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Guided ionization waves, or plasma streamers, are increasingly important for many applications in

spanning materials processing and biomedicine. The highly reproducible, repeatable behavior of

the most puzzling kind of the streamers–plasma bullets is highly attractive as it promises a high

degree of control in many applications. However, despite a dozen years since the discovery of this

phenomenon, the exact reasons for such behavior still remain essentially unclear. To understand

the dynamics of the guided ionization wave (plasma bullet), a large number of works have been

carried out and many interesting results have been reported. Here, we critically examine the

available results and generalize the physical mechanisms of the guided ionization waves, which

are of particular interest to practical applications of atmospheric-pressure plasma discharges, in

general. The critical examination of the fundamental principles will show that, in order to propagate

in a repeatable-mode, the plasma bullet must propagate in a channel with a high seed electron

density (HSED), which is on the order of 109 cm�3. This review concludes that to distinguish guided

ionization waves from traditional positive streamer discharges, it is most appropriate to describe an

atmospheric-pressure discharge featuring a plasma bullet behavior as an HSED discharge. When the

HSED condition is met, the dynamics of a plasma plume appears to be repeatable. On the contrary,

it propagates in an unrepeatable mode and emerges more like a positive streamer discharge when

the HSED condition is not satisfied. According to this theory, the transition of the propagation mode

of the plasma bullet between the repeatable mode and the stochastic mode can be well explained.

Besides by controlling the seed electron density around the transition region between the HSED

discharge and the traditional positive streamer, this knowledge will help in better understanding of

the positive streamer discharges in air, in cases relevant to practical applications of such plasma

discharges in materials processing technologies, industrial chemistry, nanotechnology, and health

care. Published by AIP Publishing. https://doi.org/10.1063/1.5031445
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I. INTRODUCTION

Nonequilibrium atmospheric pressure plasma jets (N-

APPJs) have attracted a lot of attention in the past decade due

to several emerging applications such as plasma medicine

and materials processing.1–10 To fulfill the requirement of

various applications, many different types of N-APPJ devices

have been developed. In the meantime, studies on the dynam-

ics of N-APPJs, i.e., the guided ionization waves, or the com-

monly called “plasma bullet,” have found that the guided

ionization wave propagates at a speed of 103–106 m/s, which

is similar to the propagation speed of positive streamers.11–20

However, there are some distinct differences between

guided ionization waves and positive streamers. First, posi-

tive steamer discharges normally have lots of branches as

shown in Fig. 1. The number and the diameter of the branches

depend on many parameters including the gas component, the

gas pressure, and the amplitude of the applied voltage. On the

other hand, guided ionization waves propagate along a

straight line, aligned with the flow path of the working gas

(typically He or Ar) as shown in Fig. 2, and propagate the

same distance after the same delay time as shown in Fig. 3.

Second, the repeatability of the discharges is different

between these discharge types. A positive streamer does not

propagate the same distance for the same delay time after the

voltage applied among different shots. This could be due to

two aspects, i.e., (1) the ignition jitter of the streamer and (2)

the variation of the propagation velocity of the streamer from

pulse to pulse. Regarding the ignition jitter, it varies from tens

of ns when pure N2 is used to microseconds when a small

amount of O2 is added.24 Regarding the variation of propaga-

tion velocity of a streamer from pulse to pulse, until now,

almost all measurements on the propagation velocity of

streamers are based on swarm data. This uncertainty arises

because of the multiple branches and the un-reproducible char-

acteristics of streamers. Indeed, the streamers do not propagate

along the same path for different shots, whereas a typical varia-

tion of the propagation speed is about 20%–50%.25

Recent advances in high-speed multi-frame intensified

charge-coupled device (ICCD) imaging enable accurate mea-

surements of the propagation velocity of a streamer for a sin-

gle shot.25 The obtained propagation speed of the streamer

has a fluctuation as high as 50%. On the other hand, guided

ionization waves show excellent repeatability;26 the fluctua-

tion of the ignition moment of the plasma plume is generally

less than just a few nanoseconds and the variation of the

propagation speed is less than several percent. In short,

guided ionization waves always propagate the same distance

after the same delay time.

Third, a streamer does not even propagate along the same

path among consecutive discharge pulses as shown in Fig. 1.

The images show that subsequent streamers do not follow the

same path. Only some channels (outside the crowded central

area) are highlighted in cyan, yellow, or white, while most of

the channels are in red, green, or blue. Regarding the guided

ionization wave, it always propagates along the same path

aligned with the flow of the working gas.

Importantly, there are several new phenomena intrinsic

to guided ionization waves which do not appear in streamers.

For example, when a pulsed direct current (DC) voltage

pulse is used to drive a plasma plume, the plasma plume

appears a continued bright plume in surrounding air (similar

to Fig. 2) when the pulse width is much shorter than its pulse

duration. However, when the pulse width is close to the pulse

duration, in other words, when the pulse off time is only a

few microseconds or several hundred nanoseconds, the

plasma plume appears in two or three segments depending

on the pulse off time, as can be seen in Fig. 4. The area next

to the nozzle could be either much darker or brighter than

the area located several millimeters away from the nozzle.

Another example is the snake-like propagation behavior of

the plasma bullet as shown in Fig. 5.27 Interestingly, snake-

FIG. 1. Three consecutive images at 10 Hz repetition rate coloured in red, green, and blue, respectively, and overlaid. Left: overview, right: zoomed. The repet-

itive streamer paths are highlighted in yellow (red þ green), cyan (green þ blue), or white (red þ green þ blue), while single streamer paths are highlighted in

red, green, and blue. All images are acquired in 200 mbar N2.21 Reproduced with permission from Nijdam et al., J. Phys. D: Appl. Phys. 44, 455201 (2011).

Copyright 2011 Institute of Physics.
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like streamers appear both in the upstream and downstream

plasma plumes. This unusual behavior is very different from

the straight-line propagation reported previously.

This review aims to help better understand and interpret

the repeatable dynamics of the guided ionization waves and

the associated phenomena. The well-known Townsend theory

is described briefly in Sec. II. Then, the traditional streamer

theory including the branching behavior, the effects of photo-

ionization, seed electron density (SED) nseed, frequency of the

applied voltage, and adding of radiative gas on the ignition and

propagation dynamics are examined in Sec. III. In Sec. IV,

state-of the-art research on the propagation repeatability of

guided ionization waves (plasma bullets) is discussed. The

associated physical phenomena include repeatable and stochas-

tic modes of the plasma bullet, the propagation mode of the

very first discharge pulse, minimum nseed for a repeatable

mode to exist at different gas pressures, and the effect of pho-

toionization on the propagation of plasma bullets. Critical dis-

cussion on the reported modeling and experimental works to

establish the requirements for the plasma plume to propagate

in a repeatable mode is presented in Sec. V. Future challenges

and opportunities are highlighted in Sec. VI. Finally, conclud-

ing remarks are given in Sec. VII.

II. TOWNSEND THEORY

Due to remarkable differences between plasma bullets

and traditional streamer discharges discussed above, it is crit-

ical to know the fundamental nature of the plasma bullet and

traditional streamer. The fundamental understanding of

plasma discharges takes its roots from Townsend’s discharge

theory28 proposed more than a century ago.

The Townsend theory is based on the assumption that an

electron, which might have originated due to ionization

caused by cosmic radiation, drifts towards the anode under

electric field. If the electric field is strong enough, the free

electron gains sufficient energy to liberate a further electron

when it collides with a molecule. The two free electrons then

travel towards the anode and gain sufficient energy from the

electric field. Electron impact ionization takes place upon

subsequent collisions, and then newly produced electrons

cause the same effect. This process is effectively a chain

reaction of electron generation; it depends on the free elec-

trons gaining sufficient energy between collisions to sustain

the avalanche. The total number of electrons reaching the

anode is equal to the number of collisions plus the single

initiating free electron. Assuming the number of ionizing

collisions per unit length is a, which is known as the first

Townsend coefficient, then the total number of free electrons

after the travel distance x reaching the anode is exp(ax).29

In the meantime, the number of positive ions generated

during the avalanche is exp(ax)� 1. When a positive ion

impacts the cathode, it may result in the emission of an elec-

tron. Denoting the average number of electrons released

from a surface by an incident positive ion as c, the condition

for a self-sustainable discharge requires that c [exp(ax)� 1]

> 1. Townsend theory predicts the experimental results very

well only when the electric field distribution is uniform, the

FIG. 2. Photograph of a typical plasma

plume of guided ionization waves.22

Reproduced with permission from

Appl. Phys. Lett. 92, 081502 (2008).

Copyright 2008 AIP Publishing LLC.

FIG. 3. High-speed photographs of repetitive plasma bullets propagating

along the straight line. The exposure time is 5 ns. Voltage: 8 kV, pulse width:

998 ls, frequency: 1 kHz, and helium flow rate: 1 l/min.23 Reproduced with

permission from Xian et al., Sci. Rep. 3, 1599 (2013). Copyright 2013

Springer Nature LLC.

FIG. 4. Photographs of two distinctive plasma plume types generated using

different sequences of DC voltage pulses: the plume on top has bright (I)

and dim (II) areas (pulse width: 998 ls), whereas the plume at the bottom

features dark (I), bright (II), and dim (III) areas (pulse width: 999.1 ls). All

the other parameters for the two cases are the same, which are voltage: 8 kV,

frequency: 1 kHz, and helium flow rate: 1 l/min.23 Reproduced with permis-

sion from Xian et al., Sci. Rep. 3, 1599 (2013). Copyright 2013 Springer

Nature LLC.
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gas pressure is low, and the gap distance is small, leading to

the theory validity condition pd < 200 Torr�cm.

However, this theory is inconsistent with the observa-

tions for discharges that have a larger gap d or are sustained

at a higher gas pressure p. In other words, when pd
> 200 Torr�cm, the breakdown time appears to be much

shorter than that predicted by the Townsend theory. Under

such conditions, positive ions need more time to reach the

cathode. In addition, according to the Townsend theory, the

breakdown depends on the ability of the cathode to release

electrons upon ion impact. However, experimental results

show that this is not true for most of the experimental obser-

vations. Besides, the Townsend theory does not consider the

effect of the space charge left behind the electron avalanche

generated earlier. In many instances, the concentration of

positive ions can reach very appreciable values that could

significantly distort the initial electric field. This might lead

to the locally augmented electron energies and ionization,

where the resulting ionization rate a could be well above its

value in a static and uniform electric field. Furthermore, in

many instances, the spark channel at high values of pd was

found to be both branched and zig-zagged, which cannot be

explained by the Townsend theory either.

