
Abstract. The state-of-the-art in the physics of large-volume
high-power gas discharges is reviewed. The characteristic prop-
erties and distinguishing features of high-pressure self-sus-
tained discharges are discussed, existing experimental data
are presented, and major formation and contraction models
are considered. It is shown that the lower bound on the volume
discharge ignition voltage is due to the onset of cathode instabil-
ity. Relationships between the discharge parameters at the
glowing and power delivery stages are analyzed. Record dis-
charge characteristics are presented and difficulties involved in
resolving a comprehensive theory of the volume discharge are
pointed out.

1. Introduction

A self-sustained discharge wherein the current is distributed
over the electrode surfaces was discovered by M Faraday in
1844 [1]. Due to the character of its glow, it has come to be
known as a glow discharge. Among the huge variety of
discharges discovered later, it was precisely the glow
discharge that for long remained the most intense one,
capable of exciting large gas volumes with pressures up to
� 10 Torr. As the pressure is further increased, the stationary
discharge is initiated in the form of an arc, when the current
flows through a small-diameter channel connecting the
electrodes.

To account for the discharge initiation in one or other
form, it is common practice to invoke the Townsend
(avalanche) or streamer mechanisms [2, 3]. Recourse to the
former mechanism is made to explain the initiation of a glow
discharge for low overvoltages, and to the latter to explain the
spark breakdown for high overvoltages. It is possible to
determine the domain of validity of one or other of these
discharge formation mechanisms by comparing the critical
avalanche length xcr with the electrode spacing d. When
xcr � aÿ1 lnN5 d, the Townsend mechanism operates,
whereas the streamer mechanism occurs for xcr < d, where a
is the collisional ionization coefficient, andN is the number of
electrons in the avalanche whereby the electric field inside the
avalanche becomes comparable to the external field. How-
ever, it turned out that the line of demarcation between these
two mechanisms is most conveniently established using the
so-called overvoltage coefficient

Kov � U0 ÿUbr

Ubr
100% ; �1�

where U0 is the voltage applied to the electrodes, and Ubr is
the breakdown voltage. The dependence ofKov on pd (p is the
gas pressure) is exponential in character, and its value, for
instance, for air decreases by an order of magnitude from
24% as pd increases from 240 to 2800 Torr cm [3].

The findings of Rogowski and Tamm [4], who investi-
gated the static �Kov � 0� breakdown of an air gap for
p � 185 Torr and d � 0:3 cm, strengthened the commonly
accepted notions of discharge initiation. They found that
there exists, prior to the establishment of the voltage
corresponding to the spark channel, an intermediate stage
with a higher voltage drop and a lower discharge current in
the interelectrode gap for � 1 ms.

Electron-optical observations of this discharge stage
made it possible to establish the existence of a cathode drop,
a negative glow, a Faraday dark space, and a positive column
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[5 ± 8]. This stage was identified with the classical glow
discharge, which was confirmed by measurements of the
cathode drop in discharges of this kind [8, 9]. The cathode
drop was found to be equal to 220� 5 V in hydrogen,
240� 5 V in nitrogen, and 470� 10V in CO2. This nicely
correlates with the relevant data obtained in a classical low-
pressure glow discharge: 214 V for hydrogen, 208 V for
nitrogen, and 460 V for CO2 [10].

The improvement of equipment sensitivity owing to the
use of photomultipliers in the experiments made it possible to
reveal the following stages of discharge development:

Ð an avalanche generation sequence producing a positive
space charge at the anode and thereby forming the first
ionization wave;

Ð the motion of several ionization waves, which increases
the gap conduction up to the level prescribed by the electric
circuit;

Ð the establishment of the cathode drop during an
advance of the penultimate ionization wave [11].

After this, the glow discharge is treated as being formed.
The investigations reported in Refs [4 ± 14] made it

possible to elucidate the physical picture of the development
of stationary and pulsed glow discharges initiated in the
Townsend overvoltage range. Unlike the classical low-
pressure glow discharge, the pulsed high-pressure discharge
was given the name transient glow discharge [15] but is most
often referred to as pulsed glow discharge.

The findings of Mesyats [16] and Bychkov et al. [17] came
as a surprise: a stepwise voltage drop was obtained for an
overvoltage of � 100%, i.e. in the domain of validity of the
streamer mechanism. They are distinguished not only for the
overvoltage applied, but also for the fact that the authors
pioneered the initiation of an auxiliary discharge in the
discharge chamber behind the main mesh anode. In Refs
[4 ± 14], the auxiliary discharge was positioned outside the
walls of the discharge chamber and its radiation flux was
directed to the cathode through quartz windows to eliminate
the statistical time lag. In this case, several hundred electrons
were knocked out of the cathode [11], which gave rise to the
discharge development, whereas positioning the auxiliary
discharge in the immediate vicinity of the electrodes made it
possible to produce � 104 electrons in the air gap with
d � 2 mm 60 ns prior to the initiation of the main discharge.

It was precisely the preionization of the gas medium that
afforded a stepwise voltage drop for high overvoltages, which
the authors of Refs [16, 17] interpreted as follows. Given a
large number of primary electrons in the interelectrode gap
due to their avalanche multiplication, the voltage drop at the
electrodes occurs owing to the current of a wealth of
avalanches, which may overlap in space and thereby form a
homogeneous discharge, rather than owing to the transfor-
mation of an individual avalanche to a streamer channel
followed by the growth of its conduction.

As confirmed by electron-optical observations [18], for
high overvoltages and with discharge initiation by a large
number of electrons, there exists a stage when a reasonably
uniform glow takes up virtually all the active volume of the
interelectrode gap. This stage was later recognized in the
sparkless form and named the volume discharge. The
adjective `volume' emphasizes the fact that the character-
istics of this discharge are determined primarily by the
processes in the discharge itself and are not related to its
interaction with the chamber walls, as is the case with the
classical glow discharge.

Therefore, the discharge discovered is a self-sustained
discharge and is initiated only in a preionized gas for
overvoltages above the dividing line between the Townsend
and streamer mechanisms, where the discharge is (according
to the views accepted at that time) to occur in the form of a
channel. The term `self-sustained' establishes a line of
demarcation between this discharge and several kinds of
nonself-sustained volume discharges controlled by external
ionizers [19, 20].

The numerous studies systematized in Refs [19 ± 24] have
revealed that the volume discharge is structurally similar to
the glow discharge. However, the near-electrode regions turn
out to be strongly contracted and, if it is possible to observe
anything more than a positive column, it is the Faraday dark
space that is observed in experiments. It may be that this
discharge would be more properly referred to as a high-
pressure glow discharge, but the term `volume discharge'
had come into wide use before their kinship was established.
It is pertinent to note that the term is not unique, for a
discharge of this kind is sometimes named `quasi-stationary
glow,' `pulsed glow,' `quasi-streamer,' or `high-pressure
glow'.

At the same time, the volume discharge has several
significant distinctions from the classical glow discharge. We
list the main ones.

(1) The near-electrode regions have small dimensions, and
therefore the positive columnmay be thought of as occupying
the entire interelectrode gap.

(2) As a rule, the near-electrode voltage drops amount to
only a small part of the voltage U imposed across the
electrodes. Hence, it may be assumed to a good approxima-
tion that the field intensity in the positive column, which
occupies nearly the whole gap, is E � U=d, where d is the
electrode spacing.

(3) A preionization of gas is required to initiate the volume
discharge.

(4) The volume discharge is nonsteady, i.e. is bound to
contract thus forming an arc channel if its duration is not
artificially limited.

(5) The peak specific power of this discharge may exceed
1MWcmÿ3, which is much superior to the relevant char-
acteristics of a classical glow discharge.

Studies of the volume discharge proceed vigorously not
only due to the uniqueness of its parameters, but also because
it enjoys wide practical use. It is precisely these discharges that
pump industrial gas lasers, lasers for military applications,
medicine, and scientific research. In other words, the volume
discharge provides a basis for the production of highest-
power gas lasers. Moreover, the volume discharge finds ever-
increasing application in the development of plasmachemical
reactors and also for the initiation and sustenance of various
processes on the solid surfaces.

Reasoning that the transitory glow discharge is realized
in the Townsend overvoltage range while the volume
discharge in the streamer range with an obligatory pre-
ionization of the entire volume of the interelectrode gap, it
is vital to elucidate whether these discharges are different.
This issue has not been discussed earlier for the scarcity of
data on the early stages of discharge development [19 ± 26].
This in turn would not permit a comprehensive substantia-
tion of the methods for increasing the energy input into the
gas and of the contraction at the stage of discharge
formation. These issues receive the bulk of attention in our
paper.
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For convenience of presentation of the material, the
advance of the discharge is subdivided into three stages:
those of formation, operation (energy input into the gas),
and contraction. This subdivision is undoubtedly artificial
because, for instance, the cause of discharge contraction
should be looked for at the earlier stages of the discharge
development.

2. Formation of high-pressure discharges

The stage of discharge formation means the stage of its
development from the moment the voltage is applied to the
electrodes to the emergence of the cathode voltage dropwhich
ensures the self-sustaining current in the interelectrode gap.
This stage is of crucial importance and largely determines the
energy and time characteristics of the discharge. To date, the
notions of the processes occurring in the discharge formation
have not assumed their final form. The understanding of these
processes is hindered by the fact that the behavior of the
discharge depends on many factors: the magnitude and the
pulse rise time of the voltage applied, the method of discharge
initiation, the distance between the electrodes, their material
and surface conditions, and the kind and pressure of gas [19 ±
24].

It is precisely at the formation stage that the discharge
distinctions, if any, are founded.

2.1 Formation of a transient glow discharge
This stage has relatively long been studied [6, 7] in accordance
with the notions of the Townsend mechanism of discharge
initiation repeatedly confirmed previously [2, 3]. They were
fully considered in the reviews [20, 23]. That is why here we
take a brief look at the results which permit revealing the
salient features of the formation of the transient glow
discharge.

Doran [11] presented the results of studies on discharge
dynamics in nitrogen under the following experimental
conditions: Kov � 7:5%, p � 300 Torr, d � 2 cm, U0 �
27:72 kV, the discharge initiation was effected by a pulse of
external UV radiation admitted to the cathode through a
quartz window in the gas-discharge chamber. The cathode
had a Rogowski-like profile with a plane region 1 cm in
diameter.

