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Abstract
There has been considerable interest in non-thermal atmospheric pressure
discharges over the past decade due to the increased number of industrial
applications. Diverse applications demand a solid physical and chemical
understanding of the operational principals of such discharges. This paper
focuses on the four most important and widely used varieties of non-thermal
discharges: corona, dielectric barrier, gliding arc and spark discharge. The
physics of these discharges is closely related to the breakdown phenomena.
The main players in electrical breakdown of gases: avalanches and streamers
are also discussed in this paper. Although non-thermal atmospheric pressure
discharges have been intensively studied for the past century, a clear
physical picture of these discharges is yet to be obtained.

1. Introduction

All varieties of plasma-chemical systems are traditionally
divided into two major categories: thermal and non-
thermal ones, characterized by their specific advantages and
disadvantages. Thermal plasmas (usually arcs or radio
frequency (RF) inductively coupled plasma discharges) are
associated with Joule heating and thermal ionization, and
enable the delivery of high power (to over 50MW per
unit) at high operating pressures. However, low excitation
selectivity, very high gas temperature, serious quenching
requirements and electrode problems result in limited energy
efficiency and applicability of thermal plasma sources. Non-
thermal plasmas (of low pressure glow, RF and microwave
discharges) offer high selectivity and energy efficiency
in plasma chemical reactions; they are able to operate
effectively at low temperatures and without any special
quenching.

So far non-thermal atmospheric pressure plasmas have
been studied for a variety of industrial applications such as
pollution control applications, volatile organic compounds
(VOCs) removal, car exhaust emission control and polymer
surface treatment (to promote wettability, printability and
adhesion). For decades, non-thermal plasmas have been used
to generate ozone for water purification.

Non-thermal plasmas may be produced by a variety of
electrical discharges or electron beams. The basic feature
of these various technologies is that they produce plasmas
in which the majority of the electrical energy primarily goes
into the production of energetic electrons—instead of heating
the entire gas stream. These energetic electrons produce
excited species—free radicals, and ions—as well as additional
electrons through electron-impact dissociation, excitation and
ionization of background gas molecules. These excited
species, in turn, oxidize, reduce or decompose the pollutant
molecules in pollution control applications. This is in contrast
to the mechanism involved in thermal incineration processes
(such as plasma-torches or furnaces and several chemical
techniques), which require heating the entire gas stream in
order to destroy the pollutants (for instance). In addition, low-
temperature plasma technologies are highly selective and have
relatively lowmaintenance requirements resulting in relatively
low energy costs.

In this paper, first, we discuss in detail the theory of
breakdown phenomena leading to the formation of different
non-thermal plasma discharges and finally elucidate the
physics and main features behind the major discharges
intensively used in cutting-edge technologies. Together with
well-known materials, the most interesting and important
innovations in the area of non-thermal atmospheric pressure
plasmas are also listed and discussed here.
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2. Townsend and spark breakdown mechanisms

2.1. The Townsend mechanism of electric breakdown
of gases

Electric breakdown is a complicated process of the formation
of a conductive gas channel, which occurs when the electric
field exceeds some critical value. As the result of the
breakdown different kinds of plasmas are generated. Although
breakdown mechanisms can be very sophisticated, all of them
usually start with the electron avalanche. Electron avalanche
is the multiplication of some primary electrons in cascade
ionization.

Let us consider first the simplest breakdown in a plane gap
of length d between electrodes connected to a dc power supply
(with voltage V ), which provides the homogeneous electric
fieldE = V/d. We can imagine some occasional formation of
primary electrons near the cathode providing a very low initial
current i0. Each primary electron drifts to the anode, ionizing
the gas (producing secondary electrons) and thus generates
an avalanche. The avalanche develops both in time and in
space, because the multiplication of electrons proceeds along
with their drift from the cathode to anode (see figure 1). It is
convenient to describe the ionization in the avalanche not by
the ionization rate coefficient, but by the Townsend ionization
coefficient α, which gives the electron production per unit
length or the multiplication of electrons (initial density ne0)

per unit length along the electric field: dne/dx = αne or
equivalently ne(x) = ne0 exp(αx). The Townsend ionization
coefficient is related to the ionization rate coefficient ki(E/n0)

and electron drift velocity vd as:

α = νi

vd
= 1

vd
ki

(
E

n0

)
n0 = 1

μe

ki(E/n0)

E/n0
, (1)

where νi is the ionization frequencywith respect to one electron
and μe is the electron mobility. Taking into account that
breakdown starts at room temperature and the electronmobility
is inversely proportional to pressure, it is convenient to write
the Townsend coefficient α as the similarity parameter α/n0
depending on the reduced electric field E/n0.

According to the definition of the Townsend coefficient α,
each primary electron generated near the cathode produces

Anode

Cathode

Figure 1. Illustration of the Townsend breakdown gap.

exp(αd) − 1 positive ions in the gap (see figure 1).
We neglected the electron losses here due to recombination
and attachment to electronegative molecules. Electron–ion
recombination was neglected because the ionization degree
is very low during the breakdown; attachment processes
important in electronegative gases will be especially discussed
below.

All the exp(αd) − 1 positive ions produced in the gap
per electron move back to the cathode, and altogether knock
out γ [exp(αd)− 1] electrons from the cathode in the process
of secondary electron emission, where γ is the secondary
emission coefficient (third Townsend coefficient), defined as
the probability of a secondary electron generation on the
cathode by an ion impact. Obviously, the secondary electron
emission coefficient γ depends on the cathode material, the
state of the surface, type of gas and reduced electric field
E/n0 (defining the ion energy). The typical value of γ

in electric discharges is 0.01–0.1; the effect of photons and
metastable atoms and molecules (produced in the avalanche)
on the secondary electron emission is usually incorporated in
the same ‘effective’ γ coefficient.

The current in the gap is non-self-sustained as long as
γ [exp(αd)−1] is less than one, because positive ions generated
by electron avalanchemust produce at least one electron to start
a new avalanche. As soon as the electric field, and hence the
Townsend α coefficient, becomes high enough the transition to
self-sustained current (the breakdown!) takes place. Thus, the
simplest breakdown condition in the gap can be expressed as

γ [exp(αd)− 1] = 1, αd = ln
(
1

γ
+ 1

)
. (2)

The Townsend breakdown mechanism is a mechanism of
ignition of a self-sustained discharge in a gap, controlled by
secondary electron emission from the cathode.

2.2. The critical electric field of Townsend breakdown

It is possible to derive relations for the breakdown electric
field based on condition (2), by rewriting the expression (1)
for the Townsend coefficient α in the following conventional
semi-empiricalway, relating the similarity parametersα/p and
E/p, and also proposed initially by Townsend:

α

p
= A exp

(
− B

E/p

)
. (3)

The parameters A and B of the relation (3) for
numerical calculations of α in different gases at E/p =
30–500V cm−1 Torr−1, are given in table 1.

Combination of the relations (2) and (3) gives the
following convenient formula for the calculation of the
breakdown reduced electric field as a function of an important
similarity parameter pd:

E

p
= B

C + ln(pd)
. (4)

In this relation the parameter B is the same as that in (3)
and table 1. The parameter A is replaced by another one,
C = lnA− ln[ln(1/γ + 1)].
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Table 1. Numerical parameters A and B for calculation of the Townsend coefficient α.

Gas A (cm−1 Torr−1) B (V cm−1 Torr−1) Gas A (cm−1 Torr−1) B (V cm−1 Torr−1)

Air 15 365 N2 10 310
CO2 20 466 H2O 13 290
H2 5 130 He 3 34
Ne 4 100 Ar 12 180
Kr 17 240 Xe 26 350

The breakdown electric field dependence on the similarity
parameter pd, which is described by relation (4), is usually
referred to as the Paschen curve. The experimental Paschen
curves for different gases are presented in Raizer’s book [1].
These curves have a minimum voltage point, corresponding to
the easiest breakdown conditions, which can be found from (4):

Vmin = eB

A
ln

(
1 +

1

γ

)
,

(
E

p

)
min

= B,

(pd)min = e

A
ln

(
1 +

1

γ

)
,

(5)

where e ≈ 2.72 is the base of natural logarithms.
The typical value of the minimum voltage necessary for

breakdown is about 300V, corresponding to a reduced electric
field of about 300V cm−1 Torr−1. The right-hand branch of
the Paschen curve (pressure more than 1 Torr for a gap of
about 1 cm) is related to the case when the electron avalanche
has enough distance and gas pressure to provide intensive
ionization even at electric fields that are not very high. In
this case, the reduced electric field is almost fixed and just
slowly—logarithmically—reduces with pd-growth. The left-
hand branch of the Paschen curve is related to the case when
ionization is limited by the avalanche size and gas pressure.
The ionization rate sufficient for breakdown can be provided
in such a situation only by very high electric fields.

The reduced electric field at the Paschen minimum
(E/p)min = B corresponds to the Stoletov constant, which
is the minimum price of ionization (the minimum discharge
energy necessary to produce one electron–ion pair). The price
of ionization can be expressed in the case under consideration
as W = eE/α (e is the charge of an electron here), and
its minimum, which is the Stoletov constant, is equal to
Wmin = 2.72eB/A. The Stoletov constant usually exceeds
the ionization potentials by several times because electrons use
up their energy not only in ionization but also in vibrational
and electronic excitation. The typical numerical estimate for
the minimum ionization price in electric discharges with high
electron temperatures is about 30 eV. It is interesting to note
that the reduced electric field at the Paschen minimum (5) does
not depend on γ and, hence, on cathode material in contrast
to the minimum voltage Vmin and the corresponding similarity
parameter (pd)min.

2.3. The Townsend breakdown mechanism in large gaps

The above-discussed Townsend mechanism of breakdown,
which is relatively homogeneous and includes the development
of independent avalanches, takes place usually at pd <

4000 Torr cm (at atmospheric pressure d < 5 cm). In larger
gaps (more than 6 cm at atmospheric pressure) the avalanches

Et (kV/cm)

d (cm)

Figure 2. Breakdown electric field in atmospheric air [1].

essentially disturb the electric field and are no longer
independent. It leads to the spark mechanism of breakdown,
which we will discuss later on. Here, we will discuss gaps that
are relatively large, but still not large enough for sparks.

The reduced electric field E/p necessary for break-
down (5) reduces logarithmically with pd. It is illustrated by
theE(d) dependence in atmospheric air, presented in figure 2.
The larger the gap and the avalanche, the less sensitive is the
reduced electric field E/p to the secondary electron emis-
sion and cathode material. This explains the E/p reduction
with pd.

This reduction in electronegative gases is limited,
however, by the electron attachment processes. The influence
of the attachment processes can be taken into account in a
way similar to ionization by introducing the second Townsend
coefficient β:

β = νa

vd
= 1

vd
ka

(
E

n0

)
n0 = 1

μe

ka(E/n0)

E/n0
. (6)

In this relation ka(E/n0) and νa are the attachment
rate coefficient and attachment frequency with respect to an
electron. The Townsend coefficient β gives the electron losses
due to attachment per unit length. The combination of α and
β gives

dne
dx

= (α − β)ne and ne(x) = ne0 exp[(α − β)x].

(7)

The Townsend coefficient β in the same way as α is
an exponential function of the reduced electric field. But
ionization usually much exceeds attachment at relatively high
values of the reduced electric fields, and theβ coefficient can be
neglectedwith respect toα in this case (short gaps, relation (4)).
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Table 2. Electric fields sufficient for the Townsend breakdown of
centimetre-sized gaps at atmospheric pressure.

E/p E/p E/p

Gas (kV cm−1) Gas (kV cm−1) Gas (kV cm−1)

Air 32 O2 30 N2 35
H2 20 Cl2 76 CCl2F2 76
CSF8 150 CCl4 180 SF6 89
He 10 Ne 1.4 Ar 2.7

This explains the absence of β-coefficients in the formulae in
the previous section.