III. STREAMER THEORY

The theory of streamer discharges dating back to

1939–1940 (Refs. 30–33) quantitatively explains the experi-

mental observations of a self-propagating streamer at high

pd in a non-uniform electric field. The streamer theory

includes four main aspects, i.e., (1) the first electron for the

primary avalanche is due to cosmic radiation or other initial

source, (2) for a positive streamer, photoionization in front

of the streamer head is the main source of the secondary

electrons for the secondary electron avalanche, (3) electron

collision ionization is the main ionization mechanism, and

(4) the electric field from space charge is comparable to the

background electric field. According to the streamer theory,

many experimental observations for pd > 200 Torr�cm can

be well interpreted. The randomness of the generation of the

first electron results in the ignition delay and ignition jitter.

Moreover, the uncertainty of the photoionization leads to the

inconsistency of the propagation speed of a streamer and

also to the branching behavior. These features of the stream-

ers have attracted considerable attention in last few decades.

The streamer theory has since become the fundamental

base to describe discharges operated under high pd conditions.

Later work focused on the ignition conditions, propagation

speed, dimensions, number and radius of branching, the effects

of photoionization, and vacuum ultraviolet spectroscopy illu-

mination, addition of radioactive gas, dielectric barrier, effects

of the polarity, the rising time, and the pulse width of the

applied voltage of the external circuit, as well as the effects of

gas temperature and composition, and several other

factors.34–77

Among all the characteristics of streamers, two of them

have attracted particular attention, i.e., (1) the branching

behavior and (2) the effect of photoionization, background

ionization, and frequency of the applied voltage. In the fol-

lowing, recent advances on the understanding of these two

effects will be discussed in more detail.

A. The branching behavior

The branching behavior has been observed in a large

number of experiments. Random appearance of streamers

both in time and space suggests that seed electrons may also

be randomly generated next to the streamer head. Negative

streamers rely on the transport of electrons from the ionized

zone into the non-ionized zone in front of the streamer head

to provide seed electrons for the avalanche.78–82 On the other

hand, in the absence of pre-ionization (such as due to the

previous discharge pulses or radiation from cosmic rays),

positive streamer need photoionization to provide these seed

electrons.83–86

Recently, substantial efforts have been devoted to

control streamer branching.87,88 For example, by using a KrF

laser to illuminate a positive streamer, it was found that the

positive streamer branching is suppressed in the irradiated

region when the intensity of the laser pulse is higher than

1.9� 105 W cm�2, which corresponds to the ionization den-

sity of about 5� 105 cm�3.87

A similar experiment was carried by using X-ray radiation

in F2 excimer laser gas mixtures (He þ F2 mixtures with vari-

ous ratios). It was found that at pre-ionization levels of

107 cm�3 bar�1 and higher the discharge was diffuse (uniform)

and at lower pre-ionization levels, the discharge became fila-

mentary or streamer-like.88

On the other hand, simulation of the branch behavior is

a very challenging task. The experimentally observed

branching behavior cannot be described numerically if pure

fluid models are used.81,82,89,90 Until recently, only a few

studies on the simulation of the branching behavior of both

positive and negative streamers have been reported.

FIG. 5. Snake-like propagation of repet-

itive streamers in both upstream and

downstream areas imaged by ICCD.

The exposure time is fixed at 4 ns.

Voltage: 8 kV, pulse width: 400 ns, fre-

quency: 9 kHz, and argon gas flow rate:

5 l/min.27 Reproduced with permission

from Phys. Plasmas 20, 023503 (2013).

Copyright 2013 AIP Publishing LLC.
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The branching of positive streamer coaxial discharges in

atmospheric pressure air was simulated from the viewpoint of

statistical photon transport and photoionization. The statistical

photon transport model, which is based on randomly selected

emitting angles and mean-free-path for absorption, was

embedded into a fluid-based plasma transport model. The

results show that secondary streamers, often spatially isolated,

are triggered by the random remote photo-electron production

which initiates a back-traveling electron avalanche and even-

tually leads to streamer branching as shown in Fig. 6. In this

particular case, there are five primary streamers, labeled from

A to E. All streamers propagate nearly in the radial direction.

However, they have significantly different propagation

speeds and shapes that differ from the deterministic model

predictions.91

Besides, a negative streamer in air without photoioniza-

tion at standard temperature and pressure has recently been

studied using particle and hybrid models. The spatially

hybrid model follows the particle dynamics only in the

dynamically relevant region. Therefore, this model can con-

tinue tracking single-electron fluctuations much longer than

the particle model. As shown in Fig. 7, the streamers in the

particle and in the hybrid model both clearly show branching

behavior. However, the branching behavior cannot be repro-

duced when the fluid model is used.82

To ease the computational demands, in most simula-

tions, the photo-ionization in air was replaced by background

ionization in several studies.92,93 The background electron

density81,93–95 ranging by the order of magnitude from 102 to

1010 cm�3 was used in these calculations. Importantly, it was

found that the background ionization density has a small

influence on negative streamers but has a large influence on

positive streamers.81,92–95

B. Effect of photoionization

As mentioned above, one of the fundamental aspects of

the positive streamer theory is that photoionization in front

of the streamer head is the main source of the secondary

electrons for the secondary electron avalanche. This is the

case for single shot discharges or discharges with very low

frequency. If the repetition frequency is high enough, the

residual electrons left from the previous discharge or due to

the detachment of O2
� when a significant amount of O2 mol-

ecules is present in the working gas could play the same role

as electrons produced by photoionization and thus affect the

propagation of the streamer. However, the minimum concen-

tration of residual electrons to dominate over photoionization

effects in the streamer propagation is still unknown. To

resolve this issue, numerical modeling with or without inclu-

sion of photoionization, and with different levels of back-

ground ionization has been carried out. It is worth pointing

out that the simulations mainly focus on the effects of photo-

ionization and background electron density on the streamer

structure and propagation speed. We are not aware of

the studies of the effect of photoionization and background

electron density on the streamer ignition delay and jitter.

Because of the many intrinsic difficulties, there is only a

limited number of experimental works on direct measure-

ments of photoionization; many of these studies were carried

several decades ago.96–102 For example, one study found out

that the photoionization in air is about 1 to 2 orders of mag-

nitude more effective than in pure oxygen or pure nitrogen,

but they still see significant photoionization in both pure

gases. However, the purities of the gas are probably on the

order of 0.1%–1%. In other words, air is still present in the

“pure” gas.102,103

On the other hand, many numerical studies focusing on

the role of photoionization in the propagation of traditional

streamers have been reported. These studies investigated the

effect of the applied electric field, gas pressure, and composi-

tion on photoionization, as well as the effect of photoionization

FIG. 6. The propagation, path-deviation, and branching of individual

streamers from the statistical photon transport model shown by (a) electron

density ne, (b) space charge density q, and (c) photoionization rate Sp at

t¼ 12.8 ns. Of the five individual streamers, four (A–D) show path-deviation

and branching, while streamer E propagates as a single structure. The

branching is associated with the breaking of the space charge layer (SCL).

Contours are on a log scale over 4 decades.91 Reproduced with permission

from Z. Xiong and M. J. Kushner, Plasma Sources Sci. Technol. 23, 065041

(2014). Copyright 2014 Institute of Physics.
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on streamer characteristics, including the branching, thickness,

number/density, and propagation velocity of the stream-

ers.83,84,92,104–113 Besides, background ionization was sug-

gested as an alternative mechanism to photoionization. This

suggestion was even used to reduce the computational com-

plexity by replacing photoionization by the equivalent level of

background ionization.92

In order to quantify the effect of photoionization on

streamer propagation, photoionization model is needed. One

of the well-known and widely used photoionization mod-

els114 was developed in 1982 based on the experimental

results reported decades ago.96–101 The rate of photoioniza-

tion in this model is represented as

Sph rð Þ ¼ n
4p

pq

pþ pq

ð
h p r � r0b c
� �

Si r0ð Þd3 pr0ð Þ
pr � pr0b c2

; (1)

where n is a proportionality constant, p is the gas pressure,

pq ¼ 80 mbar is the quenching pressure, Si is the local impact

ionization rate of nitrogen, and h is the absorption function

of the ionizing photons. Because integral expressions are

computationally costly, a two-term approximation was

introduced115

Sph ¼
pq

pþ pq

XN

j¼1

AjSph;j; r2 � k2
j

� �
Sph;j ¼ Si; (2)

where coefficients Aj and kj are chosen to fit the experi-

mental model, and kj is related to the characteristic absorp-

tion length, while Aj represents the intensity. When N¼ 2,

this model is named as the Luque two-term model, where

A1¼ 4.6� 10�2 cm�1 bar�1, A2¼ 2.7� 10�3 cm�1 bar�1,

k1¼ 45 cm�3 bar�1, and k2 ¼ 7.6 cm�3 bar�1. Bourdon

et al.116 suggested that the 2-term model for photo-

ionization is insufficient and proposed to replace it by a

similar model with 3 terms; the latter model was named as

the Bourdon’s three-term model.

However, these models are based on early experimental

works. Because of the uncertainty of the experimental condi-

tions, the actual parameters of photo-ionization are not

FIG. 7. The electron density distribu-

tion obtained from the extended fluid

model (first row), particle model (sec-

ond row), and hybrid model (third

row).82 Reproduced with permission

from Li et al., Plasma Sources Sci.

Technol. 21, 055019 (2012). Copyright

2012 Institute of Physics.
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known. In order to determine the sensitivity of the simulation

results on the parameters used in the photo-ionization mod-

els, simulations of streamers in air without background ioni-

zation in three cases were carried out.117 The first case is

based on the Luque’s two-term approximation model. The

second case is based on the Bourdon’s three-term model.

The final test-case uses the default 2-term model, but with

the number of emitted photons artificially reduced by a factor

of 10. The positions of the streamer heads as a function of

time are plotted in Fig. 8. One can see that the difference

between the Luque-model and the artificially weakened

Luque-model is not very large. Indeed, the “weakened pho-

toionization” scenario has 10 times less source electrons in

front of the streamer head, but it only takes 20% longer time

to cross the gap between the electrodes. The results with

Bourdon’s 3-term model lie between the other two curves.

