
Abstract. The condition for the self-maintenance of a gas
discharge plasma (GDP) is derived from its ionization balance
expressed in the Townsend form and may be used as a definition
of a gas discharge plasma in its simplest form. The simple
example of a gas discharge plasma in the positive column of a
cylindrical discharge tube allows demonstrating a wide variety
of possible GDP regimes, revealing a contradiction between
simple models used to explain gas discharge regimes and the
large number of real processes responsible for the self-mainte-
nance of GDP. The variety of GDP processes also results in a
stepwise change of plasma parameters and developing some
instabilities as the voltage or discharge current is varied. As a
consequence, new forms and new applications of gas discharge
arise as technology progresses.

1. Introduction

Gas discharge plasma is a widespread type of a plasma with
the largest number of its applications. The practice of gas
discharge and its basic forms were worked out in the 19th
century, whereas the understanding of gas discharge as a self-
maintaining phenomenon providing passage of an electric
current through a gas under the action of an electric field was
reached in the beginning of the 20th century [1, 2] and was

presented in the simplest form in books by Townsend [3±5].
The understanding of the nature of gas discharge gave the
impetus for the development of a new atomic physics and the
creation of nuclear physics, where the gas discharge techni-
ques became the basis of experimental methods for these new
areas of physics (see, for example, Ref. [6]). The under-
standing of the nature of gas discharge brought about more
detailed research on a gas discharge plasma, which in turn
supported new applications of gas discharge. The experience
acquired in developing gas discharge techniques showed that
the number of gas discharge constructions and regimes of gas
discharge is inexhaustible. Therefore, even now new types and
new regimes of known forms of gas discharge are being
created for new applications.

Leaving aside a variety of constructions of gas discharge
as a self-maintaining phenomenon, one can state that a
variety of regimes of gas discharge is determined by a large
number of processes which govern the state of a gas discharge
plasma. We will consider below from this standpoint the
character of the processes that provide the ionization balance
of a simplest gas discharge plasma. The variety of processes
leads to the absence of a universal model that allows one
within the framework of a general scheme to determine the
numerical parameters of a gas discharge plasma under given
conditions and construction of gas discharge. This variety
also results in a stepwise change of plasma parameters and
developing instabilities as the discharge current or voltage
varies. In addition, this creates nonstationarities and non-
uniformities of the gas discharge plasma.

2. Condition of self-maintenance
of gas discharge

Gas discharge is a self-sustaining system, so that electrons
leaving a gas discharge plasmamust be reproduced in it due to
some ionization processes. The ionization balance provides a
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plasma self-maintenance for gas discharge of any type. Below,
following Townsend, we consider the simplest example of gas
discharge self-maintenance, which is given in Fig. 1. In this
case, secondary electrons are formed at the cathode as a result
of its bombardment by ions, and then secondary electrons are
multiplied in ionization collisions with atoms. This character
of self-maintenance of gas discharge is governed by two
parameters: the first Townsend coefficient a, so that 1=a is
the electron mean free path in a gas with respect to the atom
ionization taking place in the course of electron drift, and the
second Townsend coefficient g, the probability of formation
of a secondary electron as a result of cathode bombardment
by an ion.

Let us derive the condition of self-maintenance of gas
discharge in the simplest case given in Fig. 1, when gas
discharge plasma is kept up in a gas gap between two parallel
infinite electrodes, and the particle's number density of the
gas discharge plasma is small, so that it does not disturb the
voltage distribution inside the gas gap (see Fig. 1). Under this
assumption about the voltage uniformity, the number of
electrons formed from a test secondary electron after moving
a distance L is equal to exp �aL� ÿ 1. From this we obtain the
Townsend condition for self-maintenance of gas discharge on
the basis of the balance of ionization processes and processes
involving the loss of electrons and ions:

g
�
exp �aL� ÿ 1

� � 1 : �2:1�

This case gives the simplest example of the ionization balance
in a plasma. As amatter of fact, the Townsend condition (2.1)
within the framework of the processes used sets the minimum
voltage between electrodes at a given distance between them,
which corresponds to the minimum of the Paschen curve that
determines the dependence of the breakdown voltage on the
product of the gas pressure p inside the gas gap and the
distance L between electrodes. An increase or decrease in the
parameter pL with respect to its optimal value leads to
increasing breakdown voltage that, in accordance with

Fig. 1, occurs in the absence of a gas discharge plasma inside
a gas gap.

The ionization balance is of fundamental importance for
gas discharge, as was analyzed in Townsend's books [3±5].
Townsend's contribution to the physics of gas discharge is not
restricted to the analysis of conditions of gas discharge self-
maintenance. Townsend elaborated methods of measure-
ments and carried out measurements of gas discharge plasma
parameters, such as the drift velocity of electrons in an
external electric field and the diffusion coefficient of elec-
trons in gases (see, for example, Refs [7±11]), and his
measurements are still relevant. Incidentally, it was Town-
send who first established the relation between zero-field
mobility and the diffusion coefficient of electrons in gases
[12±15]. Subsequently, it was used by Einstein in the analysis
of Brownian motion [16, 17] and received the name the
Einstein relation.

The self-maintenance condition of a gas discharge plasma
is fundamental to the physics of gas discharge, and equation
(2.1) provides the simplest example of this condition. But in
reality there are a large number of types and regimes of gas
discharge, and the condition of the discharge self-mainte-
nance may have a different form depending on the processes
which are responsible for the ionization equilibrium. The
simplest mechanisms offering the self-maintenance of gas
discharge are presented in contemporary gas-discharge
books, and this may mislead those who are encountering gas
discharge for the first time. This problem is absent for
professionals of gas discharge because they deal with certain
regimes of self-maintenance of gas discharge and are
restricted by certain processes related to their particular
case. The peculiarities of various schemes of self-mainte-
nance of a gas discharge plasma and the description of
various regimes of gas discharge are contained in gas
discharge books, in particular, in books [18±37], but the
number of gas discharge regimes under consideration is less
than what exists in reality. Therefore, in analyzing the gas
discharge physics, we encounter a contradiction when the
explanation of certain regimes of a gas discharge plasma is
based on the simplest models and schemes of processes, while
additional processes may influence the self-maintenance
condition of a gas discharge plasma. This contradiction has
existed for decades, and below we demonstrate it on the basis
of simple examples.

