diffuse plasma expands from the tip of the acrylic tube.

It should be mentioned that this behavior is in agreement
with calculations recently presented by Boeuf and Pitchford
[107] who demonstrated that, for a helium jet propagating
in air or nitrogen, the propagation is mainly associated
with confinement of the ionization wave in the helium
channel, where the ionization frequency is greater than in the
surrounding gas. As a result, there is no radial expansion
of the plasma. This also agrees with the simulation results
reported by Naidis [115]. On the other hand, in pure helium,
the ionization wave also moved radially, pushing the plasma
toward the external part of the dielectric tube, thus inhibiting
the on-axis propagation. Fewer air molecules interact with the
helium flow and a longer helium channel could be achieved.
As a result, the propagation distance should increase. But for
a very low air/helium ratio, radial expansion of the plasma
should occur, inducing a dramatic decrease in the confinement
effect and consequently in the length of propagation. Breden
et al showed that if a He discharge exists in pure He, there is
no plasma bullet [71], which agrees with experimental results.

5. Interaction between plasma jets

As previously discussed, at atmospheric pressure the plasma
jets can propagate over rather long distances but their diameters
are limited to a few millimeters. Thus, they are not so
convenient for large-scale applications. Indeed one single
plasma jet can be progressively moved over the surface to be
treated, but such an operating mode is very time consuming.
A more efficient solution is to organize several plasma jets
in 1D or 2D arrays, operating simultaneously from only
one power supply. This concept was validated by several
groups [21, 81, 131, 147–154] using either RF or kHz pulse
excitation. But in all these configurations, strong uncontrolled
interactions between the different jets frequently occur and
must be minimized through a ballasting technique to allow
good stability of the devices. On the other hand, it could be of
interest to produce an interaction between two, or more, low
diameter plasma jets impacting onto the same location of the
target to increase the deposited dose of plasma, or to finely
tune the composition of the reactive species using different
feeding gas mixtures in each jet. Thus, a better understanding
of the interaction between plasma jets would be valuable, and
specific experiments in which two plasma jets were counter-
propagating have been recently reported [155–157]. Algwari
et al [155] used a T-tube (figure 18(a)) fed with helium, in
which DBD jets were produced in the opposite arms. ICCD
imaging of the device shows that two counter-propagating jets
were produced. 150 ns after their ignition they entered into
the perpendicular tube where they propagated independently
along the tube wall for 200 ns. It is still unclear whether there
is no interaction between the two plasmas or whether they are
repelling each other. Then, they progressively merged into a
single large plasma bullet propagating for additional 500 ns
with a progressively decreasing luminosity. Sarron et al [156]
used the device schematized in figure 18(b), which basically
consisted of a circular ring inserted between two sections of
a straight glass tube. The device was continuously flushed
with pure neon. The spatio-temporal evolution of the plasma
jet was analyzed with an ICCD camera with 15 ns exposure
time. Time-resolved pictures showed that, at the entrance
of the ring, the initial plasma bullet split into two bullets
propagating symmetrically inside each branch of the ring,
with a progressive decrease in velocity and luminous intensity.
When they reached the straight exit section these two bullets
merged into one, which then exhibited an intensity greater
than that of the individual interacting bullets. Such behavior
was interpreted as the evidence of a strong energy coupling
through constructive ionization wave mixing. Kushner’s
group’s simulation results showed good qualitative agreement
with the experimental results [55, 56].

In the above-described experiments [155, 156], the
interaction between the two counter-propagating plasma
bullets was studied in structures continuously flushed with
pure rare gas without turbulence and mixing between the rare
gases and the ambient air. Indeed, such configurations are
very convenient for fundamental studies; however, this is far
from the actual situation encountered when several plasma jets
should impact on a target located in free air. The interaction
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Figure 15. Profiles of electric field and number density of electrons along the symmetry axis at various times. The jet radius is 0.25 cm [121].

Figure 16. Photographs of the plasma jets at three different pressures showing a dramatic increase in plume length (as long the pressure
stays higher than 70 Torr) [108].

Figure 17. Photograph showing a shorter plume at a pressure of 18 Torr and showing plasma expansion at the base of the plume [108].

Figure 18. Schematic of the set-up used by Algwari et al [155] and by Sarron et al [156] to study the interaction of counter-propagating
plasma bullets in a controlled atmosphere.
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Figure 19. Schematic of the set-up used by Douat et al [157] to study the interaction of counter-propagating plasma bullets in ambient air.
In (a) the helium gas flow is coming from two opposite directions, while in (b), helium is only fed inside the right device.