The initial build-up of current to a level of � 1 A was
found to be caused by a sequence of four avalanche
generations. Since the critical avalanche length exceeds (for
these overvoltages) the electrode spacing, the electrons go
from the avalanche head to the anode while positive ions
accumulate primarily near the anode. After four avalanche
generations the space charge density so increases that the
electric field enhances in front of it. This results in an increase
of the intensity of ionization processes, which shows up in the
appearance of a glow in the gap (Fig. 1), whose front
propagates towards the cathode. The glow intensity
increases as the ionization front moves. Upon contact with
the cathode (point A in the current oscillogram), a significant
number of electrons are emitted from the cathode thereby
giving rise to a new ionization wave directed to the anode (the
AB interval). The propagation velocity of the second and two
subsequent ionization fronts is � 108 cm sÿ1:

As a result of propagation of the fronts, the number
density of charged particles in the gap equalizes and builds
up after the passage of each wave. After the third ionization
wave, a dark strip is clearly visible at the cathode, which the

authors identify with the Faraday dark space. Upon emer-
gence of the cathode voltage drop, the transient glow
discharge may be thought of as having been formed.

The findings outlined above were used in the development
of numerical models of a transient glow discharge [27, 28].
The results of model calculations nicely agreed with experi-
mental data both in magnitude and in rate of rise of the
current in the discharge gap. The investigations conducted
made it possible to establish the physical picture of the
formation of the classical and transient glow discharges.

We underline the following for subsequent comparison of
the discharges under consideration: the electron and ion
number densities in the gap, which is particularly important
at the cathode, built up as the ionization waves passed and
exceeded 1012 cmÿ3 at the instant the cathode dark space
emerged, while the current density j was higher than the
similar parameter jn of the normal glow discharge ( j > jn �
3 A cmÿ2) [29]. This signifies that, at the instant the cathode
drop emerged, the electron emission from the cathode due to
its ion bombardment prevailed over other emission sources
and the current density was large enough to form a
homogeneous cathode layer above the entire operating
surface of the cathode.

2.2 Formation of the plasma column
of a volume discharge
In one of the first investigations [18] carried out to observe the
development of a volume discharge with the aid of an image-
converter tube and the broken-discharge technique, experi-
ments were staged in an interelectrode gap d � 0:3ÿ0:6 cm
filled with air at atmospheric pressure. High-voltage 10 ± 20-
ns pulses with an amplitude of 20 ± 60 kV were applied to the
electrodes from a generator made on the base of coaxial-cable
sections. The prior irradiation of the interelectrode gap was
effected by the radiation of a spark discharge. The glow was
found to occupy the entire interelectrode space� 10ÿ8 s after
inducing the high-voltage pulse across the electrodes, i.e. the
formation of at least the positive column proceeds in the
course of development of one ionization wave and without
participation of the electrodes.

An important point in the understanding of this process
was establishing the fact that the primary electrons appear in
the gap under exposure to the radiation of the auxiliary
discharge not only near the cathode but also in the entire gas
volume due to the photoionization of uncontrollable mole-
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Figure 1. Behavior of the discharge current in nitrogen and a schematic

representation of the time scans of ionization fronts (p � 300 Torr,

d � 2 cm).
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cular impurities with a low ionization potential. The papers
that substantiate this fact were reviewed in detail in Ref. [30].

Palmer [31] proposed a model of fast formation of the
plasma column the heart of which, in essence, is as follows.
The electrons produced by the UV radiation of an auxiliary
discharge and evenly distributed over the entire active
volume, gain energy when moving in the electric field and
ionize the gas particles to give rise to electron avalanches. The
number of electrons in the avalanche builds up according to
the law

Ne � exp�ax� ; �2�
where x is the path traversed by an electron. The electrons
possess a significantly higher velocity and find themselves in
the avalanche head while the ions are distributed over the
entire avalanche trace. As a consequence, a charge separation
occurs in the avalanche and a self-electric field is established,
which attenuates the external field. When the external and
proper fields become equal �Ne � 108 cmÿ3�, the avalanche
development slows down abruptly. In this case, the avalanche
is said to have reached its critical dimension.

Themodel implies that by the time the field intensity in the
gap suffices to produce ionization multiplication, the number
of electrons residing in the discharge region is such that their
derived avalanches which match the critical dimension span
the entire active volume with their heads, i.e.

re � 1

n3e
; �3�

where re is the radius of an avalanche of critical dimension. In
this approach, the initial electron density n0 should be
� 104ÿ105 cmÿ3. However, the lower bound for n0 in
experiments wherein a volume discharge was realized (e.g.,
in Ref. [32]) turned out to be higher than 107 cmÿ3.

Moreover, this approach imposes limitations on the
duration of wave front tfr. It should be shorter than the time
it takes an electron to drift through a distance x equal to the
radius re of the head of an avalanche having reached the
critical dimension [33]:

re > x � vetfr ; �4�

where ve is the electron drift velocity. In view of this, the
requirement on the initial electron number density can be
represented as [34]

n0 >
5� 106

t
2=3
fr

p 3=2 ; �5�

where �tfr� � ns, and � p� � atm. For typical discharges,
whereby tfr comprises tens of nanoseconds and the pressure
several atmospheres, one finds n0 5 106 cmÿ3.

Later on, invoking the idea that avalanches overlap and
assuming that the number of electrons doubles in a time
t � 1=�ave�, and also supposing that the passage from
avalanche ionization to the quasi-streamer breakdown takes
place in a time t �fr 4 d=ve, Karnyushin and Soloukhin [35]
derived the criteria for the initiation of a volume discharge:

n0 5
�
3aeE
32e

�3=2

; �6�

2penÿ1 exp�ad�5E ; �7�

where e, v, and e are the average energy, the drift velocity, and
the charge of electrons, respectively, E is the electric field
intensity, and n0 is the initial electron number density. Also
determined were the lower and upper limits of the field
intensity E for the volume discharge initiated in the gap.
Beyond these limits, the discharge is exhibited as a channel.
The lower limit ensues from the necessity of applying an
electric field whose intensity is substantially reduced behind
the ionization wave front, which moves from the anode to the
cathode, but is significantly enhanced ahead of it. In the
authors' opinion, this ensures a fast build-up of the electron
number density and a discharge development in the quasi-
streamer form. The existence of the upper limit derives from
the fact that the dimension of an avalanche which has reached
the critical value decreases with increasing field intensity,
thereby generating the need for a rise of n0 to fulfil the
condition for avalanche overlapping. The domain between
the upper and lower limits corresponds to the conditions for
the initiation of the volume discharge. Karnyushin and
Soloukhin [35] were the first to establish that the lower
voltage limit is associated with the initiation of a volume
discharge in the quasi-streamer form and is not the voltage of
a static breakdown, as was earlier identified at its discovery
[36].

The criteria (6) and (7) for initiation of a volume discharge
necessitate initial electrons with a number density
n0 > 107 cmÿ3 and fit the experimental data better. How-
ever, it should be remarked that they were obtained under the
formal assumption that the avalanches are bound to overlap
in the time it takes for the number of electrons in them to
double, i.e. the physical picture of discharge development
remained in fact beyond the scope of modelling. Moreover,
they do not make it possible to explain the dependences of
ultimate energy deposition [37, 38] and discharge homogene-
ity [39, 40] on the initial electron number density.

Another model also considers the development of dis-
charge [40, 41] between two plane infinite electrodes in a pre-
ionized gaseous medium on applying a high-voltage pulse
with a voltage rise time tfr. Since the velocity of electron
motion along the field lines is higher than in other directions,
the electrons, when drifting from the cathode to the anode,
generate a train of avalanches that follow each other's path to
form the current filament (Fig. 2). In this case, the filament

n
ÿ1=3
0

n
ÿ1=3
0

d

lcollc

Cathode Anode

2Rf

Figure 2. Explanation for the model of plasma column formation.
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radius Rf will increase with increasing electron diffusion rate,
namely, one finds

Rf �
����������
4Det

p
; �8�

whereDe is the electron diffusion coefficient, and t is the time.
The number of electrons in the filament Nf will build up
simultaneously with its expansion:

Nf � N 0
f exp�nt� ; �9�

where N 0
f � d=r is the initial number of electrons in the

filament, d is the electrode spacing, r � n
ÿ1=3
0 is the average

distance between the electrons produced at the pre-ionization
stage, and n the ionization frequency. The number density of
filament electrons can be defined as follows:

ne � Nf

pR 2
f d
� n

1=3
0 exp�nt�

pR 2
f

: �10�

Once the filament radius becomes equal to the Debye radius
RD, its expansion slows down abruptly owing to the passage
from electron diffusion to ambipolar, i.e. it will virtually cease
to expand during the time interval under consideration
(< 10ÿ7 s). The filament radius at this instant of time can be
found by equating RD � Rf � R:

R �
������������������������������������
4De

n
ln

�
kTe

4e 2
�����
n03
p

�s
: �11�

By introducing the quantity n cr
0 � Rÿ3 (we refer to it as

the critical number density), the criterion for the homogeneity
of the discharge plasma column can be written as follows:

n0 5 n cr
0 �

4De

n
ln

kTe

4e 2
������
ncr0

3
p !" #ÿ3=2

: �12�

Therefore, when n0 < n cr
0 , the discharge plasma will

consist of a multitude of diffuse filaments, which was noted
in Ref. [39] by way of optical cutting of a thin strip of the
volume discharge. It is pertinent to note that the combined
filament glow can give the impression that the discharge is
homogeneous.Moreover, when n0 < n cr

0 , the inhomogeneous
excitation process may be appreciably enhanced in media
where stepwise ionization plays a large role.

The filament densities will rise as n0 increases to n cr
0 , and

hence the discharge homogeneity will improve and the area
occupied by the discharge (the total area of the microfila-
ments Sf) and the ratio between this area and the active
electrode area �S� will also increase. As a consequence, the
specific energy input into the gas volume occupied by the
discharge plasma (by the microfilaments) will decline. This
should have a beneficial effect on discharge stability and raise
the ultimate energy added to the gas.

Invoking the model proposed, an attempt was made [42]
to interpret a series of experiments in laser media in which the
n0-dependences were observed of either the ultimate energy
input into the gas [37, 38] or of the output laser energy and,
hence, the discharge homogeneity [39, 40]. To this end, the
dependences of Sf=S on the initial electron number density n0
were calculated, as applied to the conditions of the papers
mentioned above. The required kinetic coefficients (De, n, and
Te) were obtained by numerical solution of the Boltzmann
equation. The numerical results are given in Fig. 3. We notice

that Sf < S in all experimental instances. This resulted from
the fact that the initial electron number density realized was
below the critical density. Therefore, according to the model
outlined above, most likely the discharge plasma column in
these experiments consisted of a multitude of microfilaments.