Condition (2.1) for the balance of processes of atom
ionization and loss of electrons and ions relates to a uniform
plasma. But even at a low number density of electrons and
ions, the spatial distribution of the electric field potential
inside a gas gap differs from that presented in Fig. 1. Figure 2
exhibits the redistribution of this electric voltage due to
screening of an external electric field by electrons and ions
located in a gas gap. Say, if the Debye±H�uckel radius rD [38],
which is responsible for the screening of an external field in
the statical regime, is equal to rD � 0:8 cm at room
temperature of electrons and ions, this corresponds to the
number density of electrons and ionsNe � 104 cmÿ3, i.e., even
this number density of charged particles provides the screen-
ing of an external electric field at a gap width L � 1 cm. Note
that the number density of electrons and ions in glow
discharge ranges from Ne � 1010 to 1012 cmÿ3, and the
Debye±H�uckel radius rD is less than the above value by
three to four orders of magnitudeÐ that is, a gas discharge
plasma creates a nonuniform electric field in gas discharge
which is maintained by an external electric field.
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Figure 1. The simplest scheme for maintenance of the gas ionization state

in a gas gap between two infinite parallel electrodes, and the spatial

distribution of the electric potential in this gap in the limit of a low number

density of charged particles.
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Alongwith the statical redistribution of electrons and ions
in a gas discharge plasma as a result of the screening of an
external electric field, the dynamic charge redistribution is of
importance due to the passage of electrons and ions to the
electrodes and walls of the discharge chamber. Let us analyze
the self-maintenance condition of gas discharge for the case of
Fig. 1, assuming the electric field inside the gas gap to be
nonuniform. Figure 3 gives the dependence of the reduced
first Townsend coefficient a=Na in argon on the reduced
electric field strength E=Na, where Na is the number density
of argon atoms (the unit of the reduced electric field strength
is 1 Td (Townsend) � 10ÿ17 V cm2). As is seen, the first
Townsend coefficient decreases sharply with decreasing
electric field strength. This leads to the conclusion that it is
more effective to provide self-maintenance of a gas discharge
plasma by maintaining a higher electric field strength in a
small region of gas discharge and an almost zero field in other
regions of a gas gap (Fig. 4).

Let us rewrite the self-maintenance condition of a nonuni-
form GDP (2.1) in the form� l

0

a dx � ln

�
1� 1

g

�
: �2:2�

We denoted by l a dimension of the region that provides self-
maintenance of a gas discharge plasma (evidently, l < L,
where L is a width of a gas gap). Let us construct the region
of formation of charged particles, the process that compen-
sates the departure of ions to the cathode, such that the
voltage applied to electrodes is minimal. As a matter of fact,
we construct in this manner the cathode region of glow
discharge, where reproduction of charged particles in a gas
discharge is connected with the production of the secondary
electrons as a result of cathode bombardment by ions. Then
we find that the optimal voltage between electrodes depends
weakly on the charge distribution in the cathode region and is
equal to approximately 130 V for argon. The maximum
electric field strength is then attained near the cathode, and
the maximum reduced electric field strength in the case of
argon is Ec=Na � 1300 Td, while the reduced size of the
cathode region is equal to lNa � 1:4� 1016 cmÿ2. In parti-
cular, at the argon pressure p � 1 Torr and temperature
T � 300 K, we have Ec � 400 V cmÿ1 for the electric field
strength near the cathode and l � 0:45 cm for the cathode
region size.

Thus, gas discharge in a gas gap between two parallel
infinite electrodes is divided into two regions (see Fig. 4), so
that the cathode region is responsible for a self-maintenance
of GDP, and in the positive column, the other region of gas
discharge, the electric field strength is practically zeroÐ that
is, a weak electric field maintains a discharge electric current.
If a gas is located in a cylindrical tube, the electric field
strength in this region is nonzero, because charged particles
go to the walls, and new charged particles are formed under
the action of an electric field in order to compensate for losses
due to the attachment of charged particles to the walls. A
schematic spatial distribution of the electric field is depicted in
Fig. 5 for a cylindrical discharge tube, and Fig. 6 displays the
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Figure 2.The spatial distribution of the electric potential in a gas gap, if the

charge of electrons and ions is relatively small and does not influence the

voltage distribution (1), and the redistribution of electrons and ions under

the action of an external electric field leads to screening of this field (2).
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Figure 3. The reduced first Townsend coefficient as a function of the

reduced electric field strength [70].
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Figure 4. The spatial distribution of the electric field strength in a gas gap

between two infinite parallel electrodes, when a voltage is applied to them.
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spatial distribution of the electric potential for glow dis-
charge. As in the case of parallel infinite electrodes, there is
a narrow cathode region that is responsible for the reproduc-
tion of charged particles, and the positive column, where the
ionization balance requires the equality between the rate of
atomic ionization in collisions with electrons of a heightened
energy due to the electric field and the rate of attachment of
charged particles to the walls. The peculiarity of the positive
column of a cylindrical tube is such that the ionization
balance is identical for each cross section of the positive
columnÐthat is, GDP is uniform along the discharge tube.
This relates to a high-pressure gas discharge, which satisfies
the criterion

aL4 1 ; �2:3�

where L is the discharge tube length. Since the electric field
strength in the positive column is less significantly than that in
the cathode region, the electric field strengths are close in
magnitude for discharge tubes of different lengths, but with
the same tube radii, gas pressures, types of gas, and discharge
currents, as shown in Fig. 7.

The simplest geometry under consideration is convenient
for ascertaining the nature of gas discharge as the number
density of electrons (or the discharge current) grows, and the
passage takes place from the Townsend discharge, where a
space charge weakly influences the discharge parameters, to a

glow discharge with a separation of the cathode region, which
is responsible for the reproduction of electrons, and the
positive column of gas discharge with a relatively low electric
field strength. But a detailed study of passage between these
discharge types [39±45] also includes the character of current
distribution near the cathode, so that the current of Town-
send discharge occupies all the cathode area, while in the
normal regime of glow discharge the current occupies a part
of the cathode area. Thus, the electric current (or the number
density of electrons) increases as a result of charge separation,
both along the axis and in the perpendicular direction.

3. Model of gas discharge plasma
of a positive column

We consider below a gas discharge plasma of a positive
column for a high-pressure gas discharge, where the mean
free path l of atoms or molecules in the gas is small
compared to the dimensions of the gas discharge tube, in
particular, to its radius. For example, taking the radius of
the discharge tube to be r0 � 1 cm and the gas-kinetic cross
section of atom collisions to be sg � 3� 10ÿ15 cm2, we find
Na 4 3� 1014 cmÿ3 for the number density of atoms Na in a
high-pressure gas discharge or p4 1 Pa for the gas pressure.