Figure 20. Branching occurring on a plasma jet propagating from left toward right when the right discharge was switched off. Pseudo-color
picture taken with an exposure time of 5 ns. White rectangles correspond to the location of the DBD discharges.

Figure 21. Time-resolved pictures (pseudo-colors, exposure time 5 ns) of the interaction between two plasma bullets counter-propagating in
background air when helium is fed in each device.

between plasma jets counter-propagating in air was studied by
Douat et al with the experimental set-up illustrated in figure 19.

The set-up mainly consisted of two coaxial dielectric
barrier plasma jets facing each other at a distance of a few
centimeters. HV pulses were applied between the electrodes
at a repetition rate frequency of 20 kHz. The spatio-temporal
evolution of the plasma emissions was investigated by an
ICCD camera with exposure times of 5 ns. In the first set
of experiments, corresponding to figure 19(a), helium was
flowing through the two devices. When only the left discharge
was switched on, time-resolved pictures clearly pointed out
that, in the region of the helium/air/helium mixing, branching
occurred in the plasma jet, with ramifications randomly
propagating in radial directions, as shown in figure 20.

When the right discharge was also switched on, two
counter-propagating plasma jets were produced. As far as

they propagated against each other, the two plasma bullets
interacted and their relative velocity decreased. When the
distance between the two bullets became of the order of one
millimeter, a ‘secondary bullet’ emerged, leaving behind a
highly radial symmetrical luminous area, as shown in figure 21.
This behavior was analyzed by Douat et al [157] as the
signature of the radial expansion of an ion-dominated plasma.

In order to clarify these processes, a second set of
experiments was performed with only one gas flow propagating
from the right device toward the left one (figure 19(b)). For
that condition, when the HV was only applied to the right
device, the plasma jet easily reached the left device and
penetrated inside its dielectric tube. But when the HV was
also applied on the left device, a dramatic change occurred
in the plasma evolution. Time-resolved studies of the plasma
emission, figure 22, pointed out that up to the time T = 380 ns,
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Figure 22. Time-resolved (exposure time 5 ns) pictures of the propagation of two counter-propagating plasma bullets with helium flowing
from the right device toward the left one. Pictures are in pseudo-colors. In real ones, the spherical glow appearing at 480 ns in the mid-plan
between the two DBDs is actually pink.

the two bullets counter-propagated similarly to the situation
observed when the gas flows were coming from opposite
directions. At T = 380 ns, the two plasma bullets were at
their closest approach distance, leaving between them a space
of about 0.8 mm free of luminous emission. From 380 to
450 ns, the emission intensity of each of the two counter-
propagating plasmas decreased and finally vanished. But at
T = 460 ns, a spherical pink glow suddenly appeared in
the mid-plan between the two discharge devices, accurately
positioned in the region which was previously free of plasma
emission. After its ignition, the luminous intensity of this
glow sharply increased, and in less than 30 ns, its magnitude
was multiplied by a factor of 30. Afterwards, its emission
intensity decreased and completely vanished in about 200 ns.
Spectroscopic investigations demonstrated that this pink glow
was associated with a large increase in the emission intensity
of the first and second positive system of excited nitrogen,
correlated with a decrease in the emission intensity of all the
helium excited states, and of the nitrogen ions (first negative
system at 391.4 nm) and excited oxygen atoms (transition at
777 nm), which are directly produced by energy transfer from
the helium metastable states in non-equilibrium plasmas at
atmospheric pressure. A more thorough discussion of the
physical processes associated with the appearance of this pink
glow is beyond the scope of the present review.

6. Summary

After about a decade of development, great progress has
been made in understanding the operation of APNP-Js. Not
only have various types of noble gas APNP-Js been reported,
but also APNP-Js using N2 and air have been introduced.

In addition, the behavior of one of the most interesting
phenomena of APNP-Js, the ‘plasma bullet’, has been
much better understood. Some characteristics of traditional
streamers and ‘plasma bullet’ are compared, such as the
stochastic nature of their initiation, the ring-shaped profiles
of plasma bullet radiation, the role of the dark channel left by
the propagation of the plasma plume, and so on. However,
there are still some features that are not well understood. For
example, it is not clear whether an air/N2 plasma plume has a
similar dynamic behavior or not.

Further studies are now needed to enhance the chemical
activity of the APNP-Js, so that the treatment time can be
further shortened. In addition, development of APNP-Js
with air as the working gas is still urgently needed since
it will make many potential applications possible. Finally,
for some applications, such as surface treatment, a large-area
treatment is needed. How to make APNP-Js suitable for such
applications is a topic of ongoing and future research effort.
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