Consequently, increasing n0 improved the discharge
homogeneity through the increase of the volume occupied
by the microfilaments, with a consequent growth of the
output laser energy [39, 40]. For the same current density in
the microfilaments, the increase in their number would then
lead to an increase in the ultimate total energy added to the
gas, which was observed in the experiments [37, 38].

Moreover, by analyzing formula (12) we can draw the
conclusion similar to that reached in Ref. [35] that n cr

0 should
increase with E=N (E is the electric field intensity, andN is the
molecule number density of the gas medium).

2.3 Formation of the cathode layer of a volume discharge
Several experimental data indicate that there exist significant
distinctions between the volume and transient glow dis-
charges. We list those of them that have not been adequately
accounted until recent times:

(i) the existence of the lower limit for the initiation of a
volume discharge in the streamer overvoltage range when
using a metal cathode [35 ± 37];

(ii) the lowering of the overvoltage limit to Kov � 0 when
using a plasma cathode [43];

(iii) the improvement of stability of the volume discharge
with a reduction in the voltage rise times of the high-voltage
pulses [32] and an increase in the electrode spacing [44];

(iv) the extension of the operating pressure and discharge
duration ranges by injection of low-energy electrons into the
cathode region from an auxiliary plasma source [45, 46].

Distinctions are also associated with the dynamics of
formation of a volume discharge [47]. Bychkov et al. [18]
studied the effect of the initiation technique on the formation
of a volume discharge. The discharge was excited in a 1-cm-
long interelectrode gap formed by a solid cathode and a gauze
anode filled with argon at atmospheric pressure. The
radiation of an auxiliary discharge penetrated through the
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Figure 3. Ratios between the total microfilament area Sf and the active

electrode area S as functions of the initial electron number density n0
under different experimental conditions: (1) CO2 :N2 :He � 1 :1 :8, p � 1

atm[38]; (2)He :Kr :F2 � 95 :5 :0:1,p � 3atm[40]; (3)Ne :He : Xe :HCl �
89 :10 :1 :0:1, p � 4 atm [39], and (4) CO2 :N2 :He � 1 :1 :3, p � 1 atm

[37].
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gauze anode to produce initial electrons due to photoemission
from the cathode and photoionization of the gas or exclu-
sively due to the photoemission when a LiF plate was placed
in its path. These results are given in Fig. 4.

With initial electrons only at the cathode surface, 12.5 ns
after the application of a high-voltage pulse a layer forms at
the cathode, which consists of the avalanches that have
reached the critical dimension and slowed down their
development abruptly (frame 3). The radiation of these
avalanches produces secondary electrons in the interelec-
trode space, which give rise to new avalanches. However,
their volume density is low, which leads to the formation of
filamentary channels even in the stage of discharge formation
(frame 4). With decreasing voltage, the distance of the plasma
layer from the cathode increases owing to the lengthening of
the avalanches that have reached the critical dimension xcr.

When initial electrons were produced both at the cathode
surface and in the entire interelectrode space, a glowing layer
was also observed at the cathode 10 ns later, which had the
same cause (frame 1). However, after 2.5 ns the entire
interelectrode gap glowed uniformly (frame 2).

Together with the data on the revelation of the lower limit
of discharge initiation, these findings show that the volume
and transient glow discharges have different excitation ranges
as regards overvoltage and are initiated in different ways. It is
nevertheless evident that either way of initiation can be used
to excite the transient glow discharge.

To further reveal the distinctions between the two
discharges, we shall consider some of the results on mathe-
matical modelling of the volume discharge formation. It is
common practice to invoke the nonstationary continuity and
Poisson equations in the simulations [19 ± 23] (a 1D model):

qne
qt
ÿ q�neve�

qx
� �aÿ Z�ve ne ÿ bneni �De

q2ne
qx2

; �13�

qni
qt
� q�nivi�

qx
� �aÿ Z�ve ne ÿ bneni �Di

q2ni
qx

; �14�

qE
qx
� e

e0
�ne ÿ ni� ; �15�

where

ne; ive; i � ne; i me; iE ;

and also the equation for the current density

j � je � ji � jd : �16�

These equations should be complemented by initial and
boundary conditions:

ne�0; t� ve�0; t� � gini�0; t� vi�0; t� � gphnph�t�c ; �17�

where c is the velocity of light, and

ji�d; t� � 0 ; �18��d
0

E�x� dx � U0 : �19�

In the above equations, b and Z are respectively the electron
recombination and attachment coefficients; ne, ni and ve, vi
are the number densities and the drift velocities of electrons
and ions; e0 is the dielectric constant; gi, gph are the secondary
emission coefficients owing respectively to ion and photon
bombardment of the cathode; nphc is the photon flux density
at the cathode; me, mi are the electron and ionmobilities;De,Di

are the electron and ion diffusion coefficients; e is the electron
charge, and je, ji, jd are the electron, ion, and displacement
current densities, respectively.

Equations (13) ± (19) should be solved simultaneously
with the Kirchhoff equations to take into account the
variation of the discharge current, accompanied by a
redistribution of the voltage across the elements of the
electric excitation circuit. Different models based on above-
presented equations differ in completeness and accuracy of
calculations of the processes included (the reaction rate
constants, the number of plasmachemical reactions, etc.).

A reasonably complete 1D model of discharge formation
was outlined in Ref. [48], where the interelectrode gap was
divided into a cathode region and a plasma column. When
considering the processes in the cathode region, it was
assumed that the plasmachemical reactions have no effect
on ne and ni, and that b � 0 and Z � 0. The processes in the
plasma column were treated employing a 0D model, wherein
the electric field intensity and the current density were taken
to be constant throughout the entire volume, making it
possible to include the effect of the most important plasma-
chemical reactions on these parameters.

The relationship between the current and the voltage at
the boundary between the regions was taken into account as
follows:

Icr � ÿe0 S

dc

qUc

qt
� S

dc

�dc
0

�
je�x; t� � ji�x; t�

�
dx ; �20�

where dc are the coordinates of the boundary between the
cathode region and the plasma column, Uc�t� � U�dc; t�.

The calculations were performed for the following
experimental conditions: discharge area S � 100 cm2,
d � 3 cm, Ne :Xe :HCl=99.37 : 0.5 : 0.13 gas mixture at a
pressure of 2.5 atm, U0 � 20 kV, and n0 � 5� 108 cmÿ3.
Figure 5 shows the variation of the electron density (a) and
the electric field intensity (b) in the course of discharge
formation. Referring to this figure, early in the discharge
(0 ± 22 ns) the plasma column recedes from the cathode, but
next approaches it in 10 ns to form the cathode voltage drop.
The field intensity at the cathode is rather strongly dependent
on the emission properties of the cathode and may be as high
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Figure 4. Photographs of the discharge glow from the gap at the stage of

breakdown formation in argon with the production of initial electrons at

the cathode surface (3, 4) and with combined surface ± volume initiation

(1, 2) (U0 � 18 kV, p � 760 Torr, and d � 1 cm).
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as � 107 V cmÿ1. This is a rather important point, previously
noted in Ref. [49].

The results of calculation of the discharge current due to
ion- and photon-induced electron emission from the cathode
surface turned out to be instructive (Fig. 6). They allow the
conclusion that at the stage of formation of the volume
discharge the photoemission-induced electron flux gphnph�t�c
is significantly higher than the flux arising from ion bombard-
ment of the cathode, gini�0; t� vi�0; t�. The reasons for this
behavior of the fluxes are as follows. On application of the
high-voltage pulse to the electrodes, electrons initially drift

towards the anode without significant multiplication, form-
ing a charge-depleted region. The dimension of this region
depends on the high-voltage pulse front, in Ref. [48] its
dimension attained a maximum of � 1 mm. The ion number
density due to initial preionization is low in the depleted
region. Moreover, the nearest ions reside at a distance of
several microns from the cathode. That is why the develop-
ment of the active current component at this moment may be
caused only by the photoemission from the cathode.

This stage is absent in the transient glow discharge
because a significant current build-up and the cathode-drop
formation occur in the course of motion of several ionization
waves, which leave a rather uniform charge distribution
behind their fronts. The ions at the cathode are therefore
always numerous enough to make the process of supplying
electrons to the gap (under ion bombardment of the cathode)
the dominant process.

The existence of the stage of interest in the volume-
discharge formation enhances its dissimilarity from the
transient glow discharge and makes it possible to provide an
explanation for some of its properties. The point is that it is
precisely this stage of discharge development which is least
immune to the appearance of charge or other irregularities at
the cathode because of the low electron number density in the
depleted region. These considerations are borne out by
experiments.

Inhomogeneities of this type were prepared in Ref. [50] by
depositing 0.012-mm-thick nickel stripes of different width
(the work function of nickel is 4.5 eV) on a copper electrode
with awork function of 4.36 eV. The experiments were carried
out employing highly sensitive high-resolution instruments
for gaps with an electrode spacing 0.5 ± 2 cm and a working
electrode area 0:4� 1:8 cm2 filled with the following gas
mixture: Ne (1 ± 7) atm, Xe [(7 ± 8)� 10ÿ2 atm], and HCl
[(5 ± 10)�10ÿ3 atm]. Preionization of the gas medium with
n0 � 1:2� 109 cmÿ3 was accomplished by X-ray radiation.
Recording the glow development in the gap revealed the
following. Initially, as in the experiments of Ref. [18] (see
Fig. 4), a thin luminous stripe was observed immediately at
the cathode while the rest of the gap remained dark. Nine
nanoseconds later a discharge was initiated at the copper
electrode stripes, after 2 ns at the wide nickel stripes, and 12 ns
later over the entire electrode, even at the narrowest nickel
stripes, though with a somewhat different glow intensity. Still
10 ns later the glow covers only copper stripes and the
luminous stripes overlap, forming a homogeneous column
at a distance of � 1 mm from the cathode.

These results and the experimental evidence [47] provide
qualitative support for the conclusion drawn in Ref. [48] that
for high overvoltages and preionization of the gasmedium the
volume discharge forms virtually in the course of motion of
one ionization wave. Moreover, they show that even small
variations in the emission properties of the cathode surface
may be responsible for current contraction to the region with
enhanced electron emission and for the occurrence of spots
with enhanced current density even at the stage of discharge
formation.