When the gaps are relatively large (in the range
of centimetres at atmospheric pressure), the Townsend
breakdown electric field in electronegative gases actually
becomes constant and limited by the attachment processes. In
this case, obviously, breakdown of electronegative gases
requires much higher values of the reduced electric fields.
The breakdown electric fields at high pressures for both
electronegative and non-electronegative gases are presented
in table 2.

The Townsend mechanism of breakdown was discussed
above in the most general situations. Discussion of specific
breakdown mechanisms such as electric breakdown in
microwave, RF and low frequency fields, optical breakdown
and breakdown of vacuum gaps is beyond the scope of this
review but can be found, for example, in [1].

2.4. The spark breakdown mechanism

Another breakdown mechanism, the so-called spark mecha-
nism, takes place in large gaps at high pressures (d > 5 cm at
1 atm). The sparks, in contrast to the Townsend mechanism,
provide breakdown in the local narrow channel, without direct
relation to electrode phenomena and with very high currents
(up to 104–105 A) and current densities.

The spark breakdown, as well as the Townsend
breakdown, is primarily related to the avalanches, but in large
gaps they cannot be considered as independent and stimulated
by electron emission from the cathode. The spark breakdown
at high pd develops much faster than the time necessary for
ions to cross the gap and provide the secondary emission.
Thus, the breakdown voltage in this case is independent of
the cathode material, which is also evidence for the qualitative
difference between the Townsend and spark mechanisms of
breakdown.

The mechanism of spark breakdown is based on the
concept of a streamer—a thin ionized channel, growing fast
between electrodes; the concept of streamers was originally
developed by Raether [2], Loeb [3] and Meek and Craggs [4].
Streamers are produced by an intensive primary avalanche if
the space charge of this avalanche is large enough to create an
electric field with a strength comparable to the applied electric
field. This condition of streamer formation is also known as
the Meek condition [4]. The details of streamer formation and
propagation mechanisms will be covered later in this paper.

If the distance between electrodes is more than a metre or
even kilometres long, the individual streamers are not sufficient
to provide the large-scale spark breakdown (e.g. in the case of
lightning). In this case, the so-called leader is moving from
one electrode to another. The leader is like a streamer in a

thin channel but much more conductive. The leader actually
includes the streamers as its elements. Because all types of
breakdown considered include the avalanche phase as an initial
stage of breakdown developmentwe give a detailed description
of avalanche development in the next section.

2.5. Electron avalanches

Adding to equation (7) similar equations (Ne) for positive (N+)
and negative (N−) ions we have a system of equations that
describes an avalanche moving along the axis x:

dNe
dx

= (α − β)Ne,
dN+
dx

= αNe,

dN−
dx

= βNe,

(8)

where α and β are the ionization and attachment Townsend
coefficients. If the avalanche starts from the one primary
electron, the numbers of charged particles—electrons, positive
and negative ions—can be found from (8) as

Ne = exp[(α − β)x], N+ = α

α − β
(Ne − 1),

N− = β

α − β
(Ne − 1).

(9)

The electrons in the avalanche move in the direction of the
non-disturbed electric field E0 (axis x) with the drift velocity
νd = μeE0. At the same time, free diffusion (De) makes
the group of electrons spread around the axis x in the radial
direction r . Taking into account both the drift and the diffusion,
the electron density in the avalanche can be introduced in the
following form [5]:

ne(x, r, t) = 1

(4πDet)3/2
exp

[
− (x − μeE0t)

2 + r2

4Det

+ (α − β)μeE0t

]
. (10)

The avalanche radius rA (where the electron density is
e times less than on the axis x) grows with time and the
distance x0 of the avalanche propagation, in accordance with
the conventional diffusion relation, wherewe took into account
the Einstein relation between the electron mobility and free
diffusion coefficient.

rA =
√
4Det =

√
4De

x0

μeE0
=
√
4Te
eE0

x0. (11)

Based on the expression for electron concentration (10),
we can calculate the space distribution of positive and negative
iondensities during the short interval of avalanche propagation,
when the ions actually remain at rest:

n+(x, r, t) =
∫ t

0
αμ0E0ne(x, r, t

′) dt ′,

n−(x, r, t) =
∫ t

0
βμ0E0ne(x, r, t

′) dt ′.

(12)

A simplified expression for the positive ion density space
distribution not too far from the x-axis can be derived based
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on relations (10) and (12) in the absence of attachment and in
the limit t →∞ [5] as

n+(x, r) = α

πr2A(x)
exp

[
αx − r2

r2A(x)

]
, (13)

where rA(x) is the avalanche radius. The ion concentration in
the trail of the avalanche grows along the axis in accordance
with the exponential increase (9) in the number of electrons.

Although the avalanche radius grows proportionally to
x1/2, the visible avalanche outline is wedge-shaped. This
means that the visible avalanche radius is growing linearly
(proportionally to x). This happens because the visible
avalanche radiation is determined by the absolute density of
excited species, which is approximately proportional to the
exponential factor � in the expression (13) and, obviously,
grows with x. The visible avalanche radius r(x) can then be
written using the relation (13), taking into account the small
value of r at small x, as:

r2(x)

r2A(x)
= αx − ln�,

r(x) ≈ rA(x)
√
αx =

√
4Tex

eE0
∗ αx = x

√
4Teα

eE0
,

(14)

which explains the linearity of r(t) and the wedge shape of the
avalanche.

The qualitative change in avalanche behaviour takes place
when the charge amplification exp(αx) is high. In this case, the
production of a space charge with its own significant electric
field Ea takes place. This local electric field Ea should be
added to the external fieldE0. Because the electrons are much
faster than ions the electrons always run at the head of the
avalanche leaving the ions behind and thus creating a dipole
with the characteristic length 1/α (distance that the electrons
move before ionization) and charge Ne ≈ exp(αx).

The dipole formation provokes the appearance of the
external electric field distortion. In front of the avalanche head
(and behind the avalanche) the electric field has its maximum
value (the sum of E0 and Ea), which obviously accelerates
ionization in these areas. Vice versa, inside the avalanche, the
total electric field is lower than the external one, which slows
down the ionization. Also, the space charge creates the radial
electric field. The electric field of the charge Ne ≈ exp(αx) at
a distance of about the avalanche radius reaches the value of
the external field E0 at some critical value of αx.

Note, thatwhenαx � 14 the radial growth of an avalanche
due to repulsion drift of electrons exceeds the diffusion effect,
and should be taken into account. In this case, the avalanche
radius grows with x as:

r = 3

√
3e

4πε0αE0
exp

αx

3
= 3

α

Ea

E0
. (15)

This fast growth of the transverse avalanche size restricts
the electron density in the avalanche to the maximum value

ne = ε0αE0

e
. (16)

When the transverse avalanche size reaches the
characteristic ionization length 1/α ≈ 0.1 cm, the broadening

of the avalanche head slows down dramatically. Obviously, the
avalanche electric field is roughly equal to the external one in
this case (see equation (15)). Typical values of the maximum
electron density in an avalanche are about 1012–1013 cm−3.

When the avalanche head reaches the anode, the electrons
sink into the electrode leaving the ions to occupy the discharge
gap. In the absence of electrons, the total electric field is
due to the external field, the ionic trail and also the ionic
charge ‘image’ in the anode. The resulting electric field in the
ionic trail near the anode is less than the external electric field,
but farther away from the electrode it exceeds E0. The total
electric field reaches the maximum value on the characteristic
ionization distance (about 0.1 cm from the anode).

2.6. The streamers

A strong primary avalanche amplifies the external electric
field, leading to the formation of a thin weakly ionized plasma
channel—the so-called streamer. When the streamer channel
connects the electrodes, the current may be significantly
increased to form the spark. The avalanche-to-streamer
transformation takes place when the internal field of an
avalanche becomes comparable with the external one, that
is, when the amplification parameter αd is large enough. At
relatively small discharge gaps, the transformation occurs only
when the avalanche reaches the anode. Such a streamer
is known as the cathode-directed or positive streamer. If
the discharge gap and overvoltage are large enough, the
avalanche-to-streamer transformation can take place quite
far from the anode. In this case, the so-called anode-
directed or negative streamer is able to grow towards both the
electrodes.

The cathode-directed streamer starts near the anode. It
looks like and operates as a thin conductive needle growing
from the anode. The electric field at the tip of the
‘anode needle’ is very high, which stimulates fast streamer
propagation in the direction of the cathode. Usually, the
streamer propagation is limited by neutralization of the ionic
trail near the tip of the needle. The electric field there is so
high, that it provides electron drift with a velocity of about
108 cm s−1.

The anode-directed streamer occurs between the
electrodes, if the primary avalanche becomes strong enough
even before reaching the anode. The streamer propagates in the
direction of the cathode in the sameway as the cathode-directed
streamer. The mechanism of streamer growth in the direction
of the anode is also similar, but in this case the electrons
from the primary avalanche head neutralize the ionic trail of
secondary avalanches. However, the secondary avalanches
could be initiated here not only by photons, but also by some
electrons moving in front of the primary avalanche.

2.7. The Meek criterion of streamer formation

The formation of a streamer requires the electric field of the
space charge in the avalanche, Ea, to be of the order of the
external field E0:

Ea = e

4πε0r2A
exp

[
α

(
E0

p

)
∗ x
]
≈ E0. (17)
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Taking the avalanche head radius as the ionization
length—ra ≈ 1/α—the criterion of streamer formation in the
gap with the distance d between electrodes can be presented
as the requirement for the avalanche amplification parameter
αd to exceed the critical value:

α

(
E0

p

)
∗ d = ln 4πε0E0

eα2
≈ 20,

Ne = exp(αd) ≈ 3× 108.
(18)

This fundamental and important criterion of streamer
formation is known as Meek’s breakdown condition
(αd � 20).

Electron attachment processes in electronegative gases
slow down the electron multiplication in avalanches and
increase the value of the electric field required for streamer
formation. The situation here is similar to that in the Townsend
breakdown mechanism. Actually, the ionization coefficient
α in Meek’s breakdown condition should be replaced in
electronegative gases byα−β. However, practically, when the
discharge gaps are not too large (in air d � 15 cm), the electric
fields required by the Meek criterion are relatively high; then,
α � β and the attachment can be neglected.

Increasing d in electronegative gases does not lead
to a gradual decrease of the electric field necessary for
streamer formation, but it is limited by some minimum level.
The minimal electric field required for streamer formation
can be found from the ionization–attachment balance:
α(E0/p) = β(E0/p).

We should note that electric field non-uniformity has a
strong influence on breakdown conditions and the avalanche
transformation into a streamer. Quite obviously, the non-
uniformity decreases the breakdown voltage for a given
distance between the electrodes.

2.8. The streamer breakdown mechanism

Dawson andWinn [6] and Gallimberti [7] proposed a model of
propagation of the quasi-self-sustained streamers. This model
assumes very low conductivity of a streamer channel, which
makes the streamer propagation autonomous and independent
of the anode. Photons initiate avalanche at a distance x1
from the centre of the positive charge zone of radius r0.
According to the model, the avalanche then develops in the
autonomous electric field of the positive space charge E(x) =
eN+/4πε0x2, the number of electrons increases by ionization
as: Ne =

∫ x2
x1

α(E) dx, and the avalanche radius grows due to
diffusion as:

dr2

dt
≈ 4De, r(x2) =

[∫ x2

x1

4De

μeE(x)
dx

]1/2
. (19)

To provide continuous and steady propagation of the self-
sustained streamer, its positive space charge N+ should be
compensated by the negative charge of the avalanche head
Ne = N+ at the meeting point of the avalanche and streamer:
x2 = r0 + r . Also, the radii of the avalanche and streamer
should be correlated at this point r = r0. All these equations
permit us to describe the streamer parameters including the
propagation velocity, which is given by x2 divided by the time
of the avalanche displacement from x1 to x2. The model of
the quasi-self-sustained streamer is helpful in the description

Vt (kV)

d (m)

Figure 3. Breakdown voltage in air at 50Hz: (1) rod–rod gap,
(2) rod–plane gap.

of breakdown of long gaps with high voltage and low average
electric fields (see figure 3).