It is worth pointing out that for the widely accepted pho-

toionization model discussed above, it is assumed that the

major contribution to the rate of photoionization is nitrogen

radiation in the spectral range of 98–102.5 nm. Here,

102.5 nm is the photoionization threshold of O2.58 Below

98 nm, the radiation is strongly absorbed by nitrogen and

gives a minor contribution to photoelectron production.118

One could thus expect that the photoionization rates should

strongly depend on the O2 percentage. However, experimen-

tal results found out that several important streamer proper-

ties such as streamer diameters and velocities are quite

similar for nitrogen-oxygen mixtures with nearly six orders

of magnitude difference in oxygen fraction and pure nitrogen

with an impurity level of less than 1 ppm. The streamers

propagate with roughly the same velocity and their minimal

diameter decreases by less than a factor of 2 from artificial

air to pure nitrogen.

This means that if photoionization is important in the

streamer propagation, either (i) other photo-ionization mech-

anisms than direct photo-ionization of oxygen by nitrogen

emission are responsible for free electrons generation (such

as step-wise ionization of nitrogen molecules) or (ii) back-

ground ionization of the gas due to cosmic radiation, radio-

activity or leftover charges from previous discharges can

deliver enough free electrons for streamer propagation.113,117

However, the frequency used in this experiment is between

0.03 Hz and 1 Hz. Thus, the leftover charges from previous

discharges must be too low to play an important role in the

streamer propagation. The background ionization can lead to

free or bound electrons. The bound electrons can be detached

by the enhanced electric field of the streamer head.113

In order to elucidate the effect of photoionization on the

streamer propagation, it is important to estimate the electron

density due to photoionization. Simulation results obtained

with various initial seed ionizations showed that without

photoionization, an initial seed electron density of 107 cm�3

can lead to similar streamer parameters as in the case when

photoionization is included in the model without the initial

seed ionization. Consequently, the electron density from the

photoionization is on the order of 107 cm�3.119

Interestingly, photoionization is responsible for the rather

unexpected streamer attraction phenomenon.120 Besides, sim-

ulations showed that the photoionization process is one of the

most critical factors contributing to non-similar behavior of

streamers propagating in strong homogeneous external elec-

tric fields. The intensity of the field should satisfy E > Ek,

where Ek is the conventional breakdown threshold field

defined by the equality of the ionization and dissociative

attachment coefficients in air.112 Moreover, it was found that

quenching of singlet excited states of molecular nitrogen

emitting photo-ionizing radiation is responsible for the non-

similar behavior of short streamers in air.108,112,121 We

emphasize that the modelling results and their interpretation

based on non-similarity of the photoionization process at

high pressures in air are consistent with the experimental

observations, where streamers have more and thinner chan-

nels and branch more frequently at higher (i.e., near atmo-

spheric) pressures than at lower pressures.

C. Effect of seed electron density

For a positive streamer, seed electrons are needed in

order to propagate. The other source of seed electrons is the

residual electrons left from the previous discharge or due to

detachment of O2
� under high electric field. Obviously, the

residual electrons only exist when discharges occur under

certain frequency. For a given discharge, it might be possible

to obtain the electron density immediately after the dis-

charge. Then by using kinetic simulation of electrons, the

residual electron density can be estimated for a given fre-

quency. It is usually expected that when the frequency is

high enough, the discharges will transit from a stochastic

mode to a repeatable mode. However, because of the limited

availability of high voltage power supplies with high fre-

quency, for all the experimental works that have been

reported, the highest frequency was only 10 Hz. The latter

frequency is too low for a discharge to appear repeatable in

atmospheric pressure air.

FIG. 8. Comparison of three photo-ionization models describing the position

of the streamer head. The curve labeled “Luque model” corresponds to

Luque two-term model. The curve labeled “Bourdon-model” corresponds to

Bourdon 3-term model. The bottom curve uses the Luque-model, where the

source term for the photoionization equation was artificially reduced by a

factor of 10. Such “weakened photoionization” scenario does not represent

an actual physical scenario; its purpose is to demonstrate the influence of the

accuracy of the photo-ionization parameters.117 Reproduced with permission

from Wormeester et al., J. Phys. D: Appl. Phys. 43, 505201 (2010).

Copyright 2010 Institute of Physics.
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In order to better understand the role of seed electron

density on the propagation of streamers, computer simula-

tions are a powerful tool and have been widely used. To sim-

plify the computations, the background electron density is

commonly directly input in the simulations, and its value

varies in a wide range from �102 to �1010 cm�3.81,92–95

Figure 9 presents the results of modeling of positive and

negative streamers propagating between two-point electrodes

with different seed charges in atmospheric pressure air.94 It

shows the axial profiles of the electron density at t¼ 2 ns for

6 values of the pre-ionization background. One can note that

the significant decrease in the pre-ionization background

from �109 to �104 cm�3 has only a small influence on the

electron density of the negative streamer head. Conversely,

the decrease in the pre-ionization background shows a signif-

icant influence on the positive streamer characteristics. For a

pre-ionization background of �109 cm�3, the positive

streamer starts propagating immediately. But when the pre-

ionization level decreases, the delay for the positive streamer

starts increasing.

Besides, the results obtained for a pre-ionization level of

105 cm�3 without photoionization are also presented in Fig.

9.94 For a seed electron density (SED) higher than 107 cm�3,

both positive and negative streamers propagate with the SED

level ahead of both streamer fronts remaining at the same

level as at the point of discharge initiation t¼ 0. However, for

the seed electron density less than 107 cm�3, it was found out

that seed electrons created by photoionization ahead of the

negative streamer front contribute to the increase in seed

charges in the inter-electrode gap, thereby sustaining the prop-

agation of the positive streamer head. These results thus indi-

cate that the electron density induced by photoionization is on

the order of 107 cm�3.

Figure 10 shows the results of numerical modeling of

positive and negative streamers in a needle-plane geometry

for different seed electron density.95 The seed electrons are

placed at the top of the gap next to the needle and have

spherical Gaussian profiles with a radius of 92 lm and the

number of electrons between 6� 106 and 3� 109 cm�3. One

can see that the streamer propagation only weakly depends

on the initial conditions. It should be emphasized that the ini-

tial seed electrons are only placed at the region next to the

needle electrode, while the rest of the space has no seed elec-

trons. The reason why the propagation of the streamers only

weakly depends on the initial seed electrons might be due to

the rapid growth of SED in the high field region near the nee-

dle electrode.

Since O2
� could contribute significantly to the seed

electrons, simulations for different initial O2
� density with-

out including photoionization effects have been conducted.

These results are also compared with the case when photo-

ionization is included without any initial background ioniza-

tion. Figure 11 shows the competition of photoionization and

FIG. 9. Electron density between two-point electrodes along the axis of

symmetry at t¼ 2 ns for various pre-ionization backgrounds at t¼ 0. The left

side is the cathode, while the right side is the anode. Solid lines: Results are

shown for pre-ionization background values from 104 to 109 cm�3, with a

multiplier step of 10. Dashed line: Results obtained for a pre-ionization

background of 105 cm�3, without photoionization.94 Reproduced with per-

mission from Bourdon et al., Plasma Sources Sci. Technol. 19, 034012

(2010). Copyright 2010 Institute of Physics.

FIG. 10. Front propagation of negative and positive streamers for different

seed electron density between needle-plane electrodes. The gap is

L¼ 11.5 mm long with an applied voltage of 23 kV; the needle parameters

are Lneedle ¼ 2.3 mm and Rneedle ¼ 0.26 mm. Different line styles correspond

to different SED values.95 Reproduced with permission from Luque et al., J.

Phys. D: Appl. Phys. 41, 234005 (2008). Copyright 2008 Institute of

Physics.

FIG. 11. Position of the streamer head as a function of time in the needle-to-

plane geometry. The top curve corresponds to an air streamer with photo-

ionization (scenario 1), the curves below that to streamers without photo-

ionization, and with a decreasing amount of uniform background O2
� con-

centrations (scenarios 2, 3, and 4). The z¼ 0 point corresponds to the tip of

the needle.117 Reproduced with permission from Wormeester et al., J. Phys.

D: Appl. Phys. 43, 505201 (2010). Copyright 2010 Institute of Physics.
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background O2
� concentration.117 Without photoionization,

the streamer is able to propagate only if a sufficiently high

level of background O2
� exists in front of the streamer head.

The streamer propagates about 40% faster with photoioniza-

tion than with a background O2
� concentration of 107 cm�3,

which roughly corresponds to a discharge with a repetition

frequency of 1 Hz in atmospheric pressure air. When the

background O2
� concentration decreases by a factor of 100

from 107 to 105 cm�3 (corresponding to a frequency of

0.01 Hz), the streamer’s propagation speed decreases by only

20%. However, a background O2
� concentration of 103 cm�3

was not sufficient to start a streamer that would propagate

more than a few hundred micrometers. To find the minimum

O2
� concentration to play a similar role as the photoioniza-

tion, the initial O2
� concentrations were further increased.

As shown in Fig. 12, while the O2
� density is at a level

of 1011 cm�3, the negative oxygen ions start increasing the

streamer velocity.117 Since O2
� concentration varies from 0

to 109 cm�3, the streamers propagate due to photoionization

and are insensitive to the additional background concentra-

tion of O2
�. In other words, the photoionization mechanism

dominates the streamer propagation except when the back-

ground O2
� concentration is higher than 109 cm�3. If we

assume that all the O2
� are neutralized and the detached

electrons join the seed electrons, then the electron density

due to photoionization should be on the order of 109 cm�3.

In reality, not all the electrons will detach from O2
�. We

thus conclude that the electron density due to photoioniza-

tion should be less than 109 cm�3.