Let us analyze the character of the ionization balance in
the positive column of gas discharge for a cylindrical
discharge tube. This balance is similar to that described by
equations (2.1) and (2.2) for self-maintenance ofGDP located
in a gas gap between two parallel infinite electrodes. Assume
that this balance is maintained by the production of charged
atomic particles as a result of atom ionization by electron
impact in an external electric field and by attachment of
electrons and ions to walls of the discharge tube, so that the
ionization equilibrium is described by the balance equation

a�E �we�E � � 1

tD
; �3:1�

Cathode
region

Dark
space Positive column

Anode
region

Ec
E

Figure 5. The distribution of the electric field strength along a cylindrical

discharge tube for glow discharge; Ec is the electric field strength near the

cathode.
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Figure 6. The spatial distribution of the electric field potential along a

cylindrical discharge tube for glow discharge; Uc is the cathode drop.
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Figure 7.Gas discharges in cylindrical discharge tubes of different lengths,

but of the same radius and filled by the same gas under identical pressures.

The small voltage difference because of different lengths of the positive

column is DU � E�L1 ÿ L2�, where E is the electric field strength in the

positive columns, L1 and L2 are the lengths of the discharge tubes.
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where we is the electron drift velocity, and tD is a typical time
for diffusion of electrons and ions to the walls. The solution of
this equation gives the strength E of the electric field that
maintains the positive column plasma. The balance equation
in this case has the form

Da

r
d

dr

�
r
dNe

dr

�
� kionNeNa � 0 ; �3:2�

where Ne and Na are the number densities of electrons and
atoms, respectively, r is the distance from the tube axis, r0 is
the radius of the discharge tube,Da is the ambipolar diffusion
coefficient for the gas discharge plasma as a whole, and kion is
the rate constant of atom ionization by electron impact. The
solution of equation (3.2) has the form [46]

Ne�r� � N0J0

�
2:4r
r0

�
; �3:3�

and the boundary condition Ne�r0� � 0 gives [46]

Na
kionr

2
0

Da
� 5:78 : �3:4�

As a matter of fact, equations (3.1) and (3.4) are identical,
if a typical time tion of ionization and a typical time tD of
plasma diffusion to the walls are equal:

1

tD
� 5:78Da

r 20
;

1

tion
� awe � Nakion ; �3:5�

and

tD � tion : �3:6�

It should be noted that the GDP regime under consideration
relates to a low number density of electrons Ne, so that
electrons do not influence the plasma behavior. In addition,
the case of high-pressure discharge is considered in accor-
dance with criterion (2.3).

4. Nonequilibrium gas discharge plasma

The variety of processes in a gas discharge plasma and the
variety of its regimes create nonequilibrium conditions that
may be regarded as one of the principal properties of a gas
discharge plasma [47, 48]. Some plasma components, such as
electrons, ions, atoms, or molecules in the ground or excited
states, partake in certain processes which lead to an
appropriate plasma state. Therefore, usually a stationary
gas discharge plasma is not in thermodynamic equilibrium,
and its equilibrium state is maintained by certain processes,
including those related to the above balance equations (3.1),
(3.2).

This means that thermodynamic equilibrium is not
suitable for a gas discharge plasma, and other parameters
rather than thermodynamic onesmust be used for the analysis
of aGDP. In particular, the description of aGDP relies on the
distribution functions of particles and includes the kinetics of
evolution for each plasma component on the basis of the
Boltzmann kinetic equation [49]. For the evolution of
electrons located in a gas in an external electric field and
scattered by atoms, it is of importance that electron scattering
on atoms through large angles is accompanied by a strong

change in electron momentum and by a small change in its
energy due to the small electronmass comparedwith the atom
mass. Therefore, the basic part of the electron velocity
distribution function is angle-symmetrical, and a small
antisymmetrical part of the distribution function is respon-
sible for energy transfer from the field to atoms through
electrons. This form of the distribution function [50] allows
one to represent the kinetic equation for the energy distribu-
tion function of electrons in the form of the Fokker±Planck
equation [51, 52] in which the electron diffusion coefficient
due to electron±atom scattering in the energy space has the
form [53, 54]

B�e� � me

M
Tmev

2Navs ��v� : �4:1�

Here, v is the electron velocity, Na is the atom number
density, s ��v� � � �1ÿ cos#� ds is the diffusion electron±
atom cross section, so that # is the scattering angle, me, M
are the electron and atom masses, respectively, and T is the
gas temperature.

In the case of motion of a test electron in an electron gas,
the change in the electron energy proceeds by small portions
because small scattering angles give the main contribution to
the diffusion cross section of two electrons in a plasma. Then,
the electron distribution function in a space of electron
momenta obeys the Landau equation [55] which, rewritten
in an energy space for a fast electron, gives the following
expression for the electron diffusion coefficient in the energy
space [56]:

Bee�e� � 4p
3

e 4vNe lnL ; �4:2�

where Ne is the electron number density, and lnL is the
Coulomb logarithm that accounts for electron scattering in
an ideal plasma when the distance between colliding electrons
in large-angle scattering, at which the energy of Coulomb
interaction is comparable to the kinetic energy of the
electrons, is small compared to the Debye±H�ukkel radius
[38] that characterizes screening of the Coulomb interaction
of electrons.

Depending on the relation between the electron diffusion
coefficients in the energy space, we have two forms of the
energy distribution functions of electrons, and the boundary
between them is estimated from the equality of the diffusion
coefficients (4.1) and (4.2) in the electron energy space:�

Ne

Na

�
b

� 3

8p
me

M

Te
e 4 lnL

s ��v� : �4:3�

As is seen, the boundary degree ofGDP ionization is small for
a transition between the above regimes of establishment of the
electron distribution function, which is formed by two factors
in formula (4.3), where the first one is the ratio of the electron
and atom masses, and the second one is the ratio between the
diffusion cross section of electron±atom scattering and the
cross section of Coulomb scattering of two electrons in a
plasma.