Klingbeil et al [8] and Lozansky and Firsov [5] proposed
a qualitatively different model of streamer propagation. In
contrast to the above approach, this model considers the
streamer channel as an ideal conductor connected to the anode.
The ideally conducting streamer channel is considered in the
framework of thismodel as an anode elongation in the direction
of the external electric field E0 with the shape of an ellipsoid
of revolution.

According to the approach that uses the ideally conducting
streamer, the streamer propagation at each point of the ellipsoid
is normal to its surface. The propagation velocity is equal to
the electron drift velocity in the appropriate electric field. For
the calculation of the streamer growth velocity a convenient
formula for the maximum electric field Em on the tip of the
streamer with length l and radius r was proposed by Baselyan
and Goryunov [9]:

Em

E0
= 3 +

(
l

r

)0.92
, 10 <

l

r
< 2000. (20)

The model of the ideally conducting streamer is in
reasonably good agreement with experimental results.

2.9. The leader breakdown mechanism

As discussed above, three processes lead to the spark
(or streamer) breakdown mechanism: avalanche to streamer
transition; the streamer growth from the anode to the cathode;
and the triggering of a return wave of intense ionization,
which results in spark formation. This breakdown mechanism
sequence is not valid for very long gaps—particularly in
electronegative gases (including air). It happens because the
streamer channel conductivity is not high enough to transfer
the anode potential close to the cathode and stimulate there the
return wave of intense ionization and spark. In electronegative
gases where the streamer channel conductivity is lower this
effect is especially strong. Also, in non-uniform electric
fields, the streamer head grows from the strong to the weak
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field region, which slows down its propagation and streamers
just stop in the long air gaps without reaching the opposite
electrode.

The breakdown of gaps with multi-metre and kilometre
long inter-electrode distances, is related to the formation and
propagation of the leaders. With respect to the streamer, the
leader is highly ionized and there is a highly conductive plasma
channel growing from the active electrode along the path
prepared by the preceding streamers. The high conductivity
of the leaders makes them more effective with respect to
the streamers in transferring the anode potential close to
the cathode and stimulating there the return wave of intense
ionization and the spark. Lightning is themost commonnatural
phenomenon associated with leaders.

The heating effect of the relatively short centimetre long
streamers is about 10Kwhile formetre long channels it reaches
3000K near the active electrode. This heating together with
the corresponding high level of non-equilibrium excitation of
atoms and molecules probably explains the transformation
of a streamer channel into the leader. The temperature of
3000K is not enough for sufficient thermal ionization of air,
but this temperature togetherwith the elevated non-equilibrium
excitation level is high enough for other mechanisms of
increase of electrical conductivity in the plasma channel.

Thus, Gallimberti [10] assumed the mechanism of
streamer-to-leader transition in air related to thermal
detachment of electrons from the negative ions of oxygen,
which are the main products of electron attachment in the
electronegative gas. The effective destruction of these negative
ions, and as a result compensation of electron attachment,
becomes possible if the temperature exceeds 1500K in dry
air and 2000K in humid air. Such temperatures are available
in the plasma channel and can provide the formation of the
high conductivity leader in electronegative gas. Note, that
during the evolution of a streamer in air, the Joule heat is
stored at first in the vibrational excitation of N2 molecules.
While the temperature of air is increasing, the VT-relaxation
(VT—vibrational translational) grows exponentially providing
the explosive heating of the plasma channel.

So farwe have discussed only the general physical features
and kinetics of charged species in avalanches, streamers and
leaders. In the following sections we consider the role of
the avalanches, streamers and leaders in the specific discharge
systems—in particular in corona, spark and dielectric-barrier
discharges (DBDs).

3. The corona discharge

3.1. Overview of the corona discharge

The corona is a weakly luminous discharge, which usually
appears at atmospheric pressure near sharp points, edges or thin
wires where the electric field is sufficiently large. Thus, corona
discharges are always non-uniform: strong electric field,
ionization and luminosity are actually located in the vicinity
of one electrode. Charged particles are dragged by the weak
electric fields from one electrode to another to close the electric
circuit. However, in the initial stages, the breakdown circuit
in the corona discharge is closed by displacement current
rather than charged particle transport [77]. A corona can be

observed in air around high voltage transmission lines, around
lightning rods, and even masts of ships, where it is called
‘Saint Elmo’s fire’.

The corona discharge can be ignited with a relatively
high voltage, which mainly occupies the region around one
electrode. If the voltage grows even larger, the remaining part
of the discharge gap breaks down and the corona transfers
into the spark. Here, we present only the main physical and
engineering principals of the continuous corona discharge;
more details on the subject can be found in the publications
of Loeb [11] and Goldman and Goldman [12].

3.2. Negative and positive corona

The mechanism for sustaining the continuous ionization level
in a corona depends on the polarity of the electrode where the
high electric field is located. If the high electric field zone is
located around the cathode, we call it a negative corona. If the
high electric field is concentrated in the region of the anode,
such a discharge is called a positive corona.

Continuity of electric current from the cathode into the
plasma is provided by secondary emission from the cathode
(mostly induced by ion impact). Ignition of the negative
corona actually involves the samemechanism as the Townsend
breakdown, obviously generalized by taking into account the
non-uniformity and possible electron attachment processes:∫ xmax

0
[α(x)− β(x)] dx = ln

(
1 +

1

γ

)
. (21)

In this equation, α(x), β(x) and γ are the first, second
and third Townsend coefficients, describing, respectively,
ionization, electron attachment and secondary electron
emission from the cathode; xmax corresponds to the distance
from the cathode, where the electric field becomes low enough
and α(xmax) = β(xmax), which means that no additional
electron multiplication takes place. The equality α(xmax) =
β(xmax) actually corresponds to the breakdown electric field
Ebreak in electronegative gases. If the gas is not electronegative
(β = 0), integration of equation (21) is formally not limited;
however, due to the exponential decrease of α(x) an effective
xmax can be chosen.

Note that the critical distance x = xmax determines not
only the ionization, but also the electronic excitation zone, and
hence the zone of plasma luminosity. This means that the
critical distance x = xmax can be considered as the visible size
of the corona.

Ionization in the positive corona cannot be provided by the
cathode phenomenon due to the low electric field in the cathode
region. Here, ionization processes are related to the formation
of the cathode-directed streamers. Ignition conditions can be
described for the positive corona using the criteria of cathode-
directed streamer formation. In this case, a generalization of
Meek’s breakdown criterion, equation (18), is quite a good
approximation, taking into account the non-uniformity of the
corona and possible contributions of electron attachment:∫ xmax

0
[α(x)− β(x)] dx ≈ 18–20. (22)

In comparison with similar ignition criteria given by
equation (21), the minimal values of the amplification
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coefficients should be 2–3 times lower to provide ignition
of a negative corona (because ln(1/γ ) ≈ 6–8). However,
the critical values of the electric field for ignition of positive
and negative coronas are very close, even though these are
related to very different breakdown mechanisms. Also, it was
shown that the critical values of the electric field for negative
corona ignition do not depend on electrode composition as they
should according to theTownsend breakdownmechanism [69].
This can be explained by the strong exponential dependence
of the amplification coefficients on the electric field value.
Another possible explanation is related to the contribution of
indirect ionization processes, such as metastable–metastable
collisions, to the amplification coefficients [69].

3.3. Ignition criterion for corona in air

According to equations (21) and (22), ignition for both positive
and negative coronas is mostly determined by the value of
the maximum electric field in the vicinity of the electrode
where the discharge is to be initiated. The critical value of
the igniting electric field for the case of coaxial electrodes
in air can be calculated numerically using the empirical Peek
formula:

Ecr

(
kV

cm

)
= 31δ

(
1 +

0.308√
δr(cm)

)
, (23)

where δ is the ratio of air density to the standard value and r is
the radius of the internal electrode. The formula can be applied
for pressures 0.1–10 atm, polished internal electrodes with
radius r ≈ 0.01–1 cm, with both dc and ac with frequencies
up to 1 kHz. If the electrodes are rough, the critical electric
field decreases by 10–20%.

Although the Peek formula was derived for the case of
coaxial cylinders, it can be used for other corona configurations
also, with slightly different values of coefficients. As an
example, the critical corona-initiating electric field in the case
of two parallel wires can be calculated using the following
empirical formula:

Ecr

(
kV

cm

)
= 30δ

(
1 +

0.301√
δr(cm)

)
. (24)

Both relations (23) and (24) correspond to simplified
empirical formulae for the Townsend coefficient α in air at
reduced electric fields E/p < 150V cm−1 Torr−1:

α (cm−1) = 0.14× δ

⎡
⎣(E(kV cm−1)

31δ

)2
− 1

⎤
⎦ . (25)

Equations (23) and (24) determine the critical value of the
corona electric field. The critical value of the electric field
is supposed to be reached in the close vicinity of an active
electrode.

3.4. Active corona volume

The ionization of charged particles takes place in corona
discharges only in the vicinity of an electrodewhere the electric
field is sufficiently high. This zone is usually referred to as the
active corona volume (see figure 4). From the point of view of

Figure 4. Illustration of active corona volume.

plasma-chemical applications the active corona volume is the
most important part of the discharge, because most excitation
and reaction processes take place in this zone. The external
radius of the active corona volume is determined by the value of
the electric field corresponding to the breakdown value Ebreak
on the boundary of the active volume.

Theminimumvalueof voltage required for corona ignition
in air (at normal conditions), between a thin wire electrode
of radius r = 0.1 cm and coaxial cylinder external electrode
with radius R = 10 cm, is about 30 kV. At the same time,
the electric field near the external electrode is relatively very
lowE(R) ≈ 0.6 kV cm−1,E(R)/p ≈ 0.8V cm−1 Torr−1, and
obviously not sufficient for ionization. Effectivemultiplication
of charges requires the breakdown of the electric field, which
can be estimated asEbreak ≈ 25 kV cm−1. This determines the
external radius of the active corona volume case as rAC =
rEcr/Ebreak ≈ 0.25 cm. Hence, the active corona volume
occupies the cylindrical layer 0.1 cm < x < 0.25 cm around
the thin wire.

In general, the external radius of the active corona volume
around the thin wire can be determined as

rAC = V

Ebreak ln(R/r)
, (26)

where V is the voltage applied to sustain the corona discharge.
As can be seen from equation (26), the radius of the active
corona volume increases with applied voltage.

Similar to equation (26), the external radius of the
active corona volume generated around a sharp point can be
expressed as

rAC ≈
√

rV

Ebreak
. (27)

Based on equations (26) and (27), compare the active radii
of the corona around a thin wire and a sharp point:

rAC(wire)

rAC(point)
≈ 1

ln(R/r)

√
V

aEbreak
= rAC(point)

r ln(R/r)
. (28)

Numerically, this ratio is typically about 3, which
illustrates the advantage of a corona generated around a thin
wire, to produce a larger volume of non-thermal atmospheric
pressure plasma effective for different applications.
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3.5. Influence of the space charge on the electric field in
corona discharges

Charged particles are produced only in the active corona
volume in the vicinity of an electrode. Thus, the electric current
to the external electrode outside the active volume is provided
by thedrift of chargedparticles (generated in the active volume)
in the relatively low electric field. In the positive corona
these drifting particles are positive ions, and in the negative
corona, negative ions (or electrons, if the corona is generated
in non-electronegative gas mixtures).