D. Effect of frequency of the applied voltage

From the experimental point of view, the effects of back-

ground ionization/leftover ionization from the prior dis-

charges on a new discharge can be investigated by changing

the frequency of the applied voltage pulses. This is because,

with the change of discharge frequency, the pulse off time is

changed. This change in turn affects the background electron

density due to attachment, recombination, diffusion, charge

transfer, and some other processes. However, it is experimen-

tally extremely challenging to build a pulsed power supply

with a wide range variable repetition frequency while main-

taining the same pulse shape and amplitude. This is why most

of the works reported are based on the results of individual

discharges or a single-shot discharge. Only a few works have

been reported on the effect of background electron density on

characteristics of the streamers by adjusting the discharge fre-

quency. As mentioned above, the maximum frequency was

only 10 Hz. For example, at frequency of 5 Hz, in a 100 mbar

discharge in pure N2, it was found that the build-up of back-

ground ionization affects the morphology of subsequent

discharges although the streamers of the subsequent discharges

do not follow exactly the same path of the previous

discharges.122

Since it is experimentally extremely challenging to build

a pulse source with a wide range variable repetition fre-

quency while maintaining the same pulse shape and ampli-

tude, on the other hand, to build a pulsed power supply

having only two pulses with the variable time interval in a

wide range is much less challenging. Besides, as we know

that the life time of electrons and ions at atmospheric pressure

air is very short, thus the difference of the densities of resid-

ual electrons and ions between a single preceding pulse and a

sequence of preceding pulses might not be large. However, if

long lifetime reactive species, such as metastable state spe-

cies, also contribute to the generation of electrons and ions,

then they might cause a large difference. Based on such point

of view, recently, by applying two subsequent pulses with

pulse-to-pulse intervals Dt between 200 ns and 40 ms, the

effect of the first discharge on the second discharge was

investigated.50

An example of the photos of the two discharges in 133

mbar air with a large variation Dt is given in Fig. 13.50 The

discharges generated by the first pulse are, except for sto-

chastic variations, similar for all values of Dt. The develop-

ment of the second discharge pulse as a function of Dt can be

divided into several stages. The streamers ignited by the sec-

ond pulse start propagating from the tip of the primary

streamer when the pulse-to-pulse intervals are 600 ns or less.

This indicates that the primary streamer has a relatively high

conductivity at the point when the second pulse starts. When

the pulse-to pulse intervals are further increased up to 1.8 ls,

the streamers ignite from the tip electrode. New streamer

channels appear while avoiding the old streamer pathways

when the pulse-to-pulse intervals are increased further to 2.8

ls. When the pulse-to-pulse intervals increase to 3.3 ls,

more new channels appear. Some of the new channels follow

the edges of the old channels. They start to overlap more

with the channels generated during the first pulse when the

pulse-to-pulse interval increases to 6.8 ls and a large number

of the second-pulse streamers still follow the first-pulse

streamer paths even when the pulse-to-pulse interval is

increased to 1 ms. Only when the pulse-to-pulse interval is

increased to around 10 ms, the second discharge appears

fully independent of the first discharge. In other words, only

when Dt is around 10 ms, the residual effect of the first pulse

completely disappears. In this case, the concentrations of

the electrons, residual ions, excited metastable, and other

species, are too low to have any effect on the second dis-

charge pulse.

FIG. 12. Propagation speed of streamers in air with different levels of back-

ground O2
� concentration. Photo-ionization is present in all three cases.117

Reproduced with permission from Wormeester et al., J. Phys. D: Appl.

Phys. 43, 505201 (2010). Copyright 2010 Institute of Physics.
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There are few points that should be discussed in this

regard. First, the above study only investigated the effect of

the first pulse on the second pulse.50 When the streamers are

operated in a continuous mode, the integrated effect from

precedent multiple pulses could be very different from the

effect of the single pulse. Second, the gas pressure of the dis-

cussed study was 133 mbar. Consequently, at atmospheric

pressure, the pulse-to-pulse intervals corresponding to the

different stages could also be different.

E. Effect of gas pressure

Besides the discharge frequency, the gas pressure and the

amplitude of the applied voltage could also affect the back-

ground ionization and thus the characteristics of the streamers.

Figure 14(a) shows the streamer stagnation time, which is the

time interval between the discharge inception and the breakup

into streamers, as a function of pressure in air for different volt-

age amplitudes.123 The streamer stagnation time roughly scales

as �1/p regardless of the voltage. Jitter of the stagnation time

decreases with voltage and increases with gas pressure. Figure

14(b) shows that the streamer stagnation time is almost the

same for the three voltage amplitudes for the same discharge

frequency of 1 Hz and the jitter does not decrease much with

the voltage.123 The influence of the repetition frequency is also

shown in Fig. 14(b). The average stagnation time is quite simi-

lar for the three repetition rates. But the jitter of the stagnation

time decreases with the repetition frequency.123 It is worth

emphasizing that the jitter of the stagnation time for all the

cases reported here is tens of nanoseconds or even longer; they

are much longer than in the case of plasma bullets when they

propagate in a repeatable mode, as will be discussed in Sec. IV.

F. Effect of adding radiative gas

In addition, the background ionization can also be con-

trolled by adding radiative gas. Studies estimated that adding

9.9 ppb of 85Kr to pure nitrogen at 200 mbar could create a

background ionization level of about 4� 105 cm�3.21 It was

found that it starts affecting the streamer morphology in the
85Kr mixture only at repetition rates of 1 Hz or higher.

Therefore, it was concluded that the background ionization

level should be close to 4� 105 cm�3 for a discharge fre-

quency of 1 Hz in pure N2 at 200 mbar. This interesting

result confirmed that background ionization levels indeed

play an important role in streamer propagation.

FIG. 13. Superimposed discharge-pair

images for varying pulse-to-pulse

interval Dt as indicated in the images.

Images taken in 133 mbar artificial air

with pulses of 13.6 kV amplitude and

200 ns pulse length. Areas that only

emit during the first pulse are blue,

areas that only emit during the second

pulse are yellow, and areas that emit

during both pulses are white.50

Reproduced with permission from

Nijdam et al., Plasma Sources Sci.

Technol. 23, 025008 (2014). Copyright

2014 Institute of Physics.

FIG. 14. (a) Average streamer stagna-

tion time with standard deviation in

air as a function of pressure for

different voltage amplitudes. (b)

Average stagnation time with stan-

dard deviation in air as a function of

voltage for different pulse repetition

frequencies.123 Reproduced with per-

mission from Chen et al., J. Phys. D:

Appl. Phys. 48, 175201 (2015).

Copyright 2015 Institute of Physics.
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G. Preliminary summary

In short, electron density induced by photoionization

should be on the order of 107–108 cm�3 for a streamer to

propagate. Simulations show that only when the concentra-

tion of O2
� is higher than 109 cm�3, which corresponds to a

discharge frequency of 1 kHz in atmospheric pressure air,

the background ionization starts to play a significant role. On

the contrary, photoionization plays the dominant role in the

propagation of positive streamers. On the other hand, most

of the experimental results reported are based on single-shot

studies. Few of these studies use repetitive discharges, and

the maximum frequency is up to 10 Hz. Besides, the gas

pressure is a few hundred mbar rather than atmospheric pres-

sure. This is due to the extraordinary challenge of building a

suitable high voltage power supply. In 100 mbar pure N2, it

was found that the build-up of background ionization has

influenced the morphology of the streamers at a frequency of

several Hz. In 100 mbar air, the jitter of the streamer stagna-

tion time decreases when the repetition frequency is

increased from 0.1 to 10 Hz. Studies from two-pulses-system

in 133 mbar air found that the first pulse still affects the sec-

ond pulse when the pulse-to-pulse interval is less than 10 ms.

In other words, when the discharge frequency is lower than

100 Hz, the concentrations of the electrons, residual ions,

and excited species in metastable states are too low to have

any effect on the second discharge pulse.

Because of the nature of streamers, fast propagation,

and poor repeatability from pulse to pulse, it is extremely

difficult to understand the physics behind some of the phe-

nomena. From the experimental point of view, due to the

limited availability of suitable pulsed power supplies and

also due to the lack of reliable diagnostic systems, the under-

standing of the streamers in air is still limited. It is not

known if it is possible, or if possible, when and how the

streamer behavior changes from non-repeatable to repeat-

able. On the other hand, the plasma bullet behavior of atmo-

spheric pressure plasma jets, which is a kind of streamer

discharges, features high repeatability, i.e., propagates the

same distance after the same delay time. Such an exotic char-

acteristic is very useful to understand the physics of stream-

ers, in general. In addition, because the working gas of the

plasma jets is a noble gas, such as He and Ar, which has a

much lower breakdown voltage, it is much less challenging

to build a pulsed power supply with a wide range of fre-

quency at a relatively low voltage. In the following, the

recent studies of the effect of photoionization and seed elec-

tron density on the repeatability of plasma bullets of atmo-

spheric pressure plasma jets are critically examined.

IV. GUIDED IONIZATION WAVE: HIGH SEED
ELECTRON DENSITY (HSED) DISCHARGE

As discussed in the Introduction, plasma bullets behave

differently from traditional streamer discharges. The

streamer theory cannot interpret many experimental observa-

tions related to plasma bullets. One of the significant differ-

ences is the reproducibility of the plasma bullets which

propagate the same distance after the same delay

time.9,19,40,43,124–170 On the other hand, it is noticed that

most N-APPJs are driven in noble working gases by kHz or

higher frequency power supply. This is different from the

streamers, which are mainly single shot or several hertz only

with air as working gas. As we know, the electron density

decrease takes place over specific decay times. In air at stan-

dard temperature and pressure, the free electrons are cap-

tured by O2 molecules during only about ten nanoseconds,

forming negative ions. The captured electrons are less effec-

tive to contribute to the ionization process unless they are

detached under a high electric field. On the other hand, as

N-APPJs are mainly operated in noble gases, the lifetime of

the free electrons could be much longer. Thus, the seed elec-

tron density left from previous discharge pulses could be

significantly higher than in traditional streamer discharges.

According to the four aspects of the streamer theory pre-

sented above, if the seed electron density in the discharge

channel is high, the seed electrons could supply free elec-

trons. These electrons could then be used either as the first

electron for the primary avalanche or as the secondary elec-

trons for the secondary electron avalanche. Then, the ran-

domness of the generation of the first electron, which results

in the ignition delay and ignition jitter, and the uncertainty of

the photoionization, which leads to the inconsistency of the

propagation speed of a streamer and also to the branching

behavior, will not exist anymore. If appropriate conditions

are met, the dynamics of the plasma plume will be in a

repeatable mode, which was observed by many groups.

Now several questions arise:

(1) First, do all plasma bullets have a high seed electron den-

sity? In other words, do all plasma bullets propagate in a

repeatable mode? If the answer is no, then when a plasma

bullet propagates in an unrepeatable (random) mode, it

needs to be answered whether the stochastic mode is due

to the inconsistence of the ignition (the first electron for

the primary avalanche) of the plasma or the propagation

speed (the secondary electrons for the secondary electron

avalanche).