Let us find the boundary degree of ionization (4.3) for
helium, taking a room temperature gas and a typical value
of the Coulomb logarithm lnL � 7, and accounting for the
diffusion cross section of electron scattering on the helium
atom to be independent of the electron energy in the wide
energy range 0ÿ10 eV, where it is equal to s � � �6� 1� A� 2
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[57]. This allows us to represent formula (4.3) for helium in
the form�

Ne

Na

�
b

� 1:6� 10ÿ9 e ; �4:4�

where the electron energy e is measured in eV.
If electron±electron collisions are of importance for

establishing the electron distribution function, i.e., the
degree of ionization of a gas discharge plasma exceeds the
value given by formula (4.3), the distribution function has the
Maxwell form, and the electron temperature Te follows from
the energy balance for electrons which acquire their energy
from an external electric field and transfer it to gas atoms in
collisions with them. At a low degree of ionization of a gas
discharge plasma, which is below than that given by formula
(4.3), the distribution function of electrons is connected with
the velocity dependence s ��v� of the diffusion cross section of
electron±atom collisions. In particular, if this cross section is
independent of the collision velocity, it is convenient to
introduce the mean free path of electrons in a gas as
l � 1=�Nas ��v��. Then, the dependence of the electron
distribution function at its tail, where the electron energy
significantly exceeds the thermal atomic energy, takes the
form [58, 59]

f0�e� � exp

�
ÿme

M

�
e

eEl

�2�
; �4:5�

where E is the electric field strength.
Thus, a gas discharge plasma as a physical object is a

nonequilibrium system in thermodynamic terms, and the
stationary state of GDP depends on processes that establish
this equilibrium. Hence, different regimes are possible for the
establishment of an equilibrium in GDP, and an analysis of
GDPmust be fulfilled in terms of the distribution functions of
electrons and ions.

5. Electron transport in a gas discharge plasma

Ionization balance does not exhaust all the information about
a gas discharge plasma. Additional information may be
gained from the analysis of the current±voltage characteristic
of gas discharge. In the limit of low number densities of
electrons and ions, the electric field strength does not depend
on the discharge electric current. But this dependence occurs
in the cathode region at high currents, where the number
density of ions exceeds the number density of electrons, and
one can assume that the number densities of electrons and
ions in the positive column are close to those at the boundary
of the cathode region if the discharge current covers all the
cathode area. At low discharge currents, when the discharge
current covers a small part of the cathode area, a transient
region arises between the cathode region and the positive
column, where the discharge current occupies a certain part of
the cross section of the discharge tube. This region may be
significant and play a self-dependent role. The electron
current I in the positive column (ions give a small contribu-
tion to the discharge current) is determined by the following
expression

I � e

� r0

0

2pr drNe�r�we ; �5:1�

where e is the electron charge, and we assume that, as in the
case of weak electric field strengths E, the electron drift
velocity is proportional to the electric field strength:
we � KeE, i.e., the electron mobility Ke is independent of the
electric field strength. This corresponds to the tau-approx-
imation, where a typical time te of electron±atom collisions is
independent of the electron energy. In this case, the electron
drift velocity follows from the equation of motion for
electrons, which has the following form

me
dwe

dt
� eEÿme

we

te
:

Since 1=te � Nake, where the rate constant ke of elastic
electron±atom collisions is assumed to be independent of the
electron velocity, we have for the electron drift velocity the
following expression:

we � eEte
me
� eE

meNake
: �5:2�

The above-indicated assumption about the constancy of the
rate constant of electron±atom scattering simplifies the
computations and is in common use in books on gas
discharge.

But transferring to real conditions, one can turn down this
assumption, according to which the electron drift velocity we

is proportional to the electric field strength E. In the general
case, the electron drift velocity is given by [60]

we � ÿ eE

3meNe

�1
0

4pv 3
e

nea

df0
dve

dve ; �5:3�

where the rate of elastic electron±atom collisions is defined as

nea � Naves �ea : �5:4�
Here, s �ea �

� �1ÿ cos#� dsea is the diffusion electron±atom
cross section, # is the scattering angle, and dsea is the
differential cross section of electron±atom scattering. The
spherically symmetric part f0�ve� of the distribution function
is normalized by the condition�1

0

f0�ve� 4pv 2e dve � Ne : �5:5�

From this it follows that formula (5.2) is valid if the diffusion
cross section s �ea of electron±atom scattering is inversely
proportional to the electron velocity ve, i.e., s �ea � 1=ve.

This simple dependence of the cross section on the
collision velocity is not fulfilled under the real conditions. In
particular, in the case of electron scattering on argon,
krypton, and xenon atoms, the diffusion cross section has a
deep minimum at electron energies ranging 0:3ÿ0:5 eV
because of the Ramsauer effect [61±63], and the cross section
of electron±atom scattering at its minimum is more than two
orders of magnitude lower than the appropriate value at zero
energy. This fact leads to the dependence of the electron
mobility in a gas on the electric field strength, and in some
cases this causes instabilities of the gas discharge plasma. As
an example of this dependence, Fig. 8 depicts the electron
drift velocity in argon as a function of the reduced electric
field strength (according to measurements [9, 64]). Note that
the electron velocity distribution function in formula (5.3)
includes the velocity dependence of the diffusion cross section
s �ea�v� of electron±atom scattering.
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6. Ionization in single electron±atom collisions
in a gas discharge plasma

Introducing the first Townsend coefficient a as a character-
istic of the ionization rate in gas discharge, we assumed that
atomic ionization by electron impact proceeds in single
electron±atom collisions according to the scheme

e� A! 2e� A� : �6:1�

Then, according to the definition, the rate constant of
ionization in equation (3.4) of the ionization balance is
expressed through the electron distribution function by the
formula

kion � 1

Ne

�1
vi

4pv 3e sion�ve� f0�ve� dve ; �6:2�

where sion�ve� is the cross section of atom ionization by
electron impact, and vi is the threshold electron velocity for
atomic ionization. Since the average electron energy in a gas
discharge is small compared to the atomic ionization
potential J, the rate constant of ionization kion is determined
by the tail of the electron energy distribution function.

Being guided by atomic gases, we have that the symmetric
velocity distribution function f0�ve� below the excitation
threshold is determined by elastic electron±atom collisions.
Then, a remarkable change in the electron energy results from
many collisions with gas atoms, and there are various regimes
for the establishment of a tail of the electron distribution
function above the atomic excitation threshold within the
framework of scheme (6.1) for the ionization process in
electron±atom collisions. Indeed, after atomic excitation, the
electron slows down and acquires its energy in an electric field
up to the excitation threshold for a long time after many
elastic collisions with atoms. Therefore, there are two regimes
for the establishment of the electron energy distribution
function f0�e� at small electron number densities [65, 66], as
represented in Fig. 9. In the first case, a typical time of atom
excitation is small in comparison with a typical time of
establishment of the distribution function tail, and then the
energy derivative of the electron distribution function does
not vary near the excitation threshold. In the second case,
with the inverse relation between indicated times, the electron
energy distribution function decreases sharply behind the

excitation threshold because of the processes of atomic
excitation. This leads to different regimes for excitation and
ionization of atoms by electron impact in a gas [67].