Since the inhomogeneities appeared at the initial stage
(build up of the current and the voltage) of the volume
discharge development have the property to increase and
may interrupt its formation, we shall consider in some detail
the issue of the critical current for which a cathode spot
emerges. To this end, the system of equations (13) ± (20) was
solved with the boundary condition for the electron current at
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the cathode:

je�0; t� � gimiEni �
gph
d

�d
0

cnph dx : �21�

Figure 7 is a plot of the calculated results on dynamic
volt ± ampere discharge characteristics and on the thickness
of the cathode layer dc with inclusion of autoemission. Curve
1was obtainedwith the use of the averaged field amplification
factor at the cathode surface, which took into account its
roughness and was derived in the samemanner as in Ref. [51].
Curves 3 ± 5 were calculated assuming that the charges in the
depleted cathode layer resided in filamentary structures. In
this case, one of the filaments was assumed to contract onto a
spherical apex with an area of� 10ÿ6 cm2 with different field
amplification factors. One can see that the stratification of the
cathode layer and the effect of autoemission give rise to the
appearance of local spots in the vicinity of micropoints with a
field amplification factor of over 10 (curves 4, 5), where the
volt ± ampere characteristic is descending and, hence, a
cathode spot and subsequently a channel are formed.

The stratification of the cathode layer, when the discharge
is in the subnormal mode and cannot occupy the entire
cathode surface, was considered previously [52]. The incre-
ment ni of the instability associated with discharge stratifica-
tion was derived in the following form:

ni � ÿ miUc

d 2
c

�
qUc

qj
s
2p
l
� 1

�
; �22�

where s is the plasma column conductivity.
However, the existence of an instability does not necessa-

rily signify the discharge stratification, because the time of
ionization wave propagation ti may not be long enough for
the development of fluctuations, i.e. hniiti < 1. We introduce
the designation O � hniiti permitting the instability criterion
of the cathode layer to be written as

O �
�
ti

ni�t� dt > 1 : �23�

Assume that the current density in the filament manages
to reach the jcr value, for which the right branch of the volt ±

ampere characteristic (see Fig. 7, curves 3 ± 5) becomes
descending �O > 1�, in a time it takes for an ionization wave
to find itself at the cathode. Given this, subsequently there
occurs a channel intergrowth in the gap. For O < 1, the
ionization wave arrives at the cathode earlier than the
current density reaches the jcr value, a transition occurs to a
reasonably uniform electron emission from the entire cath-
ode, and no channel is formed.

From this reasoning, a limit was calculated for the
minimal possible voltage �O � 1� above which the discharge
acquires a volume nature. The dynamic values of the
parameters which appear in formula (22) were obtained by
solving the system of equations (13) ± (20). The l parameter
which characterizes the dimension of a current filament was
determined on the assumption that the filament radius was
equal to the Debye radius. The magnitude of gph was fitted
such that the lower limiting voltage coincided with the
experimental one for p � 1 atm with the proviso that O � 1.
Next, using gph obtained from the condition O � 1, the lower
limiting voltage was calculated for other pressures. The
calculated results given in Fig. 8 agree reasonably well with
the experimental values. They also show that the lower limit
for the initiation of a volume discharge (curve 1) is divorced
from the demarcation line between the Townsend and
streamer mechanisms of discharge development (curve 2)
and from the static breakdown voltage (curve 3), but is
determined by the development of the cathode instability.

Calculations were made of O (Fig. 9) as a function of the
electrode spacing d (curve 1), gph (curve 2), and the voltage rise
time �tfr� (curve 3). These dependences allow an explanation
of several known experimental facts. Shortening the duration
of the wave front tfr reduces the instability build-up time.
Raising the rate of electron delivery to the depleted region
through the increase of the volume and, hence, the photon
flux to the cathode [44], the electron injection to the cathode
region [44, 45, 53], and the upgrading of emission properties
of the cathode [49] results in improvement of the stability of
the volume discharge. It is pertinent to note that the results of
analysis of the cathode instability development are qualitative
in character and obtaining accurate data calls for the solution
of a 2- or 3D nonstationary problem.
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Therefore, the formation of a volume discharge during the
course of motion of one ionization wave, the existence of a
charge-depleted region and the stage when the discharge
current is determined exclusively by the photoemission from
the cathode, and also the initial ignition conditions distin-
guish it from the transient glow discharge. If this is the case,
using a plasma cathode in the vicinity of which the electron
density is high and the work function is low would largely
eliminate the distinctions between the above-named dis-
charges. In fact, the volume discharge was realized for
Kov < 0, Kov � 0, and Kov > 0 in a gap measuring
4� 4� 40 cm, formed by a plasma cathode and a figured
metal electrode, in different CO2 :N2 :He gas mixtures at
p � 0:5 atm.With a change of polarity, it was realized only for
Kov > 0 [43]. This evidence reinforces once again the outlined
concepts of formation of the volume discharge.

3. Energy input into the gas

The energy input into the gas proceeds at the stage of
operation of the volume discharge, for after its contraction
the energy is delivered to only a small fraction of the volume
occupied by the discharge channel. Due to a higher current
density, other factors being equal, the high stability of the
volume discharge is muchmore difficult to ensure than that of
the transient glow discharge. However, from the standpoint
of applications it proved to hold greater promise, and it is
supposedly for this reason that data on the energetics of the
transient glow discharge are hardly available. In this connec-
tion only the volume discharge is discussed below.

From the practical viewpoint, of greatest concern to us is
the question: what values of the electric field intensity, the
current density, the pulse length and repetition rate allow us
to deposit the maximum (limiting) amount of energy into the
gas.

3.1 Electric fields in gas discharges
The acquisition of the data on the electric field intensity
whereby the energy is delivered to the gas is hindered by the

fact that this characteristic is largely determined by the
parameters of the high-voltage systems for discharge initia-
tion, which vary within wide limits. However, objective data
on the maximum fields can be obtained using high-voltage
generators on the base of distributed-parameter lines. In this
case, in the course of the high-voltage pulse the equivalent
electric circuit of the generator can be represented as a
capacitor of infinite capacitance which discharges into the
gap through a resistor with a rating equal to the wave
impedance of the line. Then, the voltage drop across the
discharge gap would be determined only by the inherent
properties of the gap itself instead of the generator para-
meters. On the basis of this approach it was determined that,
subsequent to the transient processes associated with dis-
charge initiation, a quasi-stationary voltage drop is estab-
lished across the gap, when the electron temperature is the
same everywhere over the positive-column domain [54].

The voltage across the gapUg during the quasi-stationary
discharge stagewas shown to be independent of the amplitude
of the voltage applied [55]. Taking this fact into account, the
authors measured the volt-ampere characteristics of the
quasi-stationary volume discharge in a wide range of
experimental conditions: p � 100 ± 1200 Torr, d � 1:2 ±
4.2 cm in the gas media N2, N2�H2O, CO2 :N2 :He�
1 :2 :3, CO2 :N2 :He�1 :7 :30, and CO2 :N2 :He�1 :7 :0.
The E=N parameter was found to be an invariant relative to
j=N for each sort of gas. It was possible to provide an
explanation for this fact [56] neglecting the processes of
electron detachment from negative ions and stepwise ioniza-
tion. In this case, the stationary balance equation for
electrons in the volume discharge is written in the form

kionneN � kattneN� bn2e ; �24�

or

kion � katt � b
ne
N
: �25�

For an electron temperature higher than 1.5 eV, the
attachment coefficient katt exceeds bne=N by no less than an
order of magnitude. Therefore, the condition for the quasi-
stationarity of a self-sustained volume discharge is that the
ionization and attachment coefficients be approximately
equal: kion � katt.

If recombination is the dominant process of binding
electrons, in particular for nitrogen and gas mixtures contain-
ing CO :CO2 5 1, where CO2 and a free electron are instantly
produced in the interaction of an Oÿ ion with CO, electron
attachment may be neglected and a similar condition is of the
form kion � bne=N. In this case, the equilibrium value forE=N
sets in for lower values.

Similar research was pursued employing a square-wave
generator around coaxial-cable sections [57, 58]. This gen-
erator made it possible to generate 100-ns-long voltage pulses
with an amplitude of up to 45 kV and also to vary the wave
impedance in the range 4.17 ± 50 O. In the course of
experiments, the gas pressure was varied in the range 0.1 ±
1 atm, the gas composition in the range CO2 :N2 :He�
1 :1 :�1ÿ20�, and the electrode area from 9 to 18 cm2. The
observations confirmed the conclusion that the voltage across
the gap throughout the quasi-stationary discharge stage is
independent of the initial voltage, the wave impedance, and
the electrode area, but is determined only by the electrode
spacing, the gas composition, and the gas pressure. The data
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for the electric field intensity in the gap in relation to pd are
given in Fig. 10. Since the voltage Ug across the gap fell
slightly (by 5 ± 10%) during discharge operation, its value for
t � 68 ns was adopted as the discharge operating voltage.
This reduction could be associated with the effect of stepwise
processes.

To elucidate the role of this process, Osipov et al. [59]
performed calculations and experiments as applied to nitro-
gen, where the effect of stepwise processes should be
especially significant because of the large excitation cross
sections for the A3S�u and B3Pg electronic states. The
experiments were staged using a generator on the base of
coaxial-cable sections with a wave impedance of 75 O, which
produced 0.7-ms-long voltage pulses with a rise time of 50 ns
and an amplitude of up to 45 kV. The electrode spacing was 1
cm, the electrode area and the gas pressure were varied in the
respective ranges 0.6 ± 30 cm2 and 0.1 ± 0.6 atm.

It was found that E=p could fall by more than 30% during
the pulse. The E=p parameter measured at t � 68 ns fell from
44 to 27 V (cm Torr)ÿ1 as pwas increased from 0.1 to 0.4 atm,
and it fell from 44 to 32 V (cm Torr)ÿ1 with an increase in the
electron number density from 6� 1012 to 6� 1013 cmÿ3.
Numerical calculations including stepwise ionization pro-
vided fairly good qualitative and quantitative support for
the experimental data.

A fall of E=p from 13.5 to 9.9 V (cm Torr)ÿ1 with
increasing pressure from 100 to 700 Torr was also discovered
in the CO2 media [60]. In particular, the high efficiencies of
CO2 lasers excited by self-sustained large-aperture volume
discharges [61] are attributable to high pd values, because the
falling E=p results in an enhancement of the efficiency of
energy transfer to the upper laser level.

The peaking capacitors placed in parallel with the
discharge gap make it possible to reduce the E=p parameter
in the course of discharge for the time of their `discharging',
later tending to revert to its maximum possible value (see
Fig. 10). To this end, wide use is made of two-circuit schemes
of discharge initiation [19 ± 21, 24]. The proper choice of

parameters ensures a fall ofE=p by� 30%and the attainment
of laser efficiencies of � 20% even in small-aperture CO2

lasers [21, 24].