(2) Second, for most studies reported, the propagation

behavior is captured when the plasma has been running

for seconds to minutes or even longer. In these cases,

there is accumulation of charged particles and reactive

species left from the many previous pulses. On the other

hand, for the very first discharge (ignition phase), there

are no residual electrons due to the previous discharge,

while the seed electron density due to natural radioactiv-

ity is very low (�104 cm�3). Thus, the propagation of

the plasma bullet for the very first discharge pulses is

likely to be different from the stable discharge phase. It

will thus be important to confirm if the propagation of

the plasma bullet of the very first discharge is not in a

repeatable mode. Furthermore, it will be helpful to know

after how many discharge pulses the discharge will trans-

fer from a stochastic to a repeatable mode.

(3) Third, what is the minimum seed electron density required

for a N-APPJ to propagate in a repeatable mode?

(4) Fourth, what is the electron density due to photoioniza-

tion and does photoionization play any role in the propa-

gation of N-APPJ?
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To answer questions (1)–(4) above, precise measure-

ments of the seed electron density and the electron density

due to photoionization would be particularly useful.

However, since the electron density ne of the plasma is

numerically estimated to be between 1011 and 1013 cm�3, the

seed electron concentration nseed must be many orders lower

than the electron density of the plasma. The seed electron

density nseed assumed by different groups is vastly different,

ranging from 102 to 1010 cm�3.12 For such a low electron

density, currently there is no reliable experimental method

available that can be used to directly measure it. On the other

hand, as the seed electron density nseed decays with time,

when the discharge frequency varies, the corresponding time

interval between two consecutive discharges changes accord-

ingly. Thus, by reducing the discharge frequency, the dis-

charge must change from a repeatable mode to a stochastic

mode when the frequency is lower than the minimum

required frequency because the seed electron density is lower

than a certain threshold. Based on such assumption, several

experiments were conducted to answer the four questions

listed above.

A. Plasma bullet propagation: Repeatable and
stochastic modes

First, it was found that not all plasma bullets propagate

in a repeatable mode. When the pulse frequency is reduced

from 10 to 0.25 kHz, the dynamics of the plasma plume do

not show any obvious difference. Indeed, the location of the

plasma bullets is always the same for the same delay time;

this is the key indicator of the streamer propagation in a

repeatable mode. However, when the frequency is further

reduced to 0.2 kHz, the plasma plume still looks the same to

the eyes, but the photographs captured by the ICCD camera

show that there is a significant difference from the case of

0.25 kHz as shown in Fig. 15. Although the plasma still

appears like a bullet for the frequency of 0.2 kHz, the loca-

tion of the plasma bullet is not the same anymore for the

same delay time.171 The plasma bullets thus propagate in a

stochastic mode under such conditions.

Next, when a plasma bullet propagates in the stochastic

mode, in order to know whether the stochastic mode is due

to the inconsistence of the ignition of the plasma or the prop-

agation speed, two photomultiplier tubes (PMTs) are used to

capture the light emission of the plasma plume.172 The PMT

1 is placed close to the high voltage electrode and the dis-

tance between the PMT 1 and the PMT 2 is 2.5 cm. The time

between the peak of the PMT 1 and the rising edge of the

applied voltage (50% of its maximum) is referred as td, and

the time between the PMTs is referred as tv. Since the dis-

tance L between the two PMTs is fixed, the propagation

velocity of the plasma bullet can be calculated by v¼ L/tv. If

tv is the same for the same discharge conditions, it is reason-

able to assume that the propagation velocity of the plasma

bullet from the electrode to the position of PMT 1 is also a

constant. Under such conditions, the ignition delay time td
can be used to determine the mode of the discharge, i.e.,

repeatable or unrepeatable/stochastic mode. When the jitter

of td is less than a certain value, the plasma bullet is consid-

ered as propagating in a repeatable mode. Otherwise, it is

considered as propagating under an unrepeatable/stochastic

mode.

Since a typical propagation velocity of the plasma bul-

let is on the order of 105 m/s, a 2 ns jitter corresponding to

the spatial uncertainty of about 0.2 mm is the limit of the

spatial resolution of the system. Figure 16 shows the veloc-

ity of the plasma bullet for different frequencies with O2

percentage of 0.5% and 10%. As we can see that the value

of the error bar obtained from 20 repeated measurements

is very small for all the experiment conditions, which

means that under such conditions, the plasma propagation

FIG. 15. High-speed photographs of

the discharge with the frequency of

0.2 kHz of the plasma plume at one

atmospheric pressure plasma. Voltage:

7 kV, pulse width: 800 ns, and helium

flow rate: 1 l/min. Exposure time of the

ICCD camera: 20 ns. Single shot for

each image. The time labeled on the

photographs corresponds to the rise

edge of the applied voltage. Due to the

randomness of the discharge, three

photographs are taken for every delay

time.171 Reproduced with permission

from Wu et al., Curr. Appl. Phys. 13,

S1 (2013). Copyright 2013 Elsevier.
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velocities are constant.172 In other words, if the plasma

bullet propagation is in an unrepeatable mode, then it must

be due to the inconsistence of the ignition of the plasma

bullet, i.e., the jitter/error bar of the ignition delay time td.

Figure 17 shows the ignition delay time td for O2 percen-

tages of 0.5% and 10% and for different frequencies.172 It

can be seen from Fig. 17 that both the jitter (error bar) of

delay time td and the delay td itself decrease with the increase

in the frequency. As mentioned before, the plasma propaga-

tion is considered in a repeatable mode when the jitter of td
is less than 2 ns. The discharge mode transits from a random

to a repeatable mode with the increase in the frequency. The

frequency corresponding to the discharge mode transition

from the random mode to the repeatable mode is defined as

the critical frequency fcri. It can be seen from Figs. 17(a) and

17(b), when the O2 percentages are 0.5% and 10%, the corre-

sponding critical frequencies fcri are 300 and 1900 Hz,

respectively.

It is worth emphasizing that although the above experi-

ments were conducted under 0.2 atmospheric pressure, simi-

lar results were also reported under one atmospheric

pressure.171 The critical frequency is about 200 Hz for the

helium plasma jet. When the frequency is reduced to less

than 200 Hz, the plasma bullet propagation mode changes

from the repeatable to the random mode.

B. Propagation mode of the first discharge pulse

For the very first discharge (ignition phase), there are no

residual electrons because there is no previous discharge. In

this case, the seed electron density due to natural radioactivity

is very low (�104 cm�3) and the plasma bullet for the very first

discharge pulse should propagate in a random mode. This was

confirmed by experiment as shown in Fig. 18.173 For the very

first discharge pulse, td is around 5 ls. It drops to about 300 ns

for the second pulse and remains almost the same for the fol-

lowing discharge pulses. Since the jitter of td is much smaller

than td itself as can been seen from Fig. 18(a), the detailed

information of td jitter for different discharge pulses is plotted

in Fig. 18(b). It clearly shows that the td jitter is about 1600 ns

for the first discharge pulse; it decreases slowing to a stable

value of about 3 ns for the 100 000th pulse.

On the other hand, a typical propagation velocity of the

plasma bullet is about 105 m/s. Thus, the 3 ns jitter corre-

sponds to the spatial uncertainty of about 0.3 mm, which is

much less than the spatial resolution of the experiment setup.

For the 100th pulse, the td jitter is about 7 ns, which corre-

sponds to the spatial uncertainly of about 0.7 mm. This is

about the limit of the spatial resolution of the system. Thus,

it can be concluded that the propagation of the plasma bullets

for the very first discharge is under the random mode and it

becomes stable after about 100 pulses.

In addition, it is worth mentioning that the very first dis-

charge is not ignited by the first voltage pulse that is applied to

the high-voltage electrode. It is actually ignited after many

voltage pulses and the number of the voltage pulses depends

on the frequency of the applied voltage and on whether there

is light in the room or not.174 For example, at pulse frequency

of 2 kHz, when the lamp is off, the plasma is ignited at about

2000 ms after the voltage pulses are applied, which corre-

sponds to 4000 voltage pulses before the plasma is ignited. On

the contrary, when the lamp is on, it is decreased to less than

5 ms, i.e., the first discharge is ignited only after less than 10

voltage pulses. Since the wavelength of light emitted by the

lamp is in the range of 350 to 800 nm and single photon in this

range cannot directly contribute to photoionization, thus the

light might contribute to multiphoton ionization. The effect of

visible light on the plasma jet ignition was later confirmed.175

C. Minimum seed electron density for repeatable mode
at different gas pressures

As has been concluded above, the mode transition of

plasma bullets is due to the change of the seed electron

FIG. 16. The propagation velocity of the plasma bullet vs. frequency for

0.5% and 10% of O2. Total gas pressure: 0.2 atmospheric pressure.172

Reproduced with permission from Phys. Plasmas 23, 093518 (2016).

Copyright 2016 AIP Publishing LLC.

FIG. 17. td vs. frequencies for He

mixed with (a) 0.5% and (b) 10% of

O2. Total gas pressure: 0.2 atmospheric

pressure.172 Reproduced with permis-

sion from Phys. Plasmas 23, 093518

(2016). Copyright 2016 AIP Publishing

LLC.
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density, which results in the change of the ignition jitter of

the plasma bullet. Regarding the minimum seed electron

density required for N-APPJs to propagate in a repeatable

mode, it can be evaluated from the critical frequency of the

mode transition. According to the measured critical fre-

quency, the maximum decay time of the electrons to main-

tain the required minimum seed electron density in order to

propagate in the repeatable mode can be obtained. Thus, if

the initial electron density and the decay kinetics of the elec-

trons are known, the seed electron density at the critical fre-

quency can be evaluated.

On the other hand, the initial electron density can be

estimated from the measured discharge current. For the elec-

tron decay kinetics, there are three main paths for electron

decay in the afterglow, i.e., electron attachment, electron-ion

recombination, and diffusion. The electron and O�2 diffusion

coefficients scale as De and DO�2
/ 1=P, meaning more sig-

nificant contribution of diffusion at a lower gas pressure. The

decay behavior of the densities of electrons and O�2 can be

described as follows:

@ne=@t ¼ � De=K
2

� �
ne � kattn O2½ �n M½ � � krecn P½ �; (3)

@nO�2
=@t ¼ � DO�2

=K2
� �

nO�2
þ kattn O2½ �n M½ � � krecn P½ �; (4)

where subscripts “e,” “p,” and “M” refer to electrons, posi-

tive ions, and neutral particles, and K is the diffusion

length.176 Here, katt is the attachment rate, kdet is the

detachment rate, and krec is the recombination rate.177–181

For pure He, the O2 concentration is too low to contribute

significantly to the seed electrons. In this case, the electron

density decay kinetics can be calculated approximately by

Eq. (4).