7. Ionization in a gas discharge plasma
involving excited atoms

Ionization balance described by equations (3.1) and (3.4) is
based on scheme (6.1) for the ionization process when it
results from single electron±atom collisions. Other channels
of atom ionization are also possible in a dense gas through the
formation of excited atoms. The stepwise atomic ionization is
one of such channels, where the first stage of the ionization
process is the formation of excited atomic states, and the
ionization process proceeds according to the scheme

e�A! e�A� ; e�A� ! 2e�A� : �7:1�

The second stage of the ionization process is realized if the
quenching rate of an excited atom formed by electron impact
exceeds the rates of atom quenching in other processes, such
as atomic radiation emission or quenching on the walls.
Therefore, the stepwise character of atom ionization in a gas
discharge plasma is realized at relatively high electron number
densities, so that an increase in the discharge current leads to a
change in the ionization balance regime, from single ioniza-
tion up to stepwise ionization of atoms.

If the equilibrium between atoms in the ground and
excited states results from collisions with electrons according
to scheme (7.1), and the electron energy distribution function
is determined by electron drift in a gas in an external electric
field, the stepwise ionization is more effective than the single
one, until the average electron energy is relatively small. Let
us demonstrate this for the example of atomic ionization in a
helium GDP, where metastable helium atoms determine the
stepwise ionization of atoms in a plasma. The following
scheme of processes takes place in this case in accordance
with formula (7.1):

e�He�11S� $ e�He�23S� ; �7:2�
e�He�23S� ! 2e�He� :

For example, at the reduced electric field strength of
E=Na � 10 Td, which is a typical value of the reduced electric
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field strength for the positive column of glow discharge, the
rate constant of single atomic ionization equals kion �
1:1� 10ÿ13 cm3 sÿ1 under the assumption that atom excita-
tion by electron impact does not influence the tail of the
distribution function. The rate constant of ionization of a
metastable atom is km

ion � 4:2� 10ÿ7 cm3 sÿ1 under these
conditions (for comparison, the quenching rate constant of
the metastable helium atom by a slow electron is
kq � 3:1� 10ÿ9 cm3 sÿ1 [68, 69]), and the concentration of
metastable atoms reachesN eq

m =Na � 1:2� 10ÿ3 Ð that is, the
rate of atom ionization through formation of the metastable
state exceeds the rate of single atomic ionization by electron
impact by more than three orders of magnitude at the
indicated reduced electric field strength. Note that the
ionization potentials of a helium atom in the ground and
metastable states are 24.59 and 4.77 eV, respectively, and the
excitation energy for the helium metastable state is 19.82 eV.

Evidently, stepwise ionization is not the dominate channel
at low electron number densities, when destruction of excited
atoms is determined by other channels rather than by electron
impact, and the number density of excited atoms is signifi-
cantly lower than the equilibrium one. In the positive column
of gas discharge, such processes of destruction of excited
atoms are the radiation emission of excited atoms and the
departure of excited atoms to the walls as a result of their
diffusion in a gas. The latter process is of importance for
metastable atoms and determines the lifetime of metastable
atoms in a plasma at low electron concentrations, being
expressed through the diffusion coefficient of metastable
atoms in a gas. Table 1 contains the reduced diffusion
coefficients of metastable atoms of inert gases in parent
gases [70]. Then, the helium metastable state is He�23S�, and
for other inert gases consisting of atomsA, this state isA�3P2�.
As is seen, the diffusion coefficient of metastable inert-gas
atoms in parent gases is close to the diffusion coefficient of
molecular ions in this gas. If destruction of excited atoms is
determined by their diffusion to the walls, the lifetime of
excited atoms is expressed through the coefficient of their
diffusion in a gas by formula (3.5).

Let us rewrite equation (3.5) of ionization balance,
including in it the single and stepwise ionization processes
and assuming that the stepwise ionization (7.1) contributes to
the total ionization balance of the GDP. Then, the equation
of ionization balance takes the following form

1

tD
� Nakion �Nmk

m
ion ; �7:3�

where Na and Nm are the number densities of atoms in the
ground and excited states, and kion, k

m
ion are the rate constants

of single ionization of a helium atom in the ground and
excited states by electron impact. Let us determine the
boundary of change between the single and stepwise ioniza-
tion characters, when both terms on the right-hand side of
equation (7.3) are equal. Evidently, this takes place for the

regime of destruction of excited atoms as a result of their
departure to the walls rather than their quenching by electron
impact. Then, the number density of metastable atoms in
equation (7.3) is equal to

Nm � N eq
m

tD
te
� N eq

m

5:78D �

kqr
2
0

; �7:4�

where N eq
m is the equilibrium number density of metastable

atoms, when electron quenching of metastable atoms dom-
inates, and tD, te are the times of departure of metastable
atoms to the walls and quenching of metastable atoms by
electron impact, respectively.

Figure 10 [71] gives the boundary of the ionization
regimes under consideration at some values of the reduced
radius of the discharge tube that are typical for the positive
column of glow discharge. Note that we consider the regime
of low electron number densities for the establishment of the
electron energy distribution function below the excitation
threshold, when this equilibrium results from elastic collisions
of electrons with atoms of a gas located in an external electric
field. As follows from the data of Fig. 10, the stepwise
ionization of atoms can dominate at a low degree of atomic
ionization and is possible in glow discharge. Then, the
equilibrium between atoms in the ground and metastable
states according to the scheme of stepwise ionization (7.2) has
a threshold that may be the threshold of stepwise ionization.

The boundary number density of electrons, when the rates
of single and stepwise ionization of atoms by electron impact
are equal, relates to the regime of destruction of metastable
atoms as a result of their departure to the walls.We determine
now a higher boundary electron number density Ne at which
the rates of metastable atom destruction on the walls and by
electron impact are equal. This boundary electron number
density, by analogy with equations (3.5) and (3.6), is given by
the equation tD � te, namely

Nekq � 5:78D �

r 20
; �7:5�

Table 1. Diffusion coefficients for metastable atoms, D �, atomic ions,
D�A��, andmolecular ions,D�A�2 �, of inert gases in a parent gas at the gas
temperature T � 300 K. The diffusion coefficients are reduced to the
normal number density of atoms N � 2:69� 1019 cmÿ3 [70].