3.2 Techniques of augmenting the energy input
into the gas
Mastering new techniques for improving the stability of the
volume discharge is, as a rule, associated with increasing
either the specific energy inputs into the gas or electrode
spacing or the limiting pressure and eventually in the total
energy added to the gas. There are several different ways of
attaining this goal:

Ð resistive or inductive limitation on the local current
density build-up;

Ð reduction of the discharge duration, improvement of
the uniformity of the plasma column and the near-electrode
regions;

Ð reduction of the energy release in the cathode layer.
The techniques for limiting the build-up of the local

current density by sectionalizing the cathode and connecting
each section to the excitation circuit via an individual resistor
or an inductor [62], along with shortening of the discharge
duration with a simultaneous increase of its power [57, 58],
have repeatedly been discussed elsewhere [21, 23]. They are
reasonably universal and may be used in combination with
other techniques of stability improvement with virtually all
schemes of discharge excitation.

Increasing the limit of energy input into the gas through
improvement of the plasma column homogeneity is attained
by raising the level of preionization of the gaseous medium.
Bychkov et al. [37] accomplished this by increasing the energy
input into the preliminary discharge (Fig. 11). The reasons
why the curves behave in this manner were discussed in the
foregoing and are associated with the requirement that the
diffuse filaments overlap on attaining n0 � n cr

0 . The limiting
energy input, which increases with n0, is likely to increase even
for n0 > n cr

0 , though to a lesser degree, because a subsequent
rise in n0 will improve the homogeneity of and reduce the
voltage across the cathode layer at the stage of discharge
formation.
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Injection of helium into the cathode region can improve
the stability of the cathode layer and thereby of the
discharge as a whole [63], making it possible to reduce the
cathode drop.

The use of plasma cathodes which possess excellent
emission properties furnishes better results along this line of
investigation [37, 64]. However, regrettably, they have several
quite significant disadvantages: an inhomogeneous emitting
surface, a short service life, and the necessity of spending
energy to form the plasma cathode.

The technique whereby the reduction of energy release in
the cathode layer is attained through the use of electrodes
with high emission properties has proved to hold the greatest
promise [49]. The energy liberation in a cathode layer of this
type was calculated [49] employing the method outlined in
Ref. [51]. In this case, the system of equations

dE

dx
� ÿ e

e0
ni � j i

e0vi
; �26�

d j i
dx
� ÿa je ; �27�

was solved with the following boundary conditions:

j � je � j i ; je�0� � Gj i�0� � h jai � gi j i�0� ; �28�

h jai �
���
p
p

ab2
�
x
#

�3=2

exp

�
ÿ 2#

x

��
1� 2

������
x
p#

r
� x
2p#

�
; �29�

E�dc� � 0 ;
dE

dx

����
x�dc
� 0 ; �30�

where G is the coefficient characterizing the secondary
processes at the cathode, including autoemission; h jai is the
autoemission current density averaged over the cathode
surface; a and b are the numerical coefficients of the
Fowler ±Nordheim formula for the autoemission current
density, equal respectively to 1:55� 10ÿ6jÿ1 and
6:85� 107j3=2; j is the work function in eV; x is the field
amplification factor averaged over the cathode area;
# � ����������������

b=�xEc�
p

, and Ec is the average electric field intensity
at the cathode in V cmÿ1.

The sum appearing in parentheses in expression (29)
depends only slightly on Ec and was taken to be equal to 1.3
over the 104 ± 108 V cmÿ1 field intensity range under
consideration.

The calculations were performed using the following
approximations: vi � ki

��������
E=p

p
and a=p � ����������������

A�E=p�p
, where

for nitrogen one sets

A � 0:074 �V cm mm Hg�ÿ1 ;

ki � 104 cm3=2 sÿ1 Vÿ1=2 Torr1=2 ;

and for the CO2 :N2 :He� 1 :2 :3 gas mixture

A � 0:0103 �V cm mm Hg�ÿ1 ;

ki � 104 cm3=2 sÿ1 Vÿ1=2 Torr1=2 :

To calculate the electric field intensity at the cathode Ec,
the cathode drop Uc, and the length of the cathode drop dc,
use wasmade of the following equations obtained from the set

(26) ± (30) on several rearrangements [51]:

j
�
exp�ÿy� � yÿ 1

� � 1

2
e0kiA1=2E 2

c ; �31�
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e0 kiA 5=2p 2
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�
exp�ÿx� � xÿ 1

�1=4
dx ; �33�

dc �
�

e0 ki
2A 3=2p 2j

�1=4 �y
0

dx�
exp�ÿx� � xÿ 1

�1=4 ; �34�

where y � ln�1� G�=G.
One can see that curves 1 (Fig. 12) exhibit a kink in the

j � 10 ± 102 A cmÿ2 range when using metal electrodes, which
arises from the development of autoemission. The electric
field in the layer at the cathode made of perovskite
La0.7Sr0.3CoO3 proves to be significantly weaker than for
metal cathodes, and the autoemission is absent (Fig. 12,
curves 2).

So large a difference in the energy release in the cathode
layer when using conventional cathodes and those with high-
emission properties should result in a difference in the limiting
energy supplied to the gas in the volume discharge.

Experiments for studying the energy characteristics of the
volume discharge were staged with a pulse-periodic electric-
discharge CO2 laser with an active medium measuring
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5� 4� 350mm. The cavity was composed of a copper mirror
with a radius of curvature of 4 m and a plane ZnSe mirror
with a reflectivity of 65%. The circulation velocity of the gas
medium did not exceed 20 m sÿ1 in the experiments.

Figure 13 shows the dependences of the output laser
energy on the energy input into the discharge, which were
obtained by varying the capacitance of the energy storage for
two different charging voltages. Referring to Fig. 13, under
similar conditions (curves 1 and 2) the limiting energy input
into the gas with the use of perovskite electrodes exceeds that
in the case of stainless steel electrodes bymore than a factor of
two. These findings confirmed the assumption that the
stability of the volume discharge is enhanced with decreasing
the energy liberation in the near-cathode regions.

We call attention to the fact that the peak of the radiation
energy in these experiments was observed away from the
stability boundary of the volume discharge (wmax �
1:35 J cmÿ3) for the first time. This provides objective
information on the maximum energy convertible into
coherent radiation to good advantage.

The effect of reduction of the energy release in the near-
electrode regions on the rise of the limiting repetition rate of
the excitation pulses was also studied in the experiments. The
experimentation was performed without replacing the work-
ing gas mixture in the active volume. The use of perovskite
electrodes was found not only to raise the energy addition
limit, but also to bring about a twofold expansion of the
repetition rate range in which the discharge has a volume
character.

An interesting technique was proposed in Ref. [53], which
permits the stability range of the volume discharge to be
substantially expanded. According to this technique, the
auxiliary discharge distributed over the ceramic surface was
excited underneath the gauze cathode of the main interelec-
trode gap. A voltage pulse was applied to the main gap with a
front composed of a slow build-up stage tfr1 and a relatively
fast one, wherein the voltage builds up to a value required to
initiate the volume discharge. At the low-voltage stage,
electrons are extracted from the auxiliary discharge, pass
through the main gauze cathode, and drift up without

collisional multiplication to the main continuous metal
anode. In order that the electrons manage to pass through
the interelectrode gap and fill the entire working volume, the
duration of the low-voltage stage was adopted from the
condition

me
d

�tfr1
0

U�t� dt5 d ; �35�

whereU�t� is the voltage across the gap. This approach made
it possible to increase the electrode spacing up to 40 cm [65],
the pressure of the gas medium to 4 atm [45], and the duration
of atmospheric-pressure discharge to 40 ms [46]. In our
opinion, this is related not only to the provision of a high
initial electron number density and the lowering of the
cathode voltage drop, but also to the delivery of electrons to
the gap at the critical moment of discharge development,
when photoemission is the dominant process of electron
extraction from the cathode.

3.3 Limitations imposed on the energy input into the gas
The limitation on the input of energy into the gas arises from
the contraction of the volume discharge. The reasons that
speed up the channel formation are rather numerous.
Elimination of any of them results in improvement of
stability and, hence, the energy discharge characteristics,
which were discussed in the foregoing. However, there exist
additional factors which impair the discharge stability and
manifest themselves in any technique of discharge excitation.
Among these are the variation of the plasmachemical
composition of the working medium and the increase of the
pulse repetition rate in a gas-discharge device. In this case, it
turned out that the stability of a volume discharge is
conveniently characterized by the stability factor

Kst � wmax ÿ w0

wmax
; �36�

where wmax and w0 are the limiting and actual specific energy
inputs.

Clearly, the higher wmax and the lower w0, the more stable
the instrument operation. These considerations are confirmed
by the experimental results which establish the relationship
betweenwmax and the number of discharge switchingsNwhen
operating in the sealed-off mode [66]. From the above-given
data (Fig. 14, curve 2) it is evident that a 1.5-fold reduction of
the energy input into the CO2 :N2 :He� 1 :1 : 8 gas mixture
at atmospheric pressure increases the limiting number of
switchings by three orders of magnitude. It proved to be
especially large for a stability factorKst � 0:6. In this case, the
experiments were interrupted for N � 7� 106, with no arc
channel formation observed in the gap. One of the reasons
why the limiting energy input into the gas decreases with the
number of discharge switchings is a reduction of the electron
number density n0 produced at the stage of preionization of
the working medium [66]. This may result from the growth of
the rate constant of electron attachment processes due to
decomposition of the working gas mixture and the increase in
density of electronegative components like O, NO, N2O, O2,
etc. Therefore, these findings point to the significance of
realizing high wmax values from the standpoint of long service
of the instrument.