When O2 is added, the critical frequency to maintain the

propagation of the plasma bullet in a repeatable mode

increases as discussed above. As we know, when a signifi-

cant amount of O2 is added, due to attachment, electrons

attach to O2 on a time scale which is much shorter than the

pulse off time, and the detachment of O�2 besides the residual

electron left over from previous discharges could contribute

significantly to the seed electron density. This is because the

electric field near the tip of the high voltage electrode and

also at the plasma bullet head can be very high,182 thus

resulting in a significant electron detachment from O�2 .

Importantly, electron detachment is the main source of the

seed electrons when a significant amount of O2 is added. The

electron density due to detachment ndet can be calculated

from the following equation:

@ndet=@t ¼ kdetn O2½ �n M½ �; (5)

where kdet is the detachment coefficient. On the other hand,

it should be emphasized that kdet strongly depends on the

value of the reduced electric field E/N. Therefore, electron

detachment from O�2 contributes significantly to the seed

electron density only when the electric field is sufficiently

high.

In order to have significant electron detachment,113 the

value of E/N should be higher than 150 Td. The period while

the reduced electric field is higher than 150 Td can be esti-

mated according to the pulse rising time, the ignition delay

time, and the electrode configuration.172

Now, according to Eqs. (3)–(5), as long as the initial elec-

tron density is given, the decay kinetics of the electron density

can be obtained according to a simple zero-dimensional kinetic

model. For the helium atmospheric pressure plasma jet,171

although the initial electron density is not known, however, the

initial electron density of a helium plasma jet should be in the

range of 1011 cm�3–1013 cm�3.183,184 Therefore, assuming that

the initial electron densities are 1011, 1012, and 1013 cm�3,

respectively, the corresponding decay behaviors of the seed

electron density are calculated as shown in Fig. 19. The propa-

gation mode transition of the helium plasma jet has a critical

frequency of 250 Hz, which corresponds to the decay time of

4 ms. Thus, according to Fig. 19, the seed electron density of

the helium plasma jet to propagate in a repeatable mode is

about 109 to 1.3� 109 cm�3 when the initial electron density

varies from 1011 to 1013 cm�3. Fortunately, the critical seed

electron density is not sensitive to the initial electron density.

In order to know whether the minimum seed electron

density required for a repeatable mode is strongly gas com-

position dependent or not, the ideal choice will be to gener-

ate plasma plumes at one atmospheric pressure with different

working gas mixtures and then to obtain their initial electron

density and the critical frequency of mode transitions.

Finally, based on the obtained results and Eqs. (1)–(3), the

minimum electron density required for the repeatable mode

can be calculated for different gas composition. However, to

generate atmospheric pressure plasma jet for different gas

composition such as air, much higher voltages are needed;

however, the power supplies of this kind are not commonly

available or very expensive to custom-build. A compromise

FIG. 18. The delay time td (a) and td
jitter (b) for different discharge pulses.

Voltage: 6 kV, pulse width: 6 ls, pulse

frequency: 4 kHz, and helium flow rate:

1 l/min.173 Reproduced with permission

from Phys. Plasmas 21, 123509 (2014).

Copyright 2014 AIP Publishing LLC.
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could be achieved by running experiments at a reduced gas

pressure of 0.2 and 0.04 atmospheric pressure; the minimum

seed concentrations for a repeatable mode are calculated for

different gas mixtures as shown in Figs. 20 and 21.

Figures 20 and 21 show that the minimum seed electron

number density does not strongly depend on the oxygen con-

centration; they are on the order of 108 cm�3 for 0.2 atmo-

spheric pressure and 107 cm�3 for 0.04 atmospheric

pressure.185 Besides, simulation results show that, at 0.2

atmospheric pressure, for the case of helium, the residual

electrons left over from previous discharges are about

108 cm�3, which contributes most of the seed electrons.

When a small (�1%) amount of O2 is added, the residual

electron density is below 106 cm�3 for a pulse frequency of

10 kHz as shown in Fig. 22,185 which is two orders of magni-

tude lower than the required seed electron density for the

plasma to propagate in the repeatable mode. The seed elec-

trons due to detachment from O2
� become the main source.

This is also true for the case of 0.04 atmospheric pressure.

Furthermore, a traditional streamer evolves from an ava-

lanche if the electric field E0 induced from the space charge

in the streamer head becomes comparable to the external

field E0.29 Since plasma bullets are also a kind of streamer

discharges, plasma bullets should also meet this criterion,

taking into account the difference in the seed electron den-

sity between these two discharges. To validate this assump-

tion, according to the estimated nseed, the space charges

resulting from the avalanche at a distance lav from the anode

were calculated, and the electric field induced by the space

charge is calculated. It was found that, for a gas pressure of

2� 104 Pa, the local electric field E0 induced by the space

charge is 13.1 kV/cm. Meanwhile, the electric field E0 due to

the applied voltage is 15.8 kV/cm, which is quite close to the

local electric field E0 induced by the space charge. Similarly,

for a gas pressure of 4� 103 Pa, the electric field induced by

the space charge is 19.2 kV/cm, while the value of E0 is

19.2 kV/cm. These values are remarkably the same. Thus, as

the seed electron density meets the critical number, the

streamer will ignite at a definite time, which means that the

discharge propagates in the repeatable mode. However, if the

seed electron density is lower than the critical value, more

time is needed for the avalanche to develop until the electric

field of the space charge satisfies the criterion of streamer

formation. In this case, the discharge propagates in the ran-

dom mode.

D. Photoionization for plasma bullet

Regarding the role of photoionization in the propagation

of plasma bullets, again, because of the major experimental

difficulties, there are no direct photoionization experiments

reported. For simplicity, background ionization was used to

replace photoionization in most of the simulations. The seed

electron densities were assumed by varying from 102 to

1010 cm�3.186–198 It is worth emphasizing that, in the simula-

tions,194 photoionization was not included, if the initial elec-

tron density n0 is assumed to be lower than 109 cm�3; the

development of the plasma is restricted to a zone inside the

FIG. 19. The calculated curves of the electron density decay at atmospheric

pressure with the initial electron density of 1011, 1012, and 1013 cm�3.172

Reproduced with permission from Phys. Plasmas 23, 093518 (2016).

Copyright 2016 AIP Publishing LLC.

FIG. 20. The required seed electron density nseed for the plasma to propagate

in a repeatable mode at 0.2 atmospheric pressure with helium mixed with O2

fractions of 0%, 0.5%, 1%, 2.5%, 5%, and 10%. Air impurity of 0.025% is

always present.185 Reproduced with permission from Phys. Plasmas 23,

123513 (2016). Copyright 2016 AIP Publishing LLC.

FIG. 21. The required seed electron density nseed for the plasma to propagate

in a repeatable mode at 0.04 atmospheric pressure with O2 fraction of 0, 5,

10, and 25 in He/O2. Air impurity of 0.025% is always present.185

Reproduced with permission from Phys. Plasmas 23, 123513 (2016).

Copyright 2016 AIP Publishing LLC.
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tube. The plasma cannot propagate in the open air when the

initial electron density is assumed to be lower than 109 cm�3.

In order to better understand the role of photoionization

in the propagation of plasma bullets, photoionization effect

is incorporated in the modeling.182,186 Two simulations were

carried out, one with photoionization and another one with-

out photoionization. The seed electron density in these simu-

lations was taken equal to 103 cm�3. Calculations of the total

electron ionization rate as a function of time for the two

cases revealed that basic phenomena of streamer propagation

along the jet axial direction appear to be quite similar for the

both cases.182 It was concluded that streamer propagation in

cold plasma jets is possible at such low n0 even without pho-

toionization, although it is much slower compared to the

case when photoionization is included in the model. Indeed,

photoionization processes create a weakly ionized plasma

cloud (�106–108 cm�3) surrounding the primary ionization

processes in the streamer head.186 This cloud is responsible

for providing seed electrons that significantly increase the

streamer propagation speed. We emphasize that these calcu-

lations are based on the fluid models. As mentioned above,

these models cannot adequately describe the experimentally

observed ignition delay and its jitter. Further complications

may be expected upon transition into microplasma

domain.199,200

V. PHYSICAL MECHANISMS

A. Minimum SED for repeatable propagation mode in
pure helium plasma

As discussed in Sec. IV, the plasma propagation behav-

ior for the very first discharge is always in a stochastic mode

and it transits to a repeatable mode after about 100 discharge

pulses. However, the available plasma jet models consider

only one single discharge without accounting for charge

accumulation effects.

We recall that the accumulation effects include the accu-

mulation of electrons, ions, metastable excited states, and

other reactive species. The accumulation of free electrons is

normally approximated by the initial electron density. If the

working gas is pure helium, the main charged species would

be electrons, Heþ, and He2
þ, according to

Heþ þ Heþ He! Heþ2 þ He;

ðk1 ¼ 6:6� 10�32cm�6 � s�1Þ: (6)

The exponential delay time of the process at atmospheric

pressure is t ¼ (k[He]2)�1 ¼ 1.5� 10�8 s, which means that

the main ions will be He2
þ since recombination of electrons

and Heþ will take much longer time during the decay period

when the electron density is �1010 cm�3 or lower. At

FIG. 22. The temporal evolution of

O2
� ions and electrons in the afterglow

(no applied voltage) at a total pressure

of 2� 104 Pa for O2 percentages of

(a) 0%, (b) 0.5%, (c) 1%, (d) 2.5%,

(e) 5%, and (f) 10%. Air impurity of

0.025% is always present.185

Reproduced with permission from

Phys. Plasmas 23, 123513 (2016).