The discharge current is determined by the difference
between the applied voltage V and the critical one Vcr,
corresponding to the critical electric field Ecr, and its value is
limited by the space charge outside the active corona volume.
The current of charged particles is partially reflected back by
the space charge formed by these particles. The phenomenon
is somewhat similar to the phenomenon of current limitation
by space charge in sheaths, or in vacuum diodes. However, in
the case under consideration, the motion of charged particles
is not collisionless, but determined by the drift in electric field.

The electric current per unit length of the wire i in the
corona generated between coaxial cylinders with radii R and
r is constant outside the active corona volume (where there is
no charge multiplication):

i = 2πx enμE = const. (29)

Here, x is the distance from the corona axis, n the number
density of charged particles providing electrical conductivity
outside the active volume and μ is the mobility of the charged
particles. Assuming that the space charge perturbation of
the electric field is not very strong, the number density
distribution n(x) can be found, to a first approximation,
based on equation (29) and the non-perturbed electric field
distribution:

n(x) = i

2πeμEx
= i ln(R/r)

2πeμV
= const. (30)

Using Maxwell’s equations for the case of cylindrical
symmetry and expression (30) one can find the second
approximation of the electric field distribution E(x):

1

x

d[xE(x)]

dx
= 1

ε0
en(x),

1

x

d[xE(x)]

dx
= i ln(R/r)

2πε0μV
.

(31)

Integration of Maxwell’s equation yields the electric field
distribution, which takes into account the current and, hence,
the space charge:

E(x) = Vcr ln(R/r)

x
+
i ln(R/r)

2πε0μV

x2 − r2

2x
. (32)

Also, equation (32) is valid only in the case of small
electric field perturbations due to the space charge outside the
active corona volume. Expressions similar to equation (32),
describing the influence of electric current and space charge on
the electric field distribution, can be derived for other corona
configurations (see Roth [13]).

3.6. Current–voltage characteristics of a corona discharge

Integration of the expression (32) over the radius x taking into
account that in most of the corona discharge gap x2 � r2,
gives the relation between current (per unit length) and voltage
of the discharge, which is the current–voltage characteristic of
the corona generated around a thin wire:

i = 4πε0μV (V − Vcr)

R2 ln(R/r)
. (33)

From this equation, it follows that the corona current
depends on the mobility of the main charged particles
providing conductivity outside the active corona volume.
Noting that the mobilities of positive and negative ions are
nearly equal, the electric currents in positive and negative
corona discharges are also similar. A negative corona in
gases without electron attachment (e.g. noble gases) provides
much larger currents because electrons are able to rapidly leave
the discharge gap without forming a significant space charge.
Even a small admixture of an electronegative gas decreases the
corona current.

It is important to note that the parabolic current–voltage
characteristic equation (33) is valid not only for thin wires,
but for other corona configurations. Thus, the coefficients
before the quadratic formV (V −Vcr) are different for different
geometries of corona discharges (I is the total current in the
corona discharge):

I = CV (V − Vcr). (34)

The current–voltage characteristic for the corona
generated in atmospheric air between a sharp point cathode
with radius r = 3–50μm and a perpendicular flat anode
located at a distance of d = 4–16mm can be expressed as

I (μA) = 52

(d (mm))2
(V (kV))(V − Vcr). (35)

In this empirical relation I is the total corona current from
the sharp point cathode. The critical corona ignition voltage
Vcr in this case can be taken as 2.3 kV and does not depend on
the distance d [12].

3.7. Power released in the continuous corona discharge

Based on the current–voltage characteristic equation (33), the
electric power released in the continuous corona discharge can
be determined for the case of a long thin wire of length L as

P = 4πLε0μV (V − Vcr)

R2 ln(R/r)
. (36)

In general cases, the corona discharge power can be determined
based on equation (34) as

P = CV (V − Vcr). (37)

For example, corona discharges generated in atmospheric
pressure air around a thin wire (r = 0.1 cm, R = 10 cm,
Vcr = 30 kV) with voltage 40 kV releases a power of about
0.2Wcm−1 of the discharge.

The power of the continuous corona discharges is very
low and not acceptable for many applications, and a further
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increase of voltage and current leads to corona transition into
sparks. However, these can be prevented by organizing the
coronadischarge in a pulse-periodicmode. Suchpulsed corona
discharges will be discussed in the next section.

Although the corona power is relatively lowper unit length
of a wire, the total corona power becomes significant when the
wires are very long. Such situations occur in the case of high
voltage overland transmission lines, where coronal losses are
significant. In humid and snowy conditions, these can exceed
the resistive losses.

In the case of high voltage overland transmission lines,
the two wires generate corona discharges of opposite polarity.
Electric currents outside the active volumes of the opposite
polarity corona discharges are provided by positive and
negative ions moving in opposite directions. These positive
and negative ions meet and neutralize each other between
wires, which results in a decrease of the space charge and
an increase of the corona current, which leads to phenomenal
power losses.

4. The pulsed corona discharge

4.1. Overview of the pulsed corona discharge

Corona discharges are very attractive for different modern
industrial applications, such as surface treatment and cleansing
of gas and liquid exhaust streams. These discharges are able
to generate a high concentration of active atoms and radicals
at atmospheric pressure without heating the gas volume.

As was shown previously, the application of the
continuous corona discharge is limited by very low currents
and, hence, very low power of the discharge resulting in a low
rate of treatment of materials and exhaust streams.

An increase in corona voltage and power without spark
formation becomes possible by using pulse-periodic voltages.
Currently, the pulsed corona is one of the most promising
atmospheric pressure, non-thermal discharges. The streamer
velocity is about 108 cm s−1 and exceeds by a factor of 10
the typical electron drift velocity in an avalanche. If the
distance between electrodes is about 1–3 cm, the total time
necessary for the development of avalanches, avalanche-
to-streamer transition and streamer propagation between
electrodes is about 100–300 ns. This means that voltage pulses
of this duration are able to sustain streamers and effective
power transfer into non-thermal plasma without streamer
transformations into sparks.

For the pulsed corona discharges it is important to make
pulsed power supplies, capable of generating sufficiently short
voltage pulses with steep front and very short rise times.
Some specific methods of generation and parameters for the
pulsed corona discharges will be discussed later in this section.
First, we discuss some important non-steady-state phenomena
occurring in the continuous corona discharges, which should
be taken into account in analysing pulsed corona discharges.

4.2. Corona ignition delay

Ignition of the negative corona involves the same mechanism
as in Townsend breakdown. Thus, ignition delay of the
continuous negative corona strongly depends on cathode
conditions and varies from one experiment to another. Such

facility specific characteristics are one reason why pulsed
coronas are more often organized as positive ones. The typical
ignition delay in the case of positive coronas is about 100 ns
and, in contrast with the negative corona, it is not sensitive
to the cathode conditions, because the streamer breakdown
mechanism is responsible for ignition. The ignition delay
is much longer than streamer propagation times, because
it is related to the time for initial electron formation and
propagation of initial avalanches.

Random electrons in the atmosphere usually exist in the
form of negative ions, their effective detachment is due to
ion–neutral collisions and effectively takes place at electric
fields of about 70 kV cm−1. If humidity is high and the negative
ions are hydrated, the electric field necessary for detachment
and formation of a free electron is slightly higher.

Thus, experimental data related to the ignition delay of
the continuous corona actually indicate the same limits for
pulse duration in pulsed corona discharges. This means that
there are some advantages for the positive corona and the
cathode-directed streamers, and also shows the electric fields
necessary for the effective release of initial free electrons by
detachment from negative ions.

4.3. Flashing corona

Corona discharges sometimes operate in the form of periodic
current pulses even under constant voltage conditions. The
frequency of these pulses can reach 104 Hz in the case of
positive coronas and 106 Hz for negative coronas. This self-
organized pulsed corona discharge is obviously unable to
overcome the current and power limitations of the continuous
corona discharges, because continuous high voltage still
promotes the corona-to-spark transition. However, it is an
important step towards non-steady-state coronas with higher
voltages, higher currents and higher power.

The flashing corona phenomenon can be explained by the
effect of positive space charge, which is createdwhen electrons
formed in streamers decrease fast at the anode but slow positive
ions remain in the discharge gap. The growing positive space
charge causes a decrease in the electric field near the anode
and prevents the generation of new streamers. Positive corona
current is suppressed until the positive space charge goes to the
cathode and clears the discharge gap. After that a new corona
ignition takes place and the cycle can be repeated again.

The flashing corona phenomenon does not occur at
intermediate voltages, when the electric field outside the active
corona volume is sufficiently high to provide effective steady-
state clearance of positive ions from the discharge gap, but not
too high to provide intensive ionization. It is interesting to note
that the electric current in the flashing corona regime does not
fall to zero between pulses, some constant component of the
corona current is continuously present.

The pulse-periodic regime leads to a fundamental increase
of corona power. However, the power increase in this system
is still limited by spark formation because the applied voltage
is continuous.

4.4. Trichel pulses

Negative corona discharges sustained by continuous voltage
can also operate in the pulse-periodic regime at relatively
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low values of voltages close to the ignition value. The
pulse duration in negative corona is short, approximately
100 ns. If the mean corona current is 20μA, the peak
value of current in each pulse can reach 10mA. The pulses
disappear at higher voltages, and in contrast to the case of
positive corona the steady-state discharge exists till transition
to spark.

The pulse-periodic regime of the negative corona
discharge is usually referred to asTrichel pulses. Trichel pulses
are similar to those of the flashing corona discussed above,
though with some peculiarities. The growth of avalanches
from the cathode leads to the formation of two charged layers:
(a) an internal one, which is positive and consists of positive
ions; (b) an external one, which is negative and consists of
either negative ions (in air or other electronegative gases) or
electrons in the case of electropositive gases.

The Trichel pulses are not generated in electropositive
gases. Because of the high mobility of the electrons, they
reach an anode quite fast. As a result, the density of
the space charge of electrons in the external layer is very
low and, consequently, the electric field near the cathode is
not suppressed. The positively charged internal layer even
increases the electric field in the vicinity of the cathode, and
provides even better conditions for the active corona volume.
Thus, only electronegative gases may sustain the Trichel
pulses.

The negative ions in electronegative gases form a
significant negative space charge around the cathode, which
cannot be compensated by the narrow layer of positive ions.
Thus, the space charge of the negative ions suppresses the
electric field near the cathode and, hence, suppresses the corona
current. Subsequently, when the ions leave the discharge gap
and are neutralized on the electrodes, the negative corona can
be re-ignited, and the cycle can be repeated again.

4.5. Pulsed corona discharges sustained by nano-second
pulsed power supplies

Pulsed corona discharges sustained by nano-second pulsed
power supplies generate pulses with durations in the range
100–300 ns and sufficiently short to avoid the corona-to-spark
transition. The power supply should provide a pretty high
voltage rise rate (0.5–3 kV ns−1), which results in higher
corona ignition voltage and higher power. As an illustration
of this effect, figure 5 shows the corona inception voltage as a
function of the voltage rise rate [14].

The high voltage rise rates also results in better efficiency
of several plasma-chemical processes requiring higher electron
energies. In these plasma-chemical processes (i.e. plasma
cleansing of gas and liquid streams) high values of mean
electron energy are necessary to decrease the fraction of
the discharge power going to vibrational excitation of
molecules, and stimulate ionization and electronic excitation
and dissociation of molecules.

The nano-second pulsed power supply technology is
used in different applications such as Marx generators, simple
and rotating spark gaps, electronic lamps, thyratrons and
thyristors with possible further magnetic compression of
pulses (see, e.g., [15]) and transistors for high voltage pulse
generation.