Gas (A) He Ne Ar Kr Xe

D �, cm2 sÿ1

D�A��, cm2 sÿ1

D�A�2 �, cm2 sÿ1

0.59
0.28
0.49

0.20
0.10
0.16

0.067
0.041
0.049

0.039
0.022
0.031

0.024
0.013
0.018

10ÿ9

Ne=Na

E=Na, Td

10ÿ10

10ÿ11

10ÿ12

5 6 7 8 9 10

2

1

Figure 10. The boundary degree of ionization Ne=Na for helium atoms in

GDP (Ne is the number density of electrons, andNa is the number density

of helium atoms) for the transition between single and stepwise mechan-

isms of ionization of helium atoms by electron impact. The boundary

degree of ionization is determined by the equality of the two terms on the

right-hand side of equation (7.3) at a given electric field strength. The

reduced number density of helium atoms isNar0 � 1� 1017 cmÿ2 (1), and
Nar0 � 4� 1017 cmÿ2 (2).
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where kq is the rate constant of quenching of an excited atom
by electron impact, D � is the diffusion coefficient of excited
atoms in a gas, and r0 is a discharge tube radius. Equation
(7.5) leads to the following relation for the boundary degree of
ionization Ne=Na of the gas discharge plasma depending on
the reduced atom number density Nar0:

Ne

Na
� C

�Nar0�2
; C � 5:78D �Na

kq
; �7:6�

and because the diffusion coefficientD � of an excited atom in
a gas is inversely proportional to the number density of atoms
Na, the proportionality coefficient C is independent of the
atom number density. Figure 11 depicts dependence (7.6) for
the stepwise ionization in helium under consideration, when
the ionization process proceeds according to scheme (7.2).

As follows from the data of Figs 10 and 11, stepwise
ionization in helium starts at low degrees of plasma ionization
and takes place in gas discharge of moderate powers. Note
that an energy dependence for the diffusion cross section of
elastic electron scattering on the helium atom in the ground
state, which in a wide range of electron energies can be set
s � � 6 A

� 2 [57], leads to a simple analytical expression (4.5)
for the energy distribution function of electrons at energies
below the excitation threshold, and this simplifies the analysis
(see, for example, Ref. [71]). In particular, at a typical value of
the reduced electric field strengthE=Na � 10 Td in helium, an
electron acquires the energy eEl � 0:17 eV between neigh-
boring collisions with atoms, while the average electron
energy is e � 6:1 eV at this electric field strength. This
relation shows that an electron experiences many elastic
collisions with atoms until it reaches the average energy or
the excitation threshold.

Competition between the single and stepwise mechanisms
of atom ionization by electron impact has a general character.
As a demonstration, the rates of single and stepwise
ionization in neon are compared in Fig. 12 in accordance
with the process schemes (6.1) and (7.2), where the values of
the first Townsend coefficient for the first ionization process
are taken from the review [64] for measurements at low
electron number densities, when excited atoms do not give a
contribution to the total atom ionization. As is seen, the
transition from the single to stepwise mechanisms of atom

ionization leads to a remarkable change in the electric field
strength that maintains a GDP. This may cause a stepwise
change of discharge parameters as a result of variation of the
discharge current and can lead to the creation of a nonuni-
form distribution of the charge in theGDP, as it takes place in
a striated gas discharge [72, 73].

The presence of excited atoms in a GDP opens up new
channels of atom ionization, such as the associative ioniza-
tion of atoms:

A� � B! e� AB� ; �7:7�

where the energy required for electron release is taken from
the dissociation energy of a molecular ion being formed. In
this case, atoms A and B may be of the same sort, as it takes
place in the photoresonant plasma. Another ionization
process involving excited atoms is the Penning process [74,
75] proceeding in accordance with the scheme

A� � B! e� A� B� ; �7:8�

where the ionization potential of an atom B is lower than the
excitation energy of an atom A. An example of this process is
given by

He�23S� �Ar! He�11S� �Ar� � e ; �7:9�

so that a small admixture (of the order of � 10ÿ4) of heavy
inert gases added to helium decreases the breakdown voltage
of this mixture compared to pure helium. Thus, excited atoms
in a GDP influence its ionization balance and lead to
appearance of additional channels of ionization in the
plasma.

8. Character of destruction
of gas discharge plasma of a positive column

We assume in equations (3.1) or (3.4) regarding ionization
equilibrium that the loss of electrons and ions in GDP is
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Figure 11. The boundary degree of helium atom ionization in GDP, at

which the quenching rates of metastable atoms by electron impact and on

the walls are equal, in accordance with equation (7.6).

104

103

102

101

100

0,1 1 10 100 1000

2 1

E=N, Td

a=
N
,1

0
ÿ2

0
cm

2

Figure 12. The reduced first Townsend coefficient for neon as a function

of the reduced electric field strength: 1 Ð ionization proceeds in single

electron±atom collisions and the values of the reduced first Townsend

coefficient results from measurements at low number densities of

electrons [64], and 2 Ð equilibrium between electrons and excited

atoms is maintained at each electric field strength, and new electrons

and ions result from ionization of excited atoms in accordance with

scheme (7.1) [71].

June 2009 Modeling of gas discharge plasma 567



determined by their departure to the walls as a result of
ambipolar diffusion. The coefficient of ambipolar diffusion in
GDP is determined to a greater extent by the ion diffusion
coefficient, which in turn depends on the ion sort in a plasma.
For example, in inert gases at low temperatures (in particular,
below 700 K under typical conditions of glow discharge in
argon) the basic ion sort is Ar�2 and then the ambipolar
diffusion coefficient is expressed through the diffusion
coefficient of these ions. At high gas temperatures, atomic
ions are present in a gas, and the diffusion coefficients of
atomic and molecular ions are different in this case (see
Table 1), because the diffusion coefficient of molecular
Ar�2 ions is determined by elastic ion±atom scattering, while
in the case of atomic Ar� ions the diffusion coefficient results
from the resonant charge exchange process. The difference in
the diffusion coefficients of molecular and atomic ions in
GDP increases with an increase in temperature. Since a
change in the gas temperature leads to a change in the ion
sort, it is accompanied by a change in the ionization balance
of GDP.

Transition from atomic ions to molecular ones may lead
to a principal change in the character of the ionization
balance in a gas discharge plasma. Indeed, in the case of
molecular ions, destruction of charged particles in a plasma
may be determined by dissociative recombination that for a
gas discharge plasma of inert gases corresponds to the scheme

e�Ar�2 ! Ar� �Ar : �8:1�

The diffusion mechanism of destruction of charged particles
in GDP dominates until the number density of electrons is
low, but at relatively high number densities of electrons the
dissociative recombination of electrons and molecular ions
(8.1) may be responsible for loss of charged particles in GDP.
Hence, there are different regimes of ionization balance in
GDP depending on the character of destruction of charged
atomic particles.