When operating in the sealed-off mode, shortening the
discharge duration to 30 ± 50 ns made it possible to raise the
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Figure 13. Specific output laser energy as a function of the specific energy

input to the CO2 :N2 :H2� 5 :5 :1 gas mixture at a pressure p � 1 atm: (1)

metal electrodes, U0 � 20 kV; (2) La0.7Sr0.3CoO3 perovskite electrodes,
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specific energy inputs to 0.3 ± 0.4 J cmÿ3 but nevertheless
this measure did not permit the typical limit of 103 ± 105

discharge switchings to be surpassed. It was possible to
improve this situation through the use of an
La0.7Sr0.3CoO3 cathode. The results of these experiments
in the CO2 :N2 :He� 1 :1 :3 gas mixture at atmospheric
pressure for an energy input of 0.3 J cmÿ3 are given in
Fig. 15 [67]. The likelihood of contraction for N � 4� 104

discharge switchings is � 5% and in the 6� 104ÿ3� 105

range it is equal to 100%. The maximum level of
decomposition, [CO2]=[CO2]0�67%, is reached in pre-
cisely this range. Prior to 3� 105 initiations, the discharge
behavior with the use of metal and ceramic electrodes is the
same. Beginning with this moment, the NO concentration
in the cell was recorded to build up to 0.03% with the use
of a ceramic electrode and the probability of discharge
contraction was found to vanish on exposure of the gas
medium to � 105 pulses. In other words, the spark-to-
volume discharge transition was realized. Subsequently,
using different additions to the gas mixture and monitor-
ing the content of gas components, an equilibrium

composition was found (CO2 :N2 :He :CO :O2 :H2�NO�
44 :24 :150 :20 :12:5� 0:3%), in which no channel formation
and no change of the discharge energy characteristics
occurred up to 2� 107 switchings, when the experiments
were terminated. The reasons for the emergence of this
amazing effect are unclear and might be associated with the
production (near the La0.7Sr0.3CoO3 cathode) of clusters
possessing large recombination cross sections or with a
build-up of the initial electron number density due to the
production of NO-type molecules possessing a lower ioniza-
tion potential.

A reduction of the stability of the volume discharge may
also arise from the formation of striations if the gas medium
contains molecules prone to form electronegative complexes.
However, in self-sustained discharges the range where this
instability can develop is limited to a large extent: Te < 1 eV,
ne < 1010 cmÿ3, nÿ=ne < 0:1 [56]. That is why it does not show
up for typical parameters of a self-sustained discharge and
special efforts should be taken to observe it.

Variations in the chemical composition of the gaseous
medium may also be responsible for the contraction of a
volume discharge, which is discussed in the following section.

In pulse-periodic discharges, the energy added into the gas
is normally well below the limiting one, while the gas changes
2 ± 5 times in the interpulse period. The need for an enhanced
gas-change ratio is usually attributed to the adiabatic
expansion of the discharge-heated gas lock and the existence
of boundary layers at the electrodes where the gas exchange is
hindered [68]. These issues are treated at length in Ref. [21].

Taking into account these factors provides a reasonably
good qualitative explanation for the discharge behavior in a
gas flow at a low energy input [0.05 ± 0.1 J (cm3 atm)ÿ1] and a
medium (� 10 ± 100 Torr) pressure. However, this approach
does not account for the necessity of reducing the limiting
energy additions to the gas with increasing pulse repetition
rate. This tendency builds up with increasing specific energy
input and gas pressure (see Fig. 14, curve 1) [66]. Attempts to
ascribe this tendency to the energy dissipation at the fronts of
the shock waves driven by a pulsed discharge have proved to
be inconsistent [21] owing to the low gas heating. However,
should an acoustic resonator and a standing wave form in the
discharge chamber (with the natural frequency fn which is
multiple of the pulse repetition rate f ) it may give rise to
inhomogeneities sufficient for thermal instability to develop
[69]. At the same time, this approach does not account for the
discharge contraction where fn and f are not divisible.

Several more experimental facts exist which remain
unexplained in the context of the notions of the pulse-
periodic discharge outlined above.

Kozlov and Korablev [70] showed that attempts to
augment the pulse repetition rate and, hence, the average
discharge power by increasing the gas circulation velocity do
not meet with success.

Martynov et al. [71] investigated the limiting energy wmax

which can be introduced into the gas in two pulses with an
adjustable delay td between them. An interelectrode gap
measuring 0:9�0:6�40 cm was filled with a CO2 :N2 :He�
1 :9 :90 gas mixture at a pressure of 1 atm. The results of
experiments involving a gas flow velocity of 20m sÿ1 (curve 2)
and no gas transport (curve 1) are given in Fig. 16. In either
case, wmax falls off in a similar manner as td increases up to
300 ms, which corresponds to a single change of gas in the gap,
except for the near-electrode regions, when the gas circulation
is on. Subsequently (td > 350 ms), wmax underwent a rise to
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exhibit a nearly twofold increase for a quadruple gas change
(td � 1200 ms), while without gas circulation wmax would
retain some constant minimum level throughout the� 10ÿ2 s
observation time.

Also unexplained by the existing theory of pulse-periodic
discharge [68] are the results obtained by a double-pulse
technique, each pulse being 20 ns long [72]. A study was
made of the cause of discharge contraction at the second pulse
supplied with a delay variable up to 100 ms relative to the first
one. It was determined that an ejection of metal from the
surface of the aluminium electrode occurs in the course of the
volume discharge, the brightness of aluminium spectral lines
being 16 times higher during the second pulse delayed by
� 1 ms relative to the first one. Haydon [12] believes that one
of the main causes of discharge contraction are local
temperature gradients on the cathode surface, which are a
consequence of the cathode spots produced throughout the
previous discharge pulse.

The effect of near-electrode perturbations on the contrac-
tion of a volume discharge was also investigated in Ref. [73].
An explosion ± emission cathode spot, which delivers
10ÿ7ÿ10ÿ5 g of evaporated electrode metal to the gas, was
modelled with the aid ofXeCl laser radiation focused onto the
electrode surface. The experiments were staged employing gas
mixtures typical of a XeCl laser as well as in He, Ne, and
He :Cl2. The time delay between the onset of laser irradiation
of the electrode and the initiation of a discharge in which a
channel developedwas found to increase from 0.1 to 103 ms on
increasing the energy of laser radiation from 0.5 to 100 mJ.
The time delay was found to grow particularly rapidly for
focused laser energy Q > Qc � 23 mJ and a surface power
density of over 16MWcmÿ2, when a plasmawas produced on
the electrode surface. The conclusion was drawn that metal
vapor in the region where high-current channels are bound to
occur can influence the discharge inhomogeneity even at
frequencies 102 ± 103 Hz.

All the foregoing points to the significance of constructing
a theory of pulse-periodic volume discharge, which would not
only start from the heating of boundary layers and the
adiabatic expansion of a discharge-heated gas lock but
include the above-cited results as well.

4. Contraction of discharges

4.1 Contraction arising from the development
of bulk discharge instabilities
A volume discharge would necessarily contract owing to its
internal instability, unless the supply of energy to the
electrode gap is terminated in time. Contraction is a
phenomenon typical not only of a volume discharge, for it
was previously observed in the classical glow discharge. In the
latter case, the models of thermal instabilities were primarily
invoked to interpret this process. The point is that the plasma
in a gas discharge tube is radially nonuniform owing to the
diffusion of charged particles and the heat removal through
the walls. In this case, the electron number density distribu-
tion and, hence, the current density distribution are of the
following form

n�r� � n�0�J0
�
2:405

r

R

�
; �37�

where n�0� is the electron number density on the axis of the
tube, r is the current radial distance measured from the axis
of the tube, R is the tube radius, and J0 the Bessel function.
Clearly the energy liberation will peak on the axis. This
leads to enhanced heating and escape of particles from the
paraxial discharge region, an increase in the E=N parameter,
and the build-up of current density in this region. Under
certain conditions, this process will grow until the majority
of the current flows through precisely the paraxial tube of
current.

This process may speed up for a sufficiently high number
density of charged particles [22, 74], when electron ± electron
collisions become significant for establishing the electron-
velocity distribution function:

nee � nea
m

M
; �38�

where nee and nea are the electron ± electron and electron ±
atom collision frequencies, and m and M are the masses of
electrons and the atoms, respectively. The build-up of
ionization rate takes place owing to the transformation of
theDruyvesteyn distribution function into aMaxwellian one,
the latter possessing a larger fraction of fast electrons whose
energy is high enough for particle ionization.

The contraction models of classical glow discharges
developed on the basis of these ideas are detailed in Ref. [22].
Here, contraction is treated as a consequence of the processes
occurring in the positive column, when the near-electrode
processes are disregarded and the electron density build-up
occurs simultaneously along the entire paraxial tube of
current.

The same ideas were invoked to provide an explanation
for the contraction in volume discharges owing to kinship
with the classical glow discharge. The most universal thermal
contraction model has gained the widest acceptance. In this
case, however, owing to the absence of chamber wall ±
plasma interactions it is assumed that the appearance of a
filament with an enhanced current density is random in
nature and can occur in any place between the electrodes.
The problem of thermal contraction of a volume discharge
was solved assuming a constant pressure in the current
filament [75], and the characteristic instability build-up
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time was found as

tchar �
p
�
ga�ga ÿ 1��
sE 2

; �39�

where ga is the adiabatic exponent.
As the power sE 2 supplied to the gas increases and,

accordingly, the contraction duration reduces, the neutral
particles may have no time to leave the current filament under
pressure equalization. This was accounted for in Ref. [76],
where the increment of thermal instability build-up was
determined with the inclusion of pressure variation in the
current filament.

Where the thermal processes can be neglected, contrac-
tion is associated with the development of ionization
instability [77]. In this case, the build-up of current density
in the filament is due to electron collisions with excited gas
particles. The density of excited particles is presumed to be so
high that electrons acquire energy in collisions with them.
This increases the rate of ionization processes, which results in
the build-up of current in the filament. The problem of the
development of ionization instability in a self-sustained
discharge has been solved in the simplest case [78]. On
saturation of some state with an excitation energy I � in a
time tsat the electron number density will grow in an
explosion-like manner:

ne�t� � ne�0�
1ÿ t=tsat

; �40�

where tsat � NkTeI
�=jEI, kTe is the electron energy, j is the

current density, and I the ionization potential of the gas
particles with a number density N.

The stepwise ionization of particles may lead to similar
results. This process is of great significance for gases with a
high rate of stepwise ionization, for instance, for the active
media of rare-gas halide lasers [79]. A comprehensive
consideration of the volume discharge contraction arising
from the above-specified instability mechanisms is given in
Refs [9, 80].

The contraction models involving the development of
bulk instabilities were subsequently refined through the
inclusion of large-scale nonuniformities of the electric field,
determined by the electrode design [81], the inhomogeneities
of gas composition and density [82], and the nonuniformity of
laser radiation in the discharge gap [83].

In recent years, the instability mechanism built around the
local decomposition of halogen-containing molecules was
widely used to account for the discharge contraction in rare-
gas halides [84]. Let us discuss it in more detail. In doing this
we take into consideration that dissociative attachment of
electrons to molecules is the dominant mechanism of electron
losses in discharges in Ne�Xe�HCl and He�Kr�F2 gas
mixtures:

HCl�n� � e! H� Clÿ ; �41�
F2 � e! F� Fÿ : �42�

The condition for the balance between the electron
production and loss rates is fulfilled during the quasi-
stationary discharge stage, so one can write

neN
X
j

fj�r�kion
�
E

N

�
� neN

X
i

fi�r�katt
�
E

N

�
; �43�

where fj and fi are the respective fractions of the total
number of particles N, which stand for the j and i
components participating in the ionization and attachment
reactions.