Voltage rise rate, kV ns–1

Figure 5. Corona inception voltage as a function of the voltage
rise rate.

In general, the pulsed corona can be relatively powerful,
luminous and quite nice looking. More information about
the physical aspects and applications of the pulsed corona
discharge can be found in [16–18]. An example of a practical
application of the pulsed corona discharge is a pilot plant for
treatment of VOC emissions in the paper industry developed
in Drexel Plasma Institute; see figure 6.

4.6. Configurations of the pulsed corona discharges

The most typical configurations of the pulsed corona as well
as continuous corona discharges involve the use of thin wires,
which maximize the active discharge volume. One of these
configurations is illustrated in figure 7. Limitations of the
wire configuration of the corona are related to the durability
of the electrodes and also to the non-optimal interaction of
the discharge volume with the incoming gas flow, which is
important for plasma-chemical applications.

From this point of view, it is useful to use another corona
discharge configuration, based on multiple stages of pin-to-
plate electrodes [19]. This system is obviously more durable
and it is able to provide good interaction of the incoming gas
stream with the active corona volume formed in between the
electrodes with pins and holes.

Combination of pulsed corona discharges with other
methods of gas treatment is very practical for different
applications. For example, the pulsed corona was successfully
combined with catalysis to achieve improved results in
the plasma treatment of automotive exhausts [17], and for
hydrogen production from heavy hydrocarbons [20].

Another interesting technological hybrid is related to
the pulsed corona coupled with water flow. Such a system
can be arranged either in the form of a shower, which is
called the spray corona, or as a thin water film on the
walls, which is usually referred to as the wet corona (see
figure 8). Such plasma scrubbers are especially effective
in air cleansing processes, when the plasma just converts a
non-soluble pollutant into a soluble one.
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Figure 6. Large-volume, atmospheric pressure pulsed discharge plasma for treating VOC emissions. Left picture: discharge operation at
4 kW. Right picture: overview of the discharge system—pilot plant.
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Figure 7. Pulsed corona discharge in wire cylinder configuration
with preheating.

5. Dielectric-barrier discharge

5.1. Overview of the DBD

As was discussed before, the corona-to-spark transition can
be prevented in pulsed corona discharges by employing nano-
second pulsed power supplies. There is also another approach
that helps in avoiding spark formation in streamer channels.
This approach is based on the use of a dielectric barrier in
the discharge gap, which stops electric current and prevents
spark formation. Such a discharge system is called a DBD.
The presence of a dielectric barrier precludes dc operation of

(a)

(b)

Thermocouple

Water Injection Nozzle

Water Film

Water Injection Nozzles

O–Ring

Thermocouple

Water Spray

Figure 8. Modification of corona discharge shown in figure 7:
wet (a) and spray (b) corona discharges.

DBD, which usually operates at frequencies between 0.05 and
500 kHz. Sometimes DBDs are also called silent discharges,
due to the absence of sparks, which are accompanied by local
overheating, generation of local shock waves and noise.

DBDs have a large number of industrial applications
because they operate at strongly non-equilibrium conditions
at atmospheric pressure and at reasonably high power
levels, without using sophisticated pulsed power supplies.
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This discharge is industrially applied in ozone generation,
CO2 lasers, and as a UV-source in excimer lamps. In addition,
the DBD in air is commonly used in the web conversion
industry where it is known commercially as ‘corona discharge
treatment’. It is used to treat polymer surfaces in order to
promote wettability, printability and adhesion [70]. This non-
equilibrium discharge is especially advantageous for the web
conversion industry because it operates at atmospheric pressure
and ambient temperature. The use of the so-called ‘corona
treatment’, as well as other various surface modification
methods for the manufacture of many different types of
products on moving webs, is extensively described in the
literature [71]. DBD application for pollution control is quite
promising, but the largest expected DBD application is related
to plasma display panels for large-area flat television screens.
Strong thermodynamic non-equilibrium and simple design are
the distinctive properties of DBD that allow us to envisage
expansion of its applications in low temperature atmospheric
pressure plasma chemistry. DBDs have much potential in the
prospective technology of exhaust cleaning from CO, NOx

and VOCs [72]. Successful use of DBDs reported in recent
research on plasma-assisted combustion may result in new
applications [73].

Important contributions to the fundamental understanding
and industrial applications of DBD were made recently by
Kogelschatzs et al [21] at ABB. However, this discharge
actually has a long history. It was first introduced by
Siemens [22] in 1857 to create ozone, which determined
the main direction for investigations and applications of this
discharge for many decades. Important steps in understanding
the physical nature of the DBD were made by Klemenc in
1937 [23]. Their work showed that this discharge occurs in
a number of individual tiny breakdown channels, which are
now referred to as microdischarges; these authors intensively
investigated their relationship with streamers.

5.2. Properties of the DBDs

The DBD gap usually includes one or more dielectric layers,
which are located in the current path betweenmetal electrodes.
Two specific DBD configurations, planar and cylindrical, are
illustrated in figure 9 [24]. The typical clearance in the
discharge gaps varies from 0.1mm to several centimetres.

The breakdown voltages of these gaps with dielectric
barriers are practically the same as those between metal
electrodes. If the DBD gap is a few millimetres, the required
AC driving voltage with frequency 500Hz to 500 kHz is
typically about 10 kV at atmospheric pressure.

ac

Figure 9. Common DBD configurations [24].

The dielectric barrier can be made from glass, quartz,
ceramics or other materials of low dielectric loss and high
breakdown strength. Then, a metal electrode coating can
be applied to the dielectric barrier. The barrier–electrode
combination also can be arranged in the opposite manner, e.g.
metal electrodes can be coated by a dielectric. As an example,
steel tubes coated by an enamel layer can be effectively used
in the DBD.

In most cases, DBDs are not uniform and consist of
numerous microdischarges distributed in the discharge gap, as
can be seen from figure 10. The physics of microdischarges is
based on an understanding of the formation and propagation of
streamers, and consequent plasma channel degradation. The
electrons in the conducting plasma channel established by
the streamers dissipate from the gap in about 40 ns, while the
heavy and slowly drifting ions remain in the discharge gap
for several microseconds (table 3). Deposition of electrons
from the conducting channel onto the anode dielectric barrier
results in charge accumulation and prevents new avalanches
and streamers nearby until the cathode and anode are reversed
(if the applied voltage is not much higher than the voltage
necessary for breakdown). The usual operation frequency
used in the DBDs is around 20 kHz; therefore, the voltage
polarity reversal occurswithin 25μs. After the voltage polarity
reverses, the deposited negative charge facilitates the formation
of new avalanches and streamers in the same spot. As a result,

Figure 10. The storage phosphor image of filaments in the DBD
gap in air obtained from an experimental set-up using ten excitation
cycles at 20.9 kHz and a discharge gap of 0.762mm; the discharge
area is 5 cm × 5 cm.
Table 3. Calculated microdischarge characteristics for DBDs (1mm
gap, air, 1 atm).

Charge
Duration transferred

Microdischarge (0.2mm radius) 40 ns 10−9 C
• Electron avalanche 10 ns 10−11 C
• Cathode-directed streamer 1 ns 10−10 C
• Plasma channel 30 ns 10−9 C
Microdischarge remnant 1ms �10−9 C
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a many-generation family of streamers is formed, which is
macroscopically observed as a bright filament that appears
to be spatially localized. It is important to clarify and
distinguish the terms streamer and microdischarge. An initial
electron starting from some point in the discharge gap (or
from the cathode or dielectric that covers the cathode in the
case of well-developed DBDs) produces secondary electrons
by direct ionization and develops an electron avalanche. If
the avalanche is large enough (Meek condition), a cathode-
directed streamer is initiated (usually from the anode region).
The streamer bridges the gap in a few nanoseconds and forms
a conducting channel of weakly ionized plasma. Intense
electron current will flow through this plasma channel until
the local electric field collapses. Collapse of the local electric
field is caused by the charges accumulated on the dielectric
surface and ionic space charge (ions are too slow to leave
the gap for the duration of this current peak). The group of
local processes in the discharge gap initiated by the avalanche
and developed until electron current termination is usually
called a microdischarge. After electron current termination
there is no more electron–ion plasma in the main part of the
microdischarge channel, but the high level of vibrational and
electronic excitation in the channel volume along with charges
deposited on the surface and ionic charges in the volume
allow us to separate this region from the rest of the volume,
and we call it the microdischarge remnant. Positive ions (or
positive and negative ions in the case of an electronegative
gas) of the remnant slowly move to the electrodes resulting in
low and very long (∼10μs for 1mm gap) falling ion current.
The microdischarge remnant will facilitate the formation of
new microdischarges in the same spot as the polarity of the
applied voltage changes. That is why it is possible to see single
filaments inDBD. Ifmicrodischarges formed at a newspot each
time the polarity changed, the dischargewould appear uniform.
Thus, a filament in DBD is a group of microdischarges that
form on the same spot each time the polarity is changed. The
fact that the microdischarge remnant is not fully dissipated
before the formation of the next microdicharge is called the
memory effect.

Typical characteristics of DBDmicrodischarges in a 1mm
gap in atmospheric air are summarized in table 4.

A snapshot of the microdischarges in a 0.762mm DBD
air gap photographed through a transparent electrode is shown
in figure 10. It can be seen that the microdischarges are spread
over the whole DBD zone, quite uniformly.

Charge accumulation on the surface of the dielectric
barrier reduces the electric field at the location of a
microdischarge. These result in current terminationwithin just
several nanoseconds after breakdown (see table 3). The short
duration of microdischarges leads to very low overheating of
the streamer channel, and the DBD plasma remains strongly
non-thermal.

Table 4. Typical parameters of a microdischarge.

Lifetime 1–20 ns Filament radius 50–100μm
Peak current 0.1 A Current density 0.1–1 kA cm−2

Electron density 1014–1015 cm−3 Electron energy 1–10 eV
Total transported charge 0.1–1 nC Reduced electric field E/n = (1–2)(E/n)Paschen
Total dissipated energy 5μJ Gas temperature Close to average, about 300K
Overheating 5K

The principal microdischarge properties for most of the
frequencies do not depend on the characteristics of the external
circuit, but only on the gas composition, pressure and the
electrode configuration. An increase of power just leads to
the generation of a larger number of microdischarges per unit
time, which simplifies scaling of the DBDs.

Modelling of the microdischarges is closely related to the
analysis of the avalanche-to-streamer transition and streamer
propagation. Detailed two-dimensional modelling of the
formation and propagation of relevant streamers can be found
in numerous publications [25–29].

Interesting phenomena can occur due to the mutual
influence ofmicrodischarges in aDBD. These are related to the
electrical interaction of microdischarges with residual charge
left on the dielectric barrier and with the influence of excited
species generated in one microdischarge on the formation of
another microdischarge [30].

5.3. Phenomena of microdischarge interaction: pattern
formation

Although DBDs have been intensively studied for the past
century, the microdischarge interaction was discovered only
recently [31]. This interaction is responsible for the formation
of microdischarge patterns reminiscent of two-dimensional
crystals (figure 10). Depending on the application, micro-
discharge patterns may have a significant influence on DBD
performance, particularly when spatial uniformity is required.