Copyright 2016 AIP Publishing LLC.
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atmospheric pressure, ignoring the diffusion loss, the follow-

ing reactions describe the transformations of He species:201

Heþ2 þ eþ He! Heþ Heþ He;

ðk2 ¼ 2:0� 10�27T�2:5
eg cm�6 � s�1Þ; (7)

Heþ2 þ eþ He! Heþ Heþ He�;

ðk3 ¼ 5:0� 10�27T�1:0
eg cm�6 � s�1Þ; (8)

Heþ2 þ eþ e! Heþ Heþ e;

ðk4 ¼ 7:0� 10�20ð300=TeÞ4:5cm�6 � s�1Þ; (9)

Heþ2 þ eþ e! Heþ He� þ e;

ðk5 ¼ 1:0� 10�20 T�4:0
eg cm�6 � s�1Þ; (10)

Heþ2 þ e! HeþHe�; ðk6 ¼ 8:9� 10�9 T�1:5
eg cm�3 � s�1Þ;

(11)

Heþ2 þ e! Heþ He; ðk7 ¼ 1:0� 10�8cm�3 � s�1Þ: (12)

The exponential decay time depends on the corresponding

electron density at the moment. Besides, during the decay

phase, there is no external electric field, it is reasonable to

assume Te ¼ Tg ¼ 300 K. Immediately after the discharge,

the electron density is on the order of 1011–1013 cm�3. Thus,

in the following estimate, it is assumed to be 1012 cm�3, so

according to reactions (7)–(12), the decay time constant is

about 3.6 ls. On the other hand, the critical electron density

for propagation mode transition is around 109 cm�3. Thus,

for the electron density of 109 cm�3, the corresponding time

constant can also be estimated according to reactions

(7)–(12); it is about 5 ms, which corresponds to frequency of

200 Hz, consistently with the experimental studies of plasma

plume repeatability.172

B. Minimum SED for repeatable propagation mode
with O2 present

1. SED due to O2
2 detachment

For the plasma jet to propagate in open air, because of

diffusion of surrounding air, O2 density in the plasma plume

could be high, thus O2
� concentration could also be high.

So, the seed electrons could be produced by detachment. The

formation of O2
� is described by the attachment

pathways201,202

eþO2þO2!O�2 þO2; k8¼ 2:26�10�30cm6s�1; (13)

eþO2þN2!O�2 þN2; k9¼ 1:24�10�31cm6s�1: (14)

The exponential decay time of the electron Dt ¼ (k8[O2]2

þ k9[O2][N2])�1. At room temperature, k8¼ 2.26� 10�30

cm6 s�1 and k9¼ 1.24� 10�31 cm6 s�1.36,39 At atmospheric

pressure air conditions, it is about 20 ns. After forming O2
�,

if the repetition frequency is high enough, before O2
� disap-

pear through two and three-body ion-ion recombination or

diffusion, these species can produce seed electrons through

detachment when the next voltage pulse is applied.

For example, for 1% O2 in helium at 0.2 atmospheric

pressure, the O2
� density is about 2� 109 cm�3 for a pulse

frequency of 400 Hz, which is the critical frequency for the

repeatable propagation mode.172,185 The seed electrons den-

sity due to the detachment is about 2.5� 108 cm�3 while the

original leftover free electron density is much lower than

106 cm�3.185 In other words, electron detachment is the main

contribution of seed electrons when O2 is present.

Another study shows that, at atmospheric pressure, the

critical frequency for the repeatable propagation mode is

about 250 Hz, while the density of leftover free electrons

from previous pulses is around 104–105 cm�3.171 In this case,

the density of electrons detached from O2
� to produce most

of the seed electrons should be about 109 to 1.3� 109 cm�3,

while the initial electron density varies from 1011 to

1013 cm�3.172 It is worth pointing out that the critical fre-

quency for the propagation mode transition of the plasma

bullet depends on the O2 percentage. Further estimates show

that the minimum seed electron density is about the same for

all different percentages of O2 and the helium mixture.

However, this value strongly depends on the gas pressure.

Specifically, it is about 107 cm�3 for a gas pressure of 4 kPa,

108 cm�3 for a gas pressure of 0.2 atmospheric pressure, and

109 cm�3 for one atmospheric pressure.

2. SED due to photoionization

On the other hand, photoionization is always present

because there is a trace amount of air in the plasma jet when

it propagates in surrounding air. For a positive streamer in

air, it is believed that photoionization is essential for propa-

gation of the streamer. At one atmospheric pressure, the elec-

tron density induced by photoionization is on the order of

107 cm�3 because photoionization affects the propagation of

the streamer only when the seed electron density is lower

than 107 cm�3.94 Numerical modeling124 also indicates that

the electron density induced by photoionization is on the

order of 107 cm�3 because similar streamer propagation

behavior can be obtained in the model where either only

seed electron density is 107 cm�3 is assumed or only photo-

ionization is included. Another study117 shows that O2
�

density of 109 cm�3 has a similar contribution as photoioni-

zation, since not all O2
� lost their electron during the propa-

gation of the plasma bullet. One can thus conclude that the

maximum electron density contributed by photoionization

should be less than 109 cm�3.

However, results of other authors introduce even more

uncertainty into the real potential of photoionization to gen-

erate seed electrons for the guided streamer propagation. It

was reported185 that for O2
� density of 2� 109 cm�3, the

electron density due to detachment is almost one order of

magnitude lower, i.e., 2.5� 108 cm�3. In other words, only

about 10% of the negative O2
� ions have lost their electron

when the high electric field was applied. Therefore, it is

reasonable to assume that the electron density induced by

photoionization is on the order of 108 cm�3. This value is

consistent with the numerical results suggesting that a

weakly ionized plasma cloud induced by photoionization

and surrounding the streamer head has the electron density
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of up to 108 cm�3, while this density naturally decreases

with the increase in the distance from the streamer

head.182,186 Another important conclusion of these works is

that the photoionization could induce a significant amount of

seed electrons at the distance up to about 2 mm. One more

study shows that when O2
� concentration is below 109 cm�3,

the electron detachment mechanism appears to be less

important than photoionization.84 Since not all negative O2
�

ions lose electron during the propagation time of about 4 ns,

the seed electron density due to detachment should be also

less than 109 cm�3.

Based on all these studies, it can be concluded that the

density of electrons realistically produced by photoionization

is on the order of 107–108 cm�3. It should be emphasized

that the electrode configuration, the applied voltage, and the

gas composition in these studies are different, but the

obtained electron density induced by photoionization is not

too far away from each other.

C. Required minimum SED for repeatable propagation
mode

According to the discussion above, for the case of pure

helium plasmas, the minimum required SED for a repeatable

propagation mode at atmospheric pressure is on the order of

109 cm�3. When O2 is present, electrons attach to O2 mole-

cules in about 20 ns and form negative O2
� ions. For repeti-

tive discharges, if the repetition frequency is high enough,

the negative O2
� ions could contribute significantly to the

concentration of free electrons. Although different O2 per-

centage in helium results in different critical frequency to

maintain the repeatable mode, it was found that the mini-

mum SED for the repeatable mode propagation is the same

as for the pure helium case, which is also 109 cm�3 for atmo-

spheric pressure plasma jets. Further investigation shows

that electron density induced by photoionization is at least

one to two orders less than the required minimum SED for

repeatable mode propagation. This means that photoioniza-

tion alone is not able to meet the requirement of having

plasma to propagate under repeatable mode.

On the other hand, when the gas pressure is reduced, the

required minimum SED for the repeatable mode propagation

also decreases. For a gas pressure of 0.2 and 0.04 atmo-

spheric pressure, the corresponding required minimum SED

for the repeatable mode propagation is on the order of 108

and 107 cm�3.

VI. FUTURE CHALLENGES AND OPPORTUNITIES

A. Minimum seed electron density for air streamer
propagating in repeatable mode

For traditional streamers, one experiment showed that

when the seed electron density is on the order of 105 cm�3, it

starts affecting the branching behavior, i.e., the spatial

repeatability of the streamer.87 Another experimental study

found that a streamer becomes diffused when the seed elec-

tron density is on the order of �107 cm�3.88 Simulations of

streamers in air show that the electron density from the pho-

toionization could reach �108 cm�3.94,119 However, to the

best of our knowledge, streamer propagating in air in the

repeatable mode is yet to be observed. Thus, for traditional

streamers to propagate in the repeatable mode, the seed elec-

tron density must be higher than �108 cm�3.

Besides, simulation results show that when the seed elec-

tron density is �109 cm�3, the streamer starts propagating

instantly. On the country, as the seed electron density

decreases, the delay for the streamer formation starts increas-

ing.94 However, this conclusion was based on the fluid model,

which cannot describe the jitter of delay, as discussed previ-

ously. In other words, it is impossible to simulate the mode

transition behavior because of the nature of the model.

However, such results indicate that electron density of

109 cm�3 might be a threshold for the air streamer to propagate

differently. Nevertheless, in order to confirm whether the mini-

mum seed electron density rule applies to traditional air stream-

ers, further experiments and simulations are needed.

B. Stabilization period of repeatable propagation
mode of plasma bullet

Besides accumulation of seed electrons, the accumula-

tion of excited metastable states, other reactive species gen-

erated by the plasma should also be simulated because they

could also be either directly ionized or indirectly affect the

final concentration of positive and negative ions and thus

affect the seed electrons concentration in the stable state. For

example, if a significant amount of O2 is in the excited meta-

stable states, then there will also be a significant amount of

O2
� in excited metastable states. In this case, one could

expect electron detachment from excited metastable negative

O2
� ions to be significantly higher compared to the ground

state O2
�.

Importantly, the accumulation effect was confirmed by

experiment.173 It was found that the very first discharge

always propagates in a stochastic mode. It transfers to a

repeatable mode after about 100 pulses for a frequency of

4 kHz, which corresponds to about 25 ms. This means that

some species accumulate to reach a stable concentration and

they are able to ensure sufficiently high SED after a rela-

tively long period of time. However, the exact nature and

abundance of the species involved are not clearly understood

at the moment and further research is needed. Such studies

should measure the absolute concentrations of the relevant

species, which could be a significant technical challenge. On

the other hand, numerical modeling is promising to provide

more insights on these species and the associated mecha-

nisms of charge generation and accumulation.

C. Detachment rate of O2
2

As mentioned above, at room temperature, in order to

have electrons detached from O2
�, a high electric field is

needed. This is because, when high electric field is present,

ions gain energy and increase their effective temperature,

which results in the enhanced detachment of electrons.

Figure 23 compares the detachment rate constant from

simulations and experimental measurements in oxygen gas

at T¼ 300 K. There is a good agreement between the simula-

tion,202 semi-empirical calculation,203 and experiment.204
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However, the difference between the calculations and the

measurements (curve 4) is very large, up to two orders of

magnitude.205 It is worth pointing out that electron detach-

ment rates are also very sensitive to the gas temperature.

Further studies are needed to obtain more reliable detach-

ment rates of O2
� under the varied reduced electric field and

gas temperature. As shown in Fig. 24, in the region of the

reduced electric field between 50 and 100 Td, the detachment

rate constant increase about one order of magnitude or even

more when the gas temperature increase by 200 K.