Thus, we are faced with a large variety of ionization
processes that determine the ionization balance in GDP.
The formation and destruction of excited atoms in gas
discharge of moderate pressure, including processes with the
participation of electrons, influence the character of the
ionization balance. In considering the ionization balance in
terms of the electron distribution function over energies or
velocities, when electrons are moving in a gas in an external
electric field, we note that this problem is self-consistent since
the rate of atomic excitation and ionization is determined by
the tail of the electron distribution function, and it in turn
depends both on the rate of elastic electron±atom collisions
and on the number density of excited atoms in a gas discharge
plasma. This also creates a variety of regimes for the electron
distribution function (see, for example, Refs [67, 76, 77]).

9. Heat balance for a positive column
of gas discharge

In analyzing the properties of a gas discharge plasma of the
positive column in a cylindrical discharge tube, we assumed
implicitly that the presence of electrons and ions does not
influence the properties of a gas located in a discharge tube.
In reality, this influence may be different. For example, the
formation of ions in inert gases with a lightly ionized
admixture (in particular, this mixture is formed by the
addition of a metal vapor to an inert gas) results from

ionization of this admixture. Since ions are moving towards
the cathode under the action of the discharge electric field,
this transport may lead to a nonuniform distribution of the
admixture along a discharge tube. If a discharge glow is
created by radiation emission of excited admixture atoms,
we observe a nonuniform discharge glowing along the
discharge tube, and the maximum radiation intensity is
concentrated near the cathode. This phenomenon, known
as electrophoresis, is possible under typical conditions of
glow discharge.

Passage of an electric current through a gas discharge tube
under the action of an external electric field causes heat
release and leads to gas heating. We considered above the
case where heating of aGDP changes the ion sort and leads to
gas heating and correspondingly to a change of the regime of
the ionization balance in a plasma. Then, the change from
atomic ions to molecular ions as a basic ion sort proceeds at a
temperature of hundreds of degreesKelvin, which is typical of
a glow discharge.

Another example relates to molecular gas lasers that work
on transitions between vibrational states of molecules in a
restricted range of temperatures of a gas discharge plasma.
The mechanism of this laser operation is based on the
selective population of molecular levels in the upper state of
the radiative transition, and the lower molecular state of the
laser transition is destroyed in collisions with gas atoms or
molecules. Under these conditions, an increase in the specific
power of the positive column of gas discharge leads to growth
in the number density of excited molecules, i.e., to an increase
in the laser radiation power. But this simultaneously leads to
an increase in the temperature of the GDP, which causes a
nonlinear growth in the molecular population at the low laser
level. At some temperature (for a CO2-laser, this temperature
equals approximately 600ÿ700 K [78, 79]), the inverse
population of these vibrational states disappears, and laser
generation ceases.

At large discharge currents, gas heating is of importance
for the parameters of GDP. To describe the properties of
GDP of the positive column, it is necessary to add the heat
balance equation to the equation of the ionization balance
and Ohm's law. If electron transport gives a small contribu-
tion to heat transport, the heat balance equation for a plasma
located inside a cylindrical discharge tube has the form of the
Elenbaas±Heller equation [23, 80], namely

1

r
d

dr

�
rk�T � dT

dr

�
� p�r� � 0 : �9:1�

Here, k is the gas thermal conductivity coefficient, and the
second term of this equation, the specific power of heat
release due to a discharge electric current, is equal to
p�r� � iE, where i is the electric current density, and E is the
electric field strength. FromOhm's law it follows that i � SE,
where S is the conductivity of GDP. Therefore, heat balance
equation (9.1) characterizes heat release as a result of the
passage of electric current through the GDP and corresponds
to heat transport due to the thermal conductivity of a gas.

Heat processes are of particular importance for an arc
plasma, where the influence of thermal processes on para-
meters of a gas discharge plasma is strong. Below we consider
the contraction of gas discharge in a dense gas [81±83] as the
clearest example of this type, when the electric current
occupies a small part of the cross section of the positive
column near the tube axis. Indeed, let us assume that
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thermodynamic equilibrium is established in a dense gas
discharge plasma, so that the number density of electrons
and ions is determined by an equilibrium similar to the Saha
one, and the number density of charged particles increases
sharply with increasing temperature. But the heat release does
not increase so sharply with increasing temperature if the heat
release is determined by thermal conductivity of GDP in
accordance with the heat balance equation (9.1). As a result,
an instability develops that causes contraction of the dis-
charge current. When the GDP occupies a small part of the
tube near its axis, the temperature gradient becomes large,
which provides heat balance in accordance with the heat
balance equation (9.1). It should be noted that large
temperature gradients can cause convective instability,
leading to convective gas mixing and meaning a change of
the heat release process in a gas discharge plasma.

10. Nonstationarities and nonuniformities
of a gas discharge plasma

The variety of GDP regimes and their competition may lead
to a stepwise change in plasma parameters as a result of
variations in external parameters and can lead to developing
instabilities due to nonuniformities of GDP. Let us demon-
strate this by the simple example of a stationary GDP located
in a constant electric field. Electrons travel in a plasma with
an average drift velocity. Let us initiate a drift wave (see, for
example, Ref. [67]) by creating a perturbation dNe in the
electron number density near the cathode. This perturbation
propagates with the electron drift velocity and is smeared as a
result of both electron diffusion and Coulomb repulsion of
electrons.

We now consider the regime of drift wave propagation,
when the rate of atom ionization by electron impact in GDP
increases with an increase in the number density of electrons
because of a change in the regime of GDP evolution or a
change in the ionization regime. Then self-organization arises
for a nonuniform distribution of electrons, and the ionization
waves being formed are striations. There are various regimes
of striations, both in the form of traveling waves and standing
waves, and they have been studied for a long time [84±91]. If
we consider striations as ionization waves from the stand-
point of gas discharge, we find that a given discharge current
of the positive column is characterized by a lower voltage for
the striated structure than that for a uniform gas discharge
plasma [29].

A general criterion for the propagation of ionization
waves in GDP is connected with the marked dependence of
the ionization rate on the electron number density, which, for
example, takes place for a change from single to stepwise
atom ionization by electron impact in GDP. Next, a nonuni-
form distribution for GDP parameters, including the GDP
voltage distribution along the axis, must maintain nonuni-
form distribution. These criteria may be fulfilled for various
GDP regimes, but this phenomenon requires a more detailed
analysis [92±94].