The formation of microdischarges in DBDswas discussed
in the previous section. The charge distribution associatedwith
streamers and the local electric field in the gap associated with
the plasma channel and microdischarge remnant is illustrated
in figure 11. The left-hand side of figure 11 shows a streamer
propagating from the anode to the cathode while attracting
additional avalanches. The resulting plasma channel and
microdischarge remnant that forms, shown on the right-hand
side of the figure, have a net positive charge because the
electrons leave the gap much faster than ions. The residual
positive charge (together with the deposited negative charge in
the case of the dielectric surface) influences the formation of
nearby families of avalanches and streamers and, therefore, the
formation of neighbouring microdischarges. The mechanism
of influence is the following: positive charge (or dipole field in
the case of deposited negative charge) intensifies the electric
field in the cathode area of the neighbouring microdischarge
and decreases the electric field in the anode area. Since the
avalanche-to-streamer transition depends mostly on the near-
anode electric field (from which new streamers originate),
the formation of neighbouring microdischarges is actually
prevented, and microdischarges effectively repel each other.
This quasi-repulsion between microdischarges leads to the
formation of short-range order that is related to a characteristic
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Figure 11. Illustration of electric field distortion caused by
microdischarge remnants. Streamer formation (left side) and plasma
channel (and microdischarge remnant) electric field distortion (right
side) are due to space charges. The solid curve is the superposition
of the electric field from the microdischarge and the applied electric
field; the dashed line is the applied electric field. In the presence of a
space positive charge, the electric field is increased at the cathode
and decreased at the anode.

repulsion distance between microdischarges. Observation
of this cooperative phenomenon depends on several factors,
including the number of microdischarges occurring and the
operating frequency. For example, when the number of
microdischarges is not large enough (when the averagedistance
between microdischarges is larger than the characteristic
interaction radius), no significant microdischarge interaction
is observed. When the AC frequency is too low to keep
the microdischarge remnants from dissipation (low frequency
means that the period is longer than the typical life time of
the microdischarge remnant or ‘memory effect’ life time),
microdischarge repulsion effects are not observed.

In addition, DBD cells operated at very high frequencies
in the megahertz region will not exhibit microdischarge
repulsion because the very high frequency switching of the
voltage interferes with ions still moving to electrodes (for
a detailed explanation of the ion trapping effect and an
estimation of the frequency at which it becomes significant
see [30]). The formation of microdischarge patterns in DBDs
has been investigated both from theoretical and experimental
perspectives [31].

The experimental image shown in figure 10 suggests
that filaments (microdischarge families) space themselves out.
To model the interaction between microdischarges, it can be
assumed that avalanche to streamer transition depends only
on the local value of the electric field and the discharge gap.
Once the microdischarge is formed, the electric field of the
microdischarge remnant decreases the external applied electric
field in the fashion described above. The average effective
field in the local region near the anode where the avalanche to
streamer transition occurs decreases and, as a consequence, the
formation of new streamers at the same location is prevented
unless there is an increase in the external applied voltage. We
should emphasize that observation ofmicrodischarge filaments
in DBDs is possible when both electrodes are covered by a
dielectric as well as in the case when one electrode is not

covered, meaning that no surface discharge can be deposited
on this electrode. Thus, repetition of microdischarges at the
same spot depends on the volume charge mostly, and surface
charge deposition is not critical. When the externally applied
field varies quickly with respect to themicrodischarge remnant
dissipation lifetime in the system, the microdischarges will
stay separated by a distance corresponding to the length scale
of the field inhomogeneity. If the applied electric field is
high enough, it will cause microdischarges to develop in all
the unoccupied spaces, so that the gap becomes filled from
end to end.

In the unipolar or dc case (before the polarity changes),
one of the electrodes remains positive and the other is negative.
The streamer always moves in one direction so that subsequent
streamers and thusmicrodischarges have a small probability of
forming in the same place until themicrodischarge remnant has
dispersed. A different situation arises in the case of alternating
voltage. There is no need to wait until the microdischarge
remnant dissipates. Instead, the probability of appearance
of a streamer in the location of the microdischarge remnant
increases when the voltage is switched. After the voltage is
switched, the electric field of the microdicharge remnant adds
to the strength of the applied electric field thereby increasing
the local field. The increased electric field increases the
likelihood for a new streamer to occur at the same place.
The net result is that if the original streamer formed just
before voltage switching, there is an increased probability of
streamers occurring in the same place or nearest vicinity. The
remainder of this section describes the Monte Carlo approach
that is useful for the simulation of microdischarge interactions.

The general cellular automata (CA) scheme consists of a
lattice of cells that can have any dimension and size, coupled
with a set of rules for determining the state of the cells. At
any time a cell can be in only one state. From a physical
perspective, each cell represents a volume in the gap located
between the electrode surfaces. The upper and lower surfaces
of each cell are bounded by the dielectric surfaces of the
electrodes themselves, and the height of each cell is defined
by the gap distance. The CA transformation rules define a
new state for a cell after a given time step, using data about
the states of all the cells in the CA and additional information,
such as the driving voltages imposed upon the system as a
whole. It is assumed that the probability for the occurrence
of the streamer depends only on the local value of the electric
field. The position of a streamer strike is determined using
a Monte Carlo decision for given probability values in each
cell. Once the position of the streamer strike is known, the
plasma channel is formed at the same place and the total charge
transferred by this microdischarge is assigned to the cell to
be used later in electric field calculations. Since the time
lag between streamers is random, an additional Monte Carlo
simulation was used to decide whether a streamer will occur
or not. If the streamer does not strike the plasma channel will
not be formed and there will be no microdischarge.

It is not necessary to specify the charge transferred by
the microdischarge, instead, it can be dynamically calculated
during simulation based on the local electric field strength.
The charge transferred by an individual microdischarge
decreases the electric field inside the microdischarge channel
because it creates a local electric field opposing the externally
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applied electric field (the collapse of the electric field in the
microdischarge channel). Thus, the total charge transferred by
the microdischarge is the amount of charge that decreases the
local electric field to zero (in other words, the charge passes
through the microdischarge channel established in a CA cell
until the local electric field drops to zero). Although it seems
not to be the case, especially in electronegative gases (the
electric field does not collapse to zero), this assumption is good
enough to represent interaction between microdischarges.

The probability of a streamer striking is calculated from
the local electric field using the following formula:

P(E) = 1− 1

1 + exp(S((E − E0)/E0)
, (38)

where E is the electric field in the cell, E0 the critical
electric field necessary for streamer formation given by
the Meek condition and S is a parameter related to the
ability of the discharge to accumulate memory about previous
microdischarges. When S is large, the memory effect has
a negligible influence on the operation of DBDs, and the
probability function will be a step function that represents
the Meek condition for streamer formation. When S is
small, the memory effect significantly affects the probability
of streamer formation. It is known that streamer formation
is influenced by a number of factors. The presence of the
vibrationally and electronically excited species and negative
ions increases the ionization coefficient (first Townsend
coefficient) and thus lowers the electric field required for
avalanche to streamer transition. Furthermore, the discharge
operating frequency also influences streamer formation so
the memory effect is frequency dependent. In light of all
the factors that influence streamer formation, the value of S is
best determined empirically from experimental data.

The typical results of simulation can be seen in figure 12.
The grey scale intensity at any particular cell is proportional

Figure 12. The enlarged central portion of a simulated
microdischarge pattern in DBD. Simulation conditions are the same
as for the experimental image in figure 10. The size of the
microdischarge footprint is the same as in figure 10.

to the number of streamers striking the cell. The simulation
shows that the occurrence of microdischarges across the
simulation lattice is non-uniform: some regions are well
treated by microdischarges and some are not treated at all.
This non-uniformity is the result of interactions between
microdischarges. Simulation results for image analysis
were post-processed for better comparison with experimental
images. The intensity of a microdischarge feature in a cell is
given by the simulation, and the location of themicrodischarge
is assumed to be at the centre point of the cell. The size of each
circular microdischarge feature is taken as the theoretically
calculated diameter of the plasma channel. This information
was used to construct a digital image with a pixel size
equivalent to that in the experimental images.

Experimental results as well as theoretical ones derived
from our probabilistic models are images with features that
correspond to microdischarges. It is natural, then, to consider
image analysis methods as a technique to make comparisons.
Although there are many possible methods that could be
employed for this purpose, the two-dimensional correlation
function and the Voronoi polyhedron approach proved to be
the most useful.

Voronoi polyhedra analysis defines polyhedral cells
around selected features in an image, and the distribution of
polyhedra types in the analysis can be used as a comparative
tool. Voronoi polyhedra analysis is an excellent tool for
measuring homogeneity of patterns as well as for comparison
of different patterns. Homogeneity can be easily estimated
from distributions of the Voronoi cell surface areas and used
for comparison. Also, the topology of the pattern can be
compared using the distribution of the number of sides of
Voronoi cells. This type of comparison is extremely useful
in our case as it is invariant to stretching and rotation of the
patterns, and also invariant to the particular positions of the
microdischarge footprints. Although microdischarge patterns
were never analysed before using Voronoi polyhedra this type
of analysis is a standard for analysis of Coulomb crystals. The
Voronoi polyhedra analysis of an experimental image and its
simulation is shown in figures 13 and 14, respectively. The
Voronoi analysis of a random dot pattern is shown in figure 15
(case without microdischarge interaction). A comparison
of the Voronoi analysis of the random dot pattern with the
simulated and experimental results shows that the random
pattern is very different. This demonstrates the importance of
short-range interaction betweenmicrodischarges in DBD. One
way to express numerically the difference between the images
is to count the number of different-sided polyhedra determined
in theVoronoi analysis. Unlike the randomdot pattern, most of
the polyhedral cells found in the analysis of the experimental
and simulated images have six interior sides (six angles). This
corresponds to the hexagonal lattice and thus implies radial
symmetry of the interaction. This type of interaction was
observed experimentally and was also predicted by the model.

The correlation function is widely used for post-
processing in crystallography and can provide some indica-
tion of the correlation between features in a data set.
The correlation function of the experimental image and
the simulation is shown in figure 16 with open and solid
symbols, respectively. The correlation function for random
dots is shown in figure 16 as a plain line. As is expected,
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Figure 13. Voronoi polyhedra analysis of the experimentally
obtained microdischarge locations from the image shown in
figure 10. The polyhedra cells are colour coded according to the
number of angles in each polyhedron. The cells in the image,
obtained experimentally, are mainly six-sided cells and have similar
sizes.

Figure 14. Voronoi polyhedra analysis of the simulated
microdischarge locations from the image shown in figure 12. The
polyhedra cells are colour coded according to the number of angles
in each polyhedron. The cells in the image obtained in simulation
are mainly six-sided cells and have similar sizes.

a random distribution of dots on a plane does not show
any periodic oscillations in the correlation function. The
correlation function for a completely ordered lattice should
show strong oscillations or peaks indicating that all the
features in the image are related by well-defined unit cell
vectors. As spatial correlation between features in the image
decreases, the peaks in the correlation function level off.
For example, the correlation function for a two-dimensional

Figure 15. Voronoi polyhedra analysis of a random dot pattern for
comparison with figures 13 and 14. The polyhedra cells are colour
coded according to the number of angles in each polyhedron. The
areas of different cells vary significantly.

liquid with short-range correlation will look similar to
experimental and modelling curves in figure 16, where the
strong oscillation shows up at short distances and then
dampens out as a result of disorder. The overall agreement
of the correlation function plots for the experimental and
simulated images demonstrates that the features observed
in the experimental image are not arranged randomly but
are strongly influenced by microdischarge interactions in the
DBD. It was found that under certain conditions streamers in
DBDs do not strike randomly and the microdischarges they
form interact and arrange themselves into a regular filament
pattern. The obtained discharge images suggest that short-
range interactions between microdischarges are present in the
discharge.

The microdischarge interaction model based on the
assumption that avalanche to streamer transition andmicrodis-
charge formation are influenced by the microdischarge rem-
nants, allows us to simulate microdischarge interaction and
pattern formation. Simulation results show qualitative agree-
ment with experimental ones and demonstrate the importance
of microdischarge interaction in barrier discharges. A short-
range interaction between microdischarges and the resulting
filament pattern can be predicted using a model of interaction.