At room temperature atmospheric pressure O2 condition,

according to Fig. 24, for electric field of 150 Td, the detach-

ment rate constant is on the order of 10�12 cm3 s�1. Thus,

the exponential decay time of the detachment is Dt
¼ (kdet�[O2])�1� 40 ns. Thus, in order to have a significant

amount of O2
� detached, the strength of the electric field, the

rising time, and the peak shape of the applied voltage are crucial

for determining the seed electron concentration and the propa-

gation mode. Further investigations are also urgently needed.

D. Photoionization models

Current photoionization models assume that excited N2

emits radiation in the range of 98–102.5 nm, which can be

absorbed by the O2 species and cause ionization. However,

experiments117,118 found that streamer propagation behavior

does not change much when O2 concentration is varied

significantly. In the experiment where N2 þ O2 mixture was

used, when O2 concentration was varied from less than

1 ppm to six orders of magnitude higher, the streamer propa-

gated with nearly the same velocity. This interesting obser-

vation is not clearly understood at the moment. Indeed,

according to the current photoionization model, if photoioni-

zation is important in the streamer propagation, variation of

the O2 density should definitely affect it.

This intriguing discrepancy causes one to question the

currently widely accepted photoionization pathways. One

possibility may be related to multi-photon ionization, espe-

cially two-photon ionization. The second potential pathway

may be due to stepwise ionization where the ionized mole-

cules/atoms find themselves in excited states rather than in

the ground state. The latter mechanism is unlikely to domi-

nate during the very first discharge. However, it is possible

for the following discharges especially when the frequency

of the discharge is relatively high and since some of the

metastable states of N2 and O2 have relatively long lifetimes.

E. Streamer simulation models

Most of the streamer simulations reported use a classical

fluid model, which cannot reproduce the branching and the

stochastic behavior of the streamers. In order to better under-

stand the plasma bullet behavior, fluid models should be

enhanced with specific features to reflect the nature of the

streamer behavior. A potential solution could be sought

through the development of hybrid models. One such hybrid

model incorporates statistical photon transport effects into a

fluid-based plasma transport model. This hybrid model is

able to describe random photoionization phenomena and thus

the branching behavior of streamers.91 In this model, an ini-

tial plasma cloud surrounding the central powered electrode

with a radius of 1.5 mm and peak value of ne ¼ 1010 cm�3 is

assumed. Another hybrid model uses a Monte Carlo collision

- particle in cell method (PIC-MCC) to describe the motion

and collisions of free electrons in a streamer discharge in the

region of high fields without photoionization and low electron

densities with a fluid model in the rest of the domain. This

approach was used to simulate the branching behavior, and

the results were compared with the particle model based on

the PIC-MCC method.82 In the both hybrid and particle mod-

els, the particle model with a single electron is used in the

early stages, until the number of electrons reaches 2� 107;

this occurs at about 0.46 ns. At this time, the particle model

switches to the super-particle mode, while the hybrid model

switches to the full hybrid scheme. However, even these

hybrid models still cannot simulate the behavior of the igni-

tion delay and its jitter. Therefore, further development of

new advanced models to simulate the mode transition behav-

ior of plasma bullets between the repeatable and stochastic

mode is on the agenda.

FIG. 23. The detachment rate constant as a function of reduced electric field

in oxygen at T¼ 300 K. Curve 1 represents the results of numerical simula-

tions, curve 2 corresponds to a semi-empirical calculation, and curves 3 and

4 show the results of experimental measurements.202 Reproduced with per-

mission from N. Aleksandrov and E. Anokhin, J. Phys. B: At., Mol., Opt.

Phys. 44, 115202 (2011). Copyright 2011 Institute of Physics.

FIG. 24. The detachment rate constant as a function of the reduced electric

field in oxygen at various gas temperatures T. The solid curves correspond

to numerical simulations and the dashed curves correspond to a semi-

empirical calculation.202 Reproduced with permission from N. Aleksandrov

and E. Anokhin, J. Phys. B: At., Mol., Opt. Phys. 44, 115202 (2011).

Copyright 2011 Institute of Physics.
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F. New phenomena in plasma plumes

One of the relatively newly reported and the as yet unex-

plained phenomena in plasma jets is the segmented structure

of the plasma plume depicted in Fig. 4.23 The bright, dark,

and dim areas are due to the difference of electron density

and electric field in these areas. When the pulse has 2 ls

break as shown in the top panel in Fig. 4, species produced

by the fall-phase discharge may not completely recombine

before the onset of the subsequent discharge at the voltage

rise phase. Therefore, because of the short pause between the

two discharges, the density of residual electrons produced

during the preceding fall phase may remain high before the

next discharge is ignited at the rising edge of the voltage

pulse. The length of the plasma plume during the fall phase

appears to be much shorter compared to the rise phase.

Meanwhile, this length is the same as the length of the bright

area I. Hence, the residual electron density within area I is

relatively high because of the discharge during the falling

edge of the voltage pulse. Consequently, area I becomes con-

ductive at the onset of the rise phase. However, its conductiv-

ity is not too high, thus a relatively high electric field within

area I is still needed to sustain a certain degree of ionization

and excitation. This is why the plasma of area I remains sta-

ble for a relatively long time. It also needs to be emphasized

that Sec. I is not an accumulation of plasma bullets. On the

other hand, for area II in the top panel of Fig. 4, it is similar

to the traditional plasma bullet behavior. Indeed, as the dis-

charge during the falling edge cannot reach this area, the dim

zone is due to the propagation of the plasma bullet.

For the bottom image in Fig. 4, as the time between the

discharge at the falling edge of the voltage pulse and the dis-

charge at the rising edge of the subsequent pulse is short, the

residual electron density in front of the nozzle is even higher

when the discharge is ignited during the rising edge. Hence,

area I in Fig. 4 (bottom panel) has an even higher electric

conductivity and a weaker electric field. The weaker electric

field results in a low electron temperature, so the electrons

cannot gain enough energy to ionize or excite atoms or mole-

cules. That is the reason why this area appears dark.

However, it still remains unclear in which specific

ranges of the electron density the plasma plume appears dark

or bright. To have conclusive answers to these questions,

computer simulations are needed to better understand the

relationships among the optical emission spectra of the dis-

charge, electron density, and the electric field distributions

along the plasma plume.

For the snake-like propagation behavior depicted in Fig.

5,27 the exact reasons also still remain unclear. One of the

possible reasons is due to the turbulence flow of the working

gas. In this case, the densities of long-lifetime charged spe-

cies are not uniform within the tube and on the inner surface

of the tube just before the next voltage pulse. When the dis-

charge is initiated, the plasma plume propagates towards the

location where (1) the electric field is high (part of it is due

to the non-uniform distribution of surface charges) and (2)

the concentration of background reactive species (such as

charged particles) is high. These factors contribute to the

observed snake-like propagation behavior.

However, it is still not clear whether these observations

are only due to nonuniform distributions of charged electrons

or ion, or also some other species, for example, excited spe-

cies in charge-neutral states. Because of the small sizes and

fast dynamic nature of the streamer propagation, higher spa-

tial and temporal resolutions are needed, which still remains

very challenging from the experimental measurements and

equipment cost points of view. Thus, computer simulations

will continue to be a very useful tool to describe and quantify

the numerous experimental observations.

VII. CONCLUSION

In this review, we have discussed one of the most

intriguing features of the atmospheric pressure plasma jets,

namely, their regular, repeatable behavior. This type of

plasma streamer discharges features plasma bullets which

propagate in the same direction of the gas flow and reach

predictable positions depending on the characteristics of

applied voltage and nature and pressure of working gas used.

This regular, quasi-deterministic behavior is drastically dif-

ferent from the random, stochastic behavior of traditional

types of plasma streamer discharges. The ability to control

plasma streamer propagation is appealing for several practi-

cal applications including but not limited to fabrication and

processing of advanced functional materials, biotechnology,

and biomedical treatments.

We have examined some of the key physical aspects of

repeatability of the guided ionization waves which still

remain largely unclear despite more than a decade of intense

research efforts worldwide. These international efforts have

largely focused on better understanding of the propagation

dynamics of the plasma bullets and other traditional types of

plasma streamer discharges. The physical mechanisms lead-

ing to the vastly distinctive features of propagation and other

characteristics of the guided plasma streamers are related to

the effects of electric charges within and around the channel

where the plasma jets propagate.

One particularly important conclusion suggests that

highly reproducible, regular behavior of the plasma bullets

owes the sufficiently high density of electrons at the dis-

charge initiation stage within the channel. These electrons

are referred to as seed electrons. The condition that the den-

sity of seed electrons should be sufficiently high, namely, of

the order of �109 cm�3 justifies the introduction of the

special interpretative term related to this kind of discharges,

namely, high seed electron density (HSED) plasma dis-

charges. This particular criterion and other considerations

made it possible to distinguish guided plasma streamers

from traditional positive streamer discharges. We articulate

that the high-concentration of seed electrons determines the

threshold when atmospheric-pressure plasma plumes show a

distinctive repeatable propagation mode.

Critical review of the vast amount of available literature

confirms that common positive streamer discharges are sus-

tained under conditions when the density of initial electrons

created by photoionization or other means is below the

threshold stipulated by the HSED criterion. When so hap-

pens, the streamer propagation mode is random (also referred
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to as stochastic) not only in terms of propagation direction

and distance travelled but also in terms of the dynamics of

streamer development and propagation. The examination of

the results published so far makes us confident to state that

the HSED criterion can be used as the valid first approxima-

tion to predict and describe the transition from the irregular

streamers to highly repeatable plasma bullet propagation.

We also emphasize that if effective means to adjust the

seed electron density in the vicinity of the threshold described

by the HSED criterion could be developed, this would poten-

tially lead to step changes in our ability to control the behavior

of atmospheric-pressure plasma jets in diverse applications

including plasma health care and medicine, industrial biotech-

nology, food and agribusiness, environmental monitoring and

remediation, fabrication of advanced materials and devices

using nanotechnology, and several others.

We would like to conclude this review with a philosoph-

ical remark using a common proverb “Every seed knows its
time.” We hope that our effort will help eventually to deter-

mine the moment for every plasma bullet to emerge, and

how many seed electrons do we need to “plant” in the propa-

gation channel to make this happen.

Finally, we would like to acknowledge the many valu-

able contributions of the very large number of researchers

working in this and relevant areas and apologize that some

of these contributions have not been included in this review.

We hope that our effort will stimulate discussions and col-

laborations in this topical area of research and will appreci-

ate and further comments and suggestions for future

collaborative research and creation of common information

exchange platforms.
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