The possibility of arising ionization waves in a GDP is
connected with the character of change of the electron energy
in collisions with atoms. The mean free path of electrons le
with respect to variation of their energy, if the electron energy
does not exceed the threshold for atomic excitation, is more
than the mean free path of electrons l with respect to the
momentum variation in elastic collisions by roughly

�������������
M=me

p
times (me is the electron mass, M is the atom mass), i.e.,

approximately by two orders of magnitude. For example, in
helium at a pressure of p � 1 Torr the electronmean free path
with respect to the momentum variation is equal to
l � 0:05 cm, whereas the electron mean free path with
respect to the energy change exceeds a typical radius of a
laboratory discharge tube. This relation between the mean
free paths leads to the following expression for the electron
energy e�r2� at point r2, if at a point r1 it has the energy e�r1�
[95]:

e�r2� � e�r1� � eU�r2� ÿ eU�r1� ; �10:1�

where U�r2�, U�r1� are the electric potentials of the GDP at
the indicated points. This is essential for nonlocal phenomena
in the kinetics of GDP and allows one to understand the
character of electron transport and creation of nonuniformi-
ties in a gas discharge plasma, including stratification of gas
discharge [96±98].

Note that the stratified character of the spatial distribu-
tion ofGDP is possible not only for various gas sorts, but also
for various discharge geometries. In particular, an inverse
direction of the electric field in a striation with respect to the
direction of the electric field strength in gas discharge is
observed in the spherical stratified discharge [99±101].

Electric domains form another structure ofGDPand have
as their basis drift waves, so that plasma bunches propagate in
GDP with the electron drift velocity. Though this phenom-
enon was discovered for a semiconductor plasma [102, 103], it
is typical for GDP also [67, 104]. A nonmonotonic depen-
dence of the electron drift velocity on the electric field
strength, which provides the electric domain stability, is
necessary for the existence of the electric domain.

11. Models of a gas discharge plasma

The above analysis demonstrated the variety of GDP regimes
and allowed us to extract the basic factors which determine
GDP properties under certain conditions. On the basis of this
analysis one can formulate a general approach to the analysis
of a uniform GDP, being guided by the following equations
which determine the properties of a certain plasma and the
regime of its evolution:

(1) equation of the ionization balance;
(2) equation for the gas discharge current or the current±

voltage characteristic;
(3) equation of heat balance for a gas discharge plasma.
Since these equations in the general case include a large

number of processes which provide the balance of charged
particles and the heat balance of GDP, it is not convenient to
use a universal approach in a general form. But this approach
is productive in the analysis of a certain gas discharge plasma
with a restricted number of processes that are responsible for
its properties. One can extract in this case basic elements
which influence the properties of plasma, taking into
consideration the restricted number of regimes of its devel-
opment. These general principles are also conserved in the
analysis of a nonuniform and nonstationary gas discharge
plasma and form the basis of plasma modeling.

12. Conclusions

As follows from the above analysis, even in the simplest case
of GDP located in the positive column of a cylindrical
discharge tube there are many regimes maintaining a gas
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discharge plasma and many ways of its evolution, depending
on the electric field strength, the electric current, the gas
pressure, and the number density of electrons and atoms.
Above we restricted ourselves to a simple geometric construc-
tion and a gas sort, whereas many additional regimes of GDP
arise beyond this scope. Indeed, transitions between vibra-
tional and rotational states significant for molecular systems,
the processes of formation and destruction of negative ions
essential for electronegative gases, and chemical processes
may be of principle importance for GDP in chemically active
gases. Next, we were concerned with a uniform or almost
uniform plasma, while nonuniformities may be of importance
for some forms of GDP.

We define a gas discharge plasma as a matter resulting
from the action of an electric field and providing the passage
of an electric current through a gas. Being a system formed as
a result of an external action, a gas discharge plasma is
nonuniform in principle, and contains regions of a certain
destination, in particular, the cathode region for the repro-
duction of charged particles to compensate for ion losses at
the cathode, and the positive column that comprises a
uniform plasma with a small electric field gradient along the
tube. We were guided by a DC gas discharge located in a
cylindrical discharge tube. Cases of alternative or pulse fields
and combinations of electric and magnetic fields also enlarge
possible regimes of gas discharge and GDP. From this we
conclude that the number of regimes of a gas discharge
plasma seems to be boundless.

We thus move to the contradiction between the principles
of GDP and regimes of its evolution. The basic principle of
GDP consists in the condition of its self-maintenance that has
the form of equation (2.1) in the Townsend scheme with the
appropriate processes that are responsible for the loss and
origin of charged particles. Therefore, self-maintenance
equations (2.1), (3.1) are often used in textbooks for the
explanation of GDP principles, while a certain real GDP is
based on other processes and equations. Therefore, we have a
contradiction between the principles ofGDPand themethods
of its description. This contradiction is known by profes-
sionals, but escapes the attention of somebody who is just
getting acquainted with GDP. This fact should be noted here
in the first place.

But the role of a large number ofGDP regimes extends the
indicated contradiction further. Transition between regimes
of gas discharge in the course of variation of the discharge
voltage or current may be accompanied by a stepwise change
in gas discharge parameters or can lead to developing
instabilities. In such phenomena of gas discharge as stria-
tions or contraction of the discharge electric current, we
encounter stepwise changes in the electric current or voltage
of gas discharge.

Another consequence of the large number of GDP
regimes consists in a large number of applications which are
renewed as the technology develops. One can use as an
example gas discharge lamps which, being filled by inert
gases, about hundred years ago were used for commercial
purposes. Luminous lamps as light sources found a wide
distribution with the creation of a fluorescent material that
covers the surface of a cylindrical discharge tube and trans-
forms ultraviolet radiation of gas discharge into light; as a
result, this increases the efficiency of such light sources. One-
half century later sodium lamps of a yellow color become
prevalent for street lighting; haloid lamps with a high
efficiency of transformation of electric energy into light also

appeared at that time. The application of new devices
becomes possible first and foremost due to the development
of a new technology that allows the use of new light sources to
be economically profitable. Hence, one can expect new gas
discharge sources of light in the future.

Let us draw attention to one more aspect of the problem
under consideration. Though the study of GDP was begun in
the 19th century, research on gas discharge plasma as a
physical object has moved in new directions, as some of its
aspects and problems are solved. The reason for this is the
variety of conditions and processes that organize a gas
discharge plasma. As an example, one can cite a laboratory
dusty plasma [105, 106] or a cluster plasma [107]Ðnew types
of gas discharge plasma.
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