Using Voronoi polyhedra analysis, simulation results
were compared with experimental ones yielding convincing
evidence of microdischarge interactions in DBDs, and
demonstrating the validity of the model and assumptions.

5.4. Surface discharges

Closely related to the DBD are surface discharges, generated
at dielectric surfaces embedded with metal electrodes in a
different way. The dielectric surface essentially decreases the
breakdown voltage in such systems, because of the creation
of significant non-uniformities of the electric field and hence
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Modelling

Figure 16. Two-dimensional correlation functions of: (open signs) experimental image from figure 13; (solid signs) simulation data from
figure 14; and (no signs) data from random-point distribution (shown for comparison).

creates a local overvoltage. The surface discharges, as well as
DBDs, can be supplied by AC or pulsed voltage.

A very effective decrease of the breakdown voltage can
be reached in the surface discharge configuration, where one
electrode just lies on the dielectric plate, with another one
partially wrapped around [32]. This discharge is called a
sliding discharge. It can be pretty uniform in some regimes
on the dielectric plates of high surface area with linear sizes
over 1m at voltages not exceeding 20 kV.

The component of electric fieldEy normal to the dielectric
surface plays an important role in the generation of the pulsed-
periodic sliding discharge, which does not depend essentially
on the distance between electrodes along the dielectric. That is
why breakdown voltages of the sliding discharge do not follow
the Paschen law.

Two qualitatively different modes of the surface
discharges can be achieved by changing the applied voltage
amplitude: a complete one (sliding surface spark) and
an incomplete one (sliding surface corona). Pictures of
these discharges are presented in figure 17. The sliding
surface corona discharge ignites at voltages below the critical
breakdown value and has a low current limited by charging the
dielectric capacitance. The active volume and luminosity of
this discharge are localized near the igniting electrode and do
not cover the whole dielectric.

The sliding surface spark (or the complete surface
discharge) takes place at voltages exceeding the critical one
corresponding to breakdown. Here, the plasma channels
formed actually connect electrodes of the surface discharge
gap. At low overvoltages, the breakdown delay is about
1μs. In this case, the many step breakdown phenomenon
starts with the propagation of a direct ionization wave, which
is followed by a possible more intense reverse wave related
to the compensation of charges left on the dielectric surface.
After about 0.1μs, the complete surface discharge covers the
entire electrode of the discharge gap. The sliding spark at
low overvoltage usually consists of only one or two current
channels.

Figure 17. Complete (B) and incomplete (A) surface discharges
(He, p = 1 atm, ε ≈ 5, d = 0.5mm, pulse frequency 6× 1013 Hz)
in parallel plate electrode configuration. The cathode is on the left
in both pictures [76].

At higher overvoltages, the breakdown delay becomes
shorter, reaching the nanosecond time scale. In this case,
the complete discharge regime takes place immediately after
the direct ionization wave reaches the opposite electrode. The
surface discharge consists of many current channels in this
regime. In general, the sliding spark surface discharge is able
to generate luminous current channels of very sophisticated
shapes, usually referred to as Lichtenberg figures.

The number of channels r depends on the capacitance
factor ε/d (ratio of the dielectric permittivity to the thickness
of the dielectric layer), which determines the level of electric
field on the sliding spark discharge surface. This effect is
illustrated in figure 18 and is important in the formation of large
area surface discharges with homogeneous luminosity. Many
interesting additional details related to physical principles and
applications of the sliding surface discharges can be found
in [32].

R18



Topical Review

5.5. The packed-bed corona discharge

The packed-bed corona is an interesting combination of the
DBD and the sliding surface discharge. In this system, a
high AC voltage (about 15–30 kV) is applied to a packed bed
of dielectric pellets and creates a non-equilibrium plasma in
the void between the pellets [33, 34]. The pellets effectively
refract the high voltage electric field, making it essentially
non-uniform and stronger than the externally applied field
by a factor of 10–250, depending on the shape, porosity and
dielectric constant of the pellet material.

A typical scheme for organizing a packed-bed corona is
shown in figure 19(a); a picture of the discharge is presented
in figure 19(b). The discharge chamber, shown in the figure,
consists of coaxial cylinders with an inner metal electrode and

Figure 18. Linear density of channels n (1, 2) and surface coverage
by plasma K (3, 4) as a function of d−1, inverse dielectric thickness:
He (1, 3), air (2, 4) [65].
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Figure 19. Packed-bed corona: scheme (a) and picture (b) [33].

an outer tube made of glass. The dielectric pellets are placed
in the annular gap. A metal foil or screen in contact with the
outside surface of the tube serves as the ground electrode. The
inner electrode is connected to a high voltageAC power supply
operated at the level of 15–30 kV, either at a fixed frequency
of 60Hz or at variable frequencies.

In this discharge system the glass tube serves as a
dielectric barrier to inhibit direct charge transfer between
electrodes and as a plasma-chemical reaction vessel. The
packed-bed corona is specifically known for its applications
in air purification systems and other environmental control
processes.

5.6. Atmospheric pressure glow discharge

DBDs can exhibit two major discharge modes: filamentary
mode and homogeneous or glow mode. The filamentary
mode (that was discussed previously) has been a topic for
active investigations in the past several years. A lot of
experimental and theoretical work has been done in this area.
Most industrialDBDapplications utilize the filamentarymode.
However, for a homogeneous treatment of surfaces, or for
the deposition of thin films, the glow discharge mode has
obvious advantages over the filamentary one. DBDglowmode
or atmospheric pressure glow (APG) discharges with average
power densities comparable to those of filamentary discharges
will be of enormous interest for applications if reliable control
over it could be achieved. Such discharges can be effectively
organized in aDBDconfiguration. TheAPGdischarge permits
us to arrange the barrier discharge homogeneously without
streamers and other spark-related phenomena. Practically, it
is important that the glow mode of DBD can be operated at
much lower voltages (down to hundreds volts) with respect to
those of traditional DBD conditions.

A detailed explanation of the operation of APG discharges
is not known. It is clear, however, that streamers can be avoided
by using an applied electric field below the Meek criterion.
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If the electric field is less than that required by the Meek
criterion for streamer formation, the discharge will operate
in the avalanche mode because there will be no streamers.
A discharge that operates in the avalanche mode and relies
on occasional formation of primary electrons is usually called
a dark discharge. Dark discharge current is limited by the
rate of formation of occasional primary electrons, which is
usually very low in the absence of an external ionization
source. Because they are not self-sustained, dark discharges
are very weak and thus useless for practical applications
that require high specific power. One avalanche produces
Np = exp(αd) − 1 positive ions. If these positive ions are
able to cause the emission of at least one electron on average
from the dielectric surface, a new avalanchewill be formed and
dark discharge will undergo the transition to a self-sustained
Townsend discharge. Thus, the criterion for transition from
dark to Townsend discharge is (exp(αd)− 1)γ > 1, where γ
is the coefficient of secondary electron emission (also known
as the third Townsend coefficient). The current of Townsend
discharge is only limited by the external circuit and by charge
accumulation on the dielectric surface. When the space charge
in a Townsend discharge becomes large enough (when the
discharge current increases above a certain value) to cause
a significant disturbance of the applied electric field, the
transition to glow discharge occurs [1].

Secondary emission from dielectric surfaces relies upon
adsorbed electrons (with binding energy of about 1 eV) that
were deposited during the previous excitation (high voltage)
cycle. If enough electrons ‘survive’ the voltage switching
time without recombining with positive ions (or attaching to
form negative ions) they can trigger a transition from dark
to Townsend mode of the discharge. The electron ‘survival’
time or memory effect is critical for the organization of APGs
and depends on the properties of the dielectric surface as well
as the operating gas [75]. It is clear that in electronegative
gases the memory effect is weaker than in non-electronegative
ones because of the loss of electrons due to attachment. If
the memory effect is strong enough the transition from dark
to Townsend mode can be accomplished, and a powerful
uniform discharge can be obtained in the absence of streamers.
A streamer discharge can always be produced, while the
organization of APGs in the same conditions is not always
possible. This can be explained by the fact that the streamer
discharge is not sensitive to the secondary electron emission
from the dielectric surface while it is critical for the operation
of APGs.

It is an established fact that the glow discharge will go
through a contraction phase with increase of pressure due
to thermionic instability. Because of instabilities, the glow
discharge is usually produced at low pressures (about 1 Torr).
In the case of APGs the effect of thermionic instability is
reduced by using an alternating voltage; thus, the discharge
operates only when the voltage is high enough to satisfy the
Townsend criteria, and the rest of the time the discharge is
idle. This idle operation phase allows time for heat and active
species dissipation. If the time between excitation cycles is
not enough for the dissipation then instability will develop and
the discharge will undergo transition to a filamentary mode.
Transition from an APG to a filamentary mode with increasing
frequency was observed experimentally [74].

It is interesting to note that in the case of an APG
discharge, avalanche to streamer transition will depend on
the pre-ionization level in the discharge. The Meek condition
was derived for an isolated avalanche. In the case of a high
pre-ionization level, avalanches will be produced close to
each other and will electrostatically affect each other. Such
electrostatic interaction between avalanches will depend on
the distance between them. If two avalanches develop close
enough to each other then the transition to a streamer can be
prevented and the discharge will remain uniform. In order
to derive the modified Meek condition, let us assume that two
avalanches separated by a distanceL start simultaneously (R is
the radius of the avalanche at the time it reaches the anode).
The electric field will be the superposition of the electric fields
produced by the two avalanches:

E = 1

4πε0

(
Q

R2
− Q

(L− R)2

)
= Q

4πε0R2

×
(
1− 2(R/L)
(1− R/L)2

)
= E0

(
1− R2

(L− R)2

)
. (39)

In this equation, E0 is the electric field produced by one
avalanche as it appears in the original Meek derivation [35].
By repeating the original Meek derivation with a modified
electric field one can get the condition for avalanche to streamer
transition in condition scenarios when avalanches cannot be
considered as isolated.

1− 2(R/L)
(1− R/L)2

≈ 1−
(
R

L

)2
, (40)

αd −
(
R

L

)2
≈ const, (41)

αd ≈ const + neR2d. (42)

In equation (42), the average distance between avalanches
is approximated using pre-ionization concentration. The
constants in equations (41) and (42) depend on the operational
gas; for example, in air at 1 atm this constant equals 20.
The modified Meek criterion suggests that the avalanche to
streamer transition can be avoided by increasing the avalanche
radius and by providing sufficient pre-ionization.

The operational gas plays a very important role in the
transition to APG mode. For example, helium has very high
electronic excitation levels and no electron energy losses on
vibrational excitation, resulting in high values of electron
temperatures at lower levels of the reduced electric field.
Also, fast heat and mass transfer processes in helium prevent
contraction and other instability effects in the glow discharge
at high pressures. The same processes can be important in
preventing the generation of space-localized streamers and
sparks. More details regarding the APG discharges can be
found in [36–38].

5.7. Ferroelectric discharges

Special properties ofDBDs of practical interest can be revealed
by using ferroelectric ceramic materials of high dielectric
permittivity (ε > 1000) as dielectric barriers [39]. Today,
ceramics based on BaTiO3 are the most widely employed
ferroelectric material for DBDs.
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Important physical peculiarities of the ferroelectric
discharges are related to the physical nature of the ferroelectric
materials, which can be spontaneously polarized in a given
temperature interval. Such spontaneous polarization means
that the ferroelectric materials can have a non-zero dipole
moment even in the absence of an external electric field. The
electric discharge phenomena accompanying contact of a gas
with a ferroelectric sample were first observed in detail by
Robertson and Baily [40], and the first qualitative description
of this sophisticated phenomenon was given by Kusz [41].