We represent the entire plasma volume as a set of thin
parallel current filaments, each with a resistance of its own.
Should the current density in some current filament increase
owing to random processes related to the inhomogeneity of
preionization and component densities, the existence of
surface microasperities at the electrodes, etc., this effect
would enhance. This is associated with a reduction of the
number density of halogen-containing molecules due to
reactions (41) and (42) and with the realization of the
circumstances where f kion > f katt, in view of the fact that
halogen-containing molecules are not restored by inverse
reactions over the course of the pulse. This results in the
formation of a low-impedance current filament. A theoretical
treatment of this process yields the expression for the build-up
of electron number density [84]

n�t� � n0

�
1� 1

2
k2att n0�HCl �0t� . . .

�
; �44�

where n0 is the average initial electron concentration, and
[HCl]0 is the number density of halogen-containing mole-
cules. In this case, the electron concentration doubling time t
is defined by the following expression�

1

t

�2

� k2att n0�HCl � : �45�

The current build-up in the filament at a later stage is
presumed to occur rapidly and appropriate time to be short.
This approach was validated by the experiments [84] to
measure the intensity of the 484.43-nm spectral line of Xe II
arising from deexcitation of the upper 6p 4D0

1=2 state (E � 14
eV). The lowering of its intensity was attributed to the
formation of current filaments and the reduction of their
electron temperature. The calculated and experimental values
of �1=t�2 were found to be in close agreement. Subsequently
this mechanism of discharge pinching gained wide-spread
acceptance both for the construction of theoretical models of
discharge contraction [34, 48] and for the interpretation of
experimental results [85, 86].

The mechanisms of bulk instabilities imply that the
particle concentration builds up simultaneously along the
whole length of the current filament or even throughout the
entire volume of the plasma column. The grounds for refining
the contraction models on the basis of bulk instabilities is the
fact that the duration of the volume stage of discharge far
exceeds the time it takes for a discharge channel to cross the
interelectrode gap. It is therefore believed that the instability
develops uniformly until the last moment while the channel
formation at the last stage is a consequence of the explosive
build-up of plasma concentration for a rather uniform electric
field distribution [80].

4.2 Discharge contraction due to channel intergrowth
The grounds for developing the contraction models of a
volume discharge that involve a channel intergrowth from
one of the electrodes into the discharge volume are by no
means lacking. These are the findings of electron-optical
observations [20, 23] and also the results of experiments
in which the limiting density of energy released in the
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cathode layer was found to be independent of the gas
pressure [87].

In the construction of channel intergrowth models built
around the instabilities responsible for discharge contraction,
the trend has been toward consideration of the action of
instability growth mechanisms in the region of enhanced
electric field (a metal micropoint or plasma objects at the
electrodes), where the rate of ionization processes is particu-
larly high.

It is precisely this approach that was used by Kekez et al.
[88] who assumed that the velocity of channel intergrowthwas
similar to the growth rate of the detonation wave v ��
2�g2a ÿ 1�Q�1=2 [89], where Q � P=rv is the energy density
supplied to the medium in units of J gÿ1, P is the power
density, and r the gas density.

When calculating P, the hydrodynamic equations were
solved simultaneously with the Laplace equation for var-
iously shaped points to take into account the variation of the
electric field at the channel point. For a point in the form of an
ellipsoid of revolution, the velocity of channel intergrowth is
determined as follows:

vch � K
�

4Qy2

rA1=2 ln2 l

�1=3

; �46�

where K � �g2a ÿ 1�1=2, A is the channel cross section,
l � A1=2=�4yK�, and y is the instantaneous channel length.
The results obtained with the use of formula (46) fit the data
of other authors best of all in the 105 ± 106 cm sÿ1 velocity
range. Regrettably, the model is in rather poor agreement
with the experimental data obtained at high overvoltages and
does not account for the strong dependence of the channel
intergrowth rate on the field intensity in the column.

In another model of channel intergrowth (ne > 1016 cmÿ3)
[90], the mechanism of the build-up of conductivity at the
channel tip is not specified either. Here, recourse is made to
the approach of Rompe and Weizel according to which the
electron number density increases in proportion to the power
supplied to a unit volume. The energy loss at the channel top
is determined by ambipolar diffusion. The geometry of the
problem is shown in Fig. 17. The discharge gap is convention-
ally divided into three regions: the channel (1); the region of
an enhanced electric field (2) with a characteristic dimension

equal to the channel radius r0, and the plasma column (3). The
channel advances when the conductivity sf in the region of
enhanced electric field (2) becomes equal to the conductivity
sch in region (1) owing to the development of ionization
processes. The rate of channel advance is then defined as
vch � r0=teq, where teq is the time the conductivity takes to rise
from sf to sch.

The expression for vch was obtained by the simultaneous
solution of the current continuity equation in regions 1 ± 3
and the electron balance equation in region 2 under the
assumption that the channel has the shape of a prolate
ellipsoid of revolution:

vch � br0
e�sK�2
mdkeaui

�
Ecol

na

�
n2col
na

; �47�

where b is the proportionality factor characterizing the
fraction of energy that goes into the gas ionization, m is the
electron mass, d � kea=kC is the ratio between the electron ±
atom and Coulomb impact factors, K � x=�s� xÿ 1�, x is the
field strength multiplication factor at the tip of the channel,
s � sS=scol is the ratio between the conductivity defined by
the Spitzer formula for a strongly ionized plasma and the
conductivity in the column scol, and na is the plasma
concentration in the column.

Korolev et al. [91] obtained a fairly good accord between
theory and observations for the rate of channel advance in the
�2ÿ5� � 106 cm sÿ1 range in nitrogen at pressures of 76, 152,
and 228 Torr and for the electron number density in different
regions during the channel intergrowth.

Apart from the above approximations, the model at hand
does not take into account the effect of the electrode,
approached by the channel, on the field intensity near the
channel tip. Undeniably this should tell on the accuracy of
determining the channel velocity, especially in short gaps and
at the final stage of bridging a long gap.

A similar geometry was used in the solution of the
problem on the contraction of a volume discharge in sealed-
off TEA lasers, which takes place after 104 ± 106 switchings.
Here, for relatively small excitation volumes and, hence, small
capacitances and inductances of the electric circuits, the
medium is pumped by `fast' (50 ± 100 ns) discharges with a
reasonably high current density and electron concentration.
That is why, owing to a high rate of recombination processes,
a `residual' voltage is applied to the gap and a weak
unrecorded current flows for a long time after the passage of
the main current. After 104 ± 106 switchings, a channel is
observed to form with a 5 ± 20 ms delay relative to the `main'
current [92]. Subsequently, the time delay drops sharply and
after 3 ± 5 switchings the contraction is observed during the
high-current stage of discharge.

Assuming that the basic processes go on at the low-
current extended stage at low voltages, the contraction in
sealed-off CO2 lasers was modelled with the aid of a nonself-
sustained discharge initiated by a high-power nanosecond
electron beam. A discharge of this type has an extended low-
current stage whose characteristics change drastically in
response to variations of the rates of plasmachemical
reactions in the discharge region. It turned out that, in order
for the contraction to occur, the gas mixture should contain
no less than 0.25% of CO and 0.25% of O2 [93], which are
produced in sealed-off lasers due to decomposition of the
main mixture components in operation. To account for this
phenomenon, a mechanism of chemical-ionization instability
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Figure 17.Geometry of the problem and demarcation between the regions.
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was proposed, which involves the following basic reactions
[93, 94]:

CO2 � e! CO�O� e ; CO�n1� � CO�n2� ! C� CO2 ;

CO2 � e! CO�Oÿ ; C�O�1S0� ! CO� � e ;

CO�2 ! CO�O ; C�O2�A3S�u � ! CO�2 � e :

CO� e! CO�n� � e ; �48�
The rate constants for the last two reactions were

evaluated from the principle of detailed balancing. In the
construction of the model, the gap was also divided into three
regions (see Fig. 17): the channel, the multiplied-field region,
and the plasma column, with the electric field strength
assumed to be constant and coordinate-independent within
each region. The field intensity in each region was calculated
in accord with the constraint that the current should be
constant and taking into account the geometrical multi-
plication at the channel top:

schEchSch � sfEfSch � scolEcolScol ; �49�

Ef � Ux
x
�
l�dch � dcol� � df

�� �1ÿ s�dcol
; �50�

where s � sf=sch; Ech, Ef, and Ecol are respectively the field
intensities in the channel, at its top, and in the column; sch, sf,
and scol are the conductivities of these regions; x is the field
strength multiplication factor, andU is the voltage across the
gap.

The characteristic dimension of the enhanced-field region
was determined from the 2.71-fold reduction of the CO2

dissociation rate constant. The conductivity in the channel
was prescribed by the Spitzer formula [95], the magnitudes of
scol and sf were calculated through self-consistent solution of
26 particle balance equations including 110 plasmachemical
reactions. The rates of reactions involving electrons were
determined from the Boltzmann solution for the velocity
distribution function of electrons. The results of calculations
and the corresponding experimental data for a 0.7-cm
interelectrode gap and an initial channel dimension of
1:5� 10ÿ2 cm appear in Fig. 18. Attention is drawn to the
fact that the numerical and experimental data agree reason-
ably well, both qualitatively and quantitatively. It is evident
that the model proposed makes it possible, unlike the known
ones, to account for the contraction of volume discharges in
weak electric fields, the effect of gas composition on the
contraction time delay, and the long times of channel
formation. However, as in the previous case, the model does
not allow for the influence of the opposite electrode on the
rate of channel advance.

It was possible to remedy this disadvantage in Ref. [96] by
resorting in essence to the approach proposed by Kozyrev
and Korolev [90]. In this case, a theoretical and experimental
study was made of the intergrowth of a current filament
(ne > 1014 cmÿ3) in the streams of air and nitrogen at a
pressure of 40 ± 100 Torr with a circulation rate of 10 ±
50 m sÿ1. The discharge was initiated in a sectionalized
interelectrode gap with an electrode spacing of 3.5 ± 5 cm,
each section being loaded on a ballast resistor. The discharge
contraction was initiated by shunting the ballast resistor of
one of the electrode sections. In the experiments, the pinch
growth rate was found to be a nonmonotone function of its
length. The growth rate peaks at about the middle of the gap
and drops in subsequent pinch propagation (Fig. 19). It was
also found that the velocity of pinch intergrowth was

significantly higher when a solid anode was used and when
the pinch was propagating from the anode to the cathode.