The long-range correlated orientation of dipole moments
can be destroyed in ferroelectrics by thermal motion. The
temperature at which the spontaneous polarization vanishes
is called the temperature of ferroelectric phase transition
or the ferroelectric Curie point. When the temperature is
below the ferroelectric Curie point, the ferroelectric sample
is divided into macroscopic uniformly polarized zones called
the ferroelectric domains.

The directions of the polarization vectors of individual
domains in the equilibrium state are set up in such away that the
internal energy of the crystal is minimized and the polarization
of the sample as a whole is close to zero. Application
of an external AC voltage leads to overpolarization of the
ferroelectric material and reveals strong local electric fields on
the surface. As was shown in [42], these local surface electric
fields can exceed 106 V cm−1, which stimulate the discharge
on ferroelectric surfaces.

The active volume of the ferroelectric discharge is located
in the vicinity of the dielectric barrier, which is essentially
the narrow interelectrode gap typical for the discharge. Thus,
the scaling of the ferroelectric discharge can be achieved by
using some special configurations. One such special discharge
configuration comprises a series of parallel, thin ceramic
plates. High dielectric permittivity of ferroelectric ceramics
enables such multi-layer sandwiches to be supplied by only
two edge electrodes. Another interesting configuration can
be obtained by using a packed bed of ferroelectric pellets. In
the same manner non-equilibrium plasma is created in such a
system in the void between the pellets.

5.8. The gliding arc discharges

Conventional thermal and non-thermal discharges cannot
provide simultaneously a high level of non-equilibrium, and
high electron temperature and high electron density, whereas
most prospective plasma-chemical applications require both: a
high power for efficient reactor productivity and a high degree
of non-equilibrium to support chemical processes selectively.
That is why one of the vital challenges of modern plasma
chemistry is to unite the advantages of thermal and non-
thermal plasma systems by developing powerful and high-
pressure discharges, generating non-equilibrium cold plasma,
which can be applied, in particular, for large scale exhaust
gas cleaning, pollution control, fuel conversion, hydrogen
production and surface treatment.

One of the possible ways of creating such a hybrid plasma
is to use the transient type of arc—the gliding arc (GA)
discharge [43–45]. This periodic discharge evolves during a
cycle from arc to a strongly non-equilibrium discharge, with
still relatively high levels of electron density. Because of

Figure 20. Photo image of the GA in the parallel flow reactor.

this, the non-equilibrium GA is very effective for the above-
mentioned applications. The non-equilibrium GA is a very
sophisticated physical phenomenon: this transitional quasi-
equilibrium/non-equilibrium discharge is essentially non-
uniform in time and in space, and includes ‘mysterious’
internal transition from thermal to non-thermal mechanisms
of ionization.

The GA discharge is organized in a gas flow between two
divergent electrodes (see figure 20) and starts at the shortest
distance between the electrodes, then moves with the gas
flow at a velocity of about 10m s−1 and the length of the
arc column increases together with the voltage. When the
length of the GA exceeds its critical value lcrit , heat losses
from the plasma column begin to exceed the energy supplied
by the source, and it is not possible to sustain the plasma
in a state of thermodynamic equilibrium. As a result, a fast
transition into a non-equilibrium phase occurs. The discharge
plasma cools rapidly to gas temperature and the plasma
conductivity is maintained by a high value of the electron
temperature Te ∼ 1 eV. After this fast transition, the GA
continues its evolution, but under non-equilibrium conditions
(Te � Tgas). The specific heat losses in this regime are
much smaller than in the equilibrium regime (numerically
about three times less). The discharge length increases up
to a new critical value l ∼= 3lcrit . The main part of the GA
power (up to 75–80%) can be dissipated in the non-equilibrium
zone. After the decay of the non-equilibrium discharge, the
evolution repeats from the initial breakdown. This permits the
stimulation of chemical reactions in regimes quite different
from conventional combustion and environmental situations.
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Figure 21. Photo images of the low current GA in Tornado reactors.

Recent research into and development of the GA
demonstrated that GA can exist in two different regimes: the
high-current GA (HCGA, with current I � 10A), which
starts as an equilibrium discharge and transforms into a non-
equilibrium one at the end of the cycle during the plasma
decay; and the low-current GA (LCGA, I � 1A), which is
non-equilibrium during the whole cycle of evolution. HCGA
can be generally considered as a conventional thermal arc with
strong convective cooling by a fast transversal gas flow and
with specific boundary conditions on the electrodes. As the
conventional thermal arcs are studied very well, the analysis of
the HCGA is relatively simple at all stages of evolution except
the last one—fast equilibrium/non-equilibrium transition
(FENETRe) during the elongated plasma decay.

LCGA is very promising for different plasma chemical
applications since it can provide a high degree of non-
equilibrium to support chemical reactions selectively. An
especially promising method is to use LCGA in reverse vortex
geometry—‘Tornado’ flow (see figure 21). Reverse vortex
flows [46–50] provide excellent insulation of active species
generated by the plasma from the apparatus walls. Also, it
is very important that the residence time of the plasma gas
in the Tornado apparatus is relatively high in spite of very
high circumferential velocity, which is necessary for intensive
cooling ofGA. So, this property provides the ability to increase
specific power input and ensure uniform treatment of plasma
gas that is impossible to realize in another GA system.

The GA discharge was first used in chemical applications
in the nineteenth century for the production of nitrogen-
based fertilizers [51]. It became popular again in the early
1990s [43, 44]. Recent applications involve gas conversion
processes [52], such as carbon dioxide [53, 54] or steam
[55, 55] reforming of methane to produce synthesis gas
(CO+H2); oxidation of low concentration H2S into SO2
for pollution control [57, 58]; and VOC treatment for
environmental protection [59–61]. The GAs can be arranged,
depending on current and flow rate, as completely thermal

(at high currents), completely non-thermal (lowest currents),
and as a transitional discharge (at intermediate currents) [62].
The transitional regime is the most practical one because it
is mainly non-thermal though still powerful and remembering
its ‘quasi-thermal past’ (‘the memory effect’) [62]. Former
phenomenological models [44, 45, 63] claimed FENETRe in
a narrow window between quasi-thermal and non-thermal
phases of the transitional GA.

Although some success in practical application has
already been achieved, wide-ranging application of this
discharge requires a deeper understanding of its physics and
chemistry, particularly of the heat/mass transfer in the
transitional regime.

6. Spark discharges

6.1. Development of a spark channel, back wave of strong
electric field and ionization

When streamers provide an electrical connection between
electrodes and neither a pulse power supply nor a dielectric
barrier prevents further growth of current, it opens up the
opportunity for development of a spark. However, the initial
streamer channel does not have a very high conductivity and
usually provides only a very low current of about 10mA. Thus,
some fast ionizationphenomenon takes place after formationof
an initial streamer channel to increase the degree of ionization,
the current and to an intense spark.

The potential of the head of the cathode-directed streamer
is close to the anode potential. This is the region of
strong electric field around the streamer’s head. While the
streamer approaches the cathode, this electric field is obviously
growing. It stimulates intense formation of electrons on the
cathode surface and its vicinity and subsequently their fast
multiplication in this elevated electric field. New ionization
waves much more intense than the original streamer now start
propagating along the streamer channel but in the opposite

R22



Topical Review

direction from the cathode to the anode. This is usually referred
to as the back ionization wave, and propagates back to the
anode with an extremely high velocity of about 109 cm s−1.

The high velocity of the back ionization wave is not
directly the velocity of electron motion, but rather the phase
velocity of the ionizationwave. The backwave is accompanied
by a front of intensive ionization and the formation of a plasma
channel with sufficiently high conductivity to form a channel
of the intensive spark.

The radius of the spark channel grows to about 1 cm,which
corresponds to a spark current increase of 104–105 A, at current
densities of about 104 A cm−2. The plasma conductivity
becomes relatively high and a cathode spot can be formed on
the electrode surface. The interelectrode voltage decreases to a
value lower than the initial one, and the electric field becomes
about 100V cm−1. If voltage is supplied by a capacitor, the
spark current obviously starts decreasing after reaching the
maximum values mentioned.

The detailed theory of the electric sparks was developed
by Drabkina [64] and Braginsky [65]; extensive modern
experimental and simulation material on the subject can be
found in a book of Baselyan and Raizer [32].

6.2. Laser directed spark discharges

Modification of sparks can be done by synergetic application
of high voltages with laser pulses [66, 67]. It is interesting
that laser beams can direct spark discharges not only along
straight lines but also along more complicated trajectories.
Laser radiation is able to stabilize anddirect the spark discharge
channel in space through one of three major effects: local
preheating of the channel, local photoionization and optical
breakdown of gas.

Preheating of the discharge channel creates a low gas
density zone, leading to higher levels of reduced electric field,
which is favourable, as a result, for spark propagation. This
effect works best if special additives provide the required
absorption of the laser radiation. For example, if a CO2-laser
is used for preheating, a strong effect on the corona discharge
can be achieved when about 15% ammonia (which effectively
absorbs radiation at a wavelength of 10.6μm) is added to air.
At a laser radiation density of about 30 J cm−2, the breakdown
voltage in the presence of ammonia decreases by an order of
magnitude. The maximum length of the laser-supported spark
in these experiments was 1.5m. Effective stabilization and
direction of the spark discharges by a CO2 laser in air was also
achieved by admixtures of C2H2, CH3OH and CH2CHCN.

Photoionization by laser radiation is able to stabilize and
direct a corona discharge without significantly changing the
gas density by means of local pre-ionization of the discharge
channel. UV-laser radiation (e.g.Nd-laser orKrF-laser) should
be applied in this case. Ionization is usually related to the
two-step photoionization process of special organic additives
with relatively low ionization potential. The UV KrF-laser
with pulse energies of approximately 10mJ and pulse duration
of approximately 20 ns is able to stimulate the directed spark
discharge to lengths of 60 cm. Note that the laser photo-
ionization effect to stabilize and direct sparks is limited in
air by fast electron attachment to oxygen molecules. In this
case, photo-detachment of electrons from negative ions can be

provided by using a second laser radiating in the infrared or
visible range.

The most intense laser effect on spark generation can be
provided by the optical breakdown of the gases. The length of
such a laser spark can exceed 10m. The laser spark in pure
air requires a power density of the Nd laser (λ = 1.06μm)
exceeding 1011 W cm−2.

7. Conclusion

In this paper, we discussed the physics of breakdown
phenomena and the most common non-thermal atmospheric
pressure plasma discharges. However, in order to apply
non-equilibrium plasma technology to particular applications,
a number of challenging engineering problems should be
addressed. For example, in plasma display panels that use
DBD systems there is a need for better understanding of
the basic physical phenomena in order to improve efficiency
and the definition, addressing speed and contrast [68]. Another
challenge that facesmany researchers is a low specific power of
nonequilibriumdischarges. Inmany applications it is desirable
to have a high power density in order to increase product yield.
In the search for ideas, several types of hybrid discharges were
introduced. One of the most interesting examples of such a
hybrid discharge is the GA discharge. The GA starts as a
thermal discharge and then a transition into non-equilibrium
condition occurs. That is why this discharge combines the
power of the thermal discharge with the selectivity of a non-
equilibrium plasma.

Non-uniformity in space and time as well as strong
thermodynamic non-equilibrium are distinctive properties of
non-thermal discharges, which allow us to hope for an
expansion of its applications in low temperature atmospheric
pressure plasma chemistry. Non-thermal discharges have
much potential as a prospective technology for exhaust gas
cleaning from CO2, NOx and VOCs, especially after recent
pioneering research work in this direction gave very promising
results. Applications of non-thermal plasmas in problems of
cleaning, etching and surface modification are within reach.
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