To account for the results obtained, a model of pinch
development was elaborated, which incorporated a system of
algebraic equations for voltages and currents:

siEiR0r
2 � Ei a� Eela2

�
1� 2

k

�
� E0�a� a2� � sE0Rbr

2;

siEi p
2 � selEel a

2
1 ;

8<:
�51�

where Rb is the ballast resistance; R0 � 0:5 kO is the residual
resistance when shunting the ballast resistor of the electrode
section; si, s0, Ei, and E0 are the conductivities and the field
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Figure 18. Dependence of the channel formation time on the quasi-

stationary value of Ech=p for a beam current density of 60 A cmÿ2 and

p � 1 atm: (1, 2, 4) CO2 :CO :O2�99 :0:5 :0:5; (3)CO2 :CO :O2� 99 :5 :5.
The rate constant of associative ionization Ka is equal to 10ÿ10 cm3 sÿ1 for
dependence 2, and to 10ÿ11 cm3 sÿ1 for dependence 4. The solid and dashed
lines represent the experiment and the theory, respectively.
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Figure 19. Velocity of travel of the pinch head as a function of the pinch

length in the propagation from a solid anode �*� and from a sectionalized

anode �*�: (1) taking no account of the opposite electrode; (2) taking into

account the finite interelectrode gap. The gas medium is nitrogen for a

pressure p � 85 Torr, and the circulation velocity is 50 m sÿ1.
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intensities in the pinch and the discharge column, respec-
tively; a is the pinch length; a1 is the radius of the region at the
anode whose current pinches; a2 is the length of the region of
field multiplication; r is the channel radius; s is the
conductivity at the pinch tip; Eel is the field intensity at the
opposite electrode, and sel � s�Eel�.

The rate of pinch intergrowth is found as follows:

V � r

t
; t � wmax

s�r�E 2�r� ; �52�

where t is the time of ionization of the region near the pinch
head, and wmax > 600 J (l atm)ÿ1 is the critical energy input
for which the conductivities in the pinch and the head become
equal.

The following approximations were used in the construc-
tion of the model. An assumption was made of the existence
of ionization ± recombination equilibrium in the region of
field multiplication, and on the strength of this assumption
use was made of the relationships

s�E� � s0 exp
�
k�Eÿ E0�

�
; E � E0 � 2

k ln�a2=r� :

The region of enhanced field was assumed to have the shape
of a cone with bases r and a1 � a2

��������
2=k

p
and of height a2,

which ensures the current contraction from an area � a21 to
the pinch head with an area � r2. Here, k gives the relative
variation of the field on the axis as compared to the field at the
boundary of the region of field multiplication, the relative
current therewith changes by a factor of 2.71.

The authors of Ref. [96] obtained a rather good resem-
blance of numerical and experimental results (see Fig. 19) for
the following fitting parameters: si=s0 � 5� 103 and k � 14.
The potential of this model is not quite clear owing to the
existence of two fitting parameters and the lack of assurance
that it is adequate in describing the enhancement of ionization
processes near the pinch head.

In recent years, serious efforts have been mounted to
develop one-dimensional models of the pinching and the
contraction of a volume discharge [34, 97, 98]. In this case,
the discharge region is divided into layers which are parallel to
the discharge current and aligned with the long side of the
electrodes [98], or plasma segments [34]. Independently in
each region, Eqns (13) ± (20) were solved for the plasma
components with the corresponding reduced field E=N
dependent on the length of a line of force (i.e. on the shape
of the electrodes along the short dimension) and the voltage
drop across the discharge gap. The rate constants of the
processes involving electrons are determined through the
solution of the stationary Boltzmann equation and are
tabulated. The net current flowing through all the regions is
found from the solution of the Kirchhoff equations for the
electric circuits. The total discharge resistance is defined as a
result of connecting the resistors of all the regions in parallel.

Using this approach, Kushner [34] and Kushner et al. [97]
analyzed the production of small-sized (14 10 mm) filamen-
tary inhomogeneities in the discharge, which are not detected
visually, and of larger-sized (1 > 1 mm) inhomogeneities.
Their presence in the discharge is a consequence of both the
inhomogeneity of the initial electron concentration and the
nonuniformity of the electric field.

The emergence of microfilaments does not alter the
integral volt ± ampere characteristics of the discharge but the
duration of the laser output radiation can shorten owing to

the microfilament-induced refraction of light. As determined
byKushner [34], the gains in the electric field intensity and the
electron concentration critical to discharge stability in KrF
lasers are respectively� 0:15%and 5%relative to the average
values.

These values rise to 1% and 100% in the model of a XeCl
laser [98]. The authors ascribe this drastic difference to the
manifestation of the mechanism of attachment-vibrational
stabilization of the discharge in HCl-containing mixtures.
The dissociative attachment of electrons to vibrationally
excited HCl molecules was shown to significantly protract
the development of microinstabilities and the contraction of a
self-sustained discharge. Numerical results provide a reason-
able interpretation of the experimental data obtained by
Bollanti et al. [99].

Bychkov and Yastremsky [100] studied the channel
intergrowth from a cathode to the anode either from a region
with an augmented initial electron number density
(n0 � 109 cmÿ3) 3 mm in radius, or from a metal hemisphere
of the same radius placed at the center of the cathode. The
transient model comprised the kinetic equations for electrons
and heavy plasma particles and the equations for the external
electric circuit. The kinetic coefficients were calculated
employing a homogeneous model involving the Boltzmann
equation and over 300 kinetic equations. The coefficients
were next tabulated as functions of the field intensity and the
electron number density. The field intensity E�t; x; y� was
determined through the solution of the Laplace equation

Hj�t; x; y� � Hs�t; x; y�E�x; y; t� � 0 ;

HsHj�t; x; y� � 0 ; �53�
where j�t; x; y� is the potential.

The calculations were performed for a cylindrical inter-
electrode gap of height d � 8 cm and 3 cm radius. The gapwas
excited by a high-voltage pulse with an amplitude of 40 kV,
induced by an LC generator with a `shock' capacitance of
10 nF and a circuit inductance of 1000 nH. The chamber was
assumed to be filled with a He :Xe :HCl� 1000 :10 :1 gas
mixture at a pressure of 3 atm. The initial electron number
density was 108 cmÿ3.

In the simulation of the channel intergrowth from the
region with an augmented initial electron concentration, the
channel with an electron number density ne � 1017 cmÿ3 grew
into the gap by only 3 cm during the course of the high-
voltage pulse (706 ns). A nearly complete dissociation of HCl
occurred over the channel region.

An entirely different picture was realized in the channel
intergrowth from a metal hemisphere which modelled the
explosion ± emission spot, with the field intensity near the
hemisphere equal to 15 kV cmÿ1. The channel motion
commenced at the point in time t � 320 ns, when the electron
number density at the cathode near the hemisphere was as
high as ne�1017 cmÿ3. Figure 20 shows the electron
concentration distributions at the times t � 387 ns (a),
t � 396 ns (b), and t � 398 ns (c) to characterize the rate of
channel motion, which amounted to 109 cm sÿ1. The channel
radius was equal to 2 mm at the cathode, and to 5 mm at the
anode.

It is interesting to note that, because of the strong gradient
of the electron concentration at the boundary between the
discharge column and the channel, the latter found itself
embedded in a tube of excited HCl � molecules whose number
density was 7� 1015 cmÿ3.
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This model supposedly depicts the channel development
most adequately. However, it might be as well to point out
that this paper does not discuss the existence of filamentary
inhomogeneities in the discharge which, as a rule, precede the
channel formation in rare-gas halide lasers. The validity of
simulating the cathode spot by a metal hemisphere is still
elusive.

The explosion ± emission mechanism of formation of the
cathode spots in a volume discharge, proposed by Mesyats
[101, 102], rests on the fact that the cathode bears evidence of
erosion similar to that which occurs in a vacuumdischarge for
a field intensity of � 1 MV cmÿ1. Since the field intensity at
the cathode in elevated-pressure volume discharges with high
current densities may exceed the value just mentioned, this

may be responsible for the development of the instability
termed cathode instability [101]. The lowest field intensities at
the cathode required for explosion ± emission instability
development can be approximately determined for nitrogen
and oxygen respectively from the following relationships:

E

p
� 1:1� 105

�
j

p2

�0:6

; �54�

E

p
� 6:46� 104

�
j

p2

�0:47

: �55�

An extended consideration of the growth of the cathode
instability was given by Korolev and Mesyats [23]. They
showed that its build-up time may be in the range of several
nanoseconds for typical current densities running into the
hundreds of amperes per square centimeter. It is seemingly
evident that the cathode instability could develop only in
high-current discharges at the operating stage for nearly
maximum current densities. However, as noted above,
processes of this type can take place at the stage of discharge
formation in the regions with local current density multi-
plication, thereby determining the lower field-intensity bound
for the existence of a volume discharge.

5. Conclusions

Therefore, the use of equipment which furnishes formation of
high-voltage pulses with rise times in the nanosecond range
and preionization of the gas medium of the entire interelec-
trode gap has brought about the revelation of new general
rules which take place in the initiation and the operation of a
discharge. It was discovered that an unsteady type of
discharge is excited in this case, which differs from the
previously known ones and has been given the name volume
discharge. The volume discharge is observed, as a rule, in the
overvoltage range typical for a streamer discharge and differs
from the known discharges by the initiation conditions, the
formation dynamics, and the stabilization techniques. The
distinctions between a transient glow and volume discharges
are largely eliminated with the use of a plasma cathode.

The main tendencies and interrelations between the
parameters of a volume discharge have been studied. The
conditions of formation, the operating characteristics, and
the possible causes of contraction have been found. The best
discharge parameters realized in different experiments can
attain the following values:

volume of the medium under excitation Ð hundreds of
litters [63];

density of the energy dissipated in the gas Ð over
1.3 J cmÿ3 [49];

pulse repetition rate Ð 17 kHz [103];
discharge duration at atmospheric pressure Ð 40 ms [45];
pressure of the gas mediumÐ 13 atm [104].
Naturally, it can hardly be expected that the above

parameters could be attained in a single device because each
of them is, as a rule, increased at the expense of the others.

In summary we note that intensive investigations of this
type of discharge are being continued. The coming years may
witness the emergence of data which will make it possible to
understand the nature of dense plasma bunches at the
electrodes and to elucidate their influence on the pulse
repetition rate and also to refine the understanding of the
processes involved in the formation of the cathode layer and
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the origination of the plasma channel. This will serve as a
basis for the construction of a comprehensive theory of
volume discharge.
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