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The article presents a review of the current state of the theory of avalanche-streamer processes, i.e.,

processes occurring during the development of discharges in dense gases. The principal attention is devoted

to description of the physical picture of the phenomena. A systematic presentation is given of the theory of

the main stages of formation of a discharge: the theory of electron avalanches, the theory of a self-

maintaining discharge, the theory of the avalanche-streamer transition, and the theory of streamers. The

question of breakdown of long spark gaps is discussed briefly.
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INTRODUCTION

In recent years new interest has arisen in the theory
of the gas discharge in spark gaps of length ~1 cm and
pressures of the order of 1 atm. This is due to the de-
velopment of laser technology, MHD generators, and
also to use of spark and streamer chambers as ele-
mentary particle detectors . [ 1"9 ] However, Townsend's
classical theory^7""1 of the breakdown of a gas, which
discusses the discharge as the motion of electron ava-
lanches arising as the result of potential ion-electron
emission at the cathode, is not applicable in these re-
gions of the variables Ν and d (N is the concentration
of atoms or molecules of the gas, and d is the length
of the discharge gap). In the literature it is usually
assumed that the classical theory agrees satisfactorily
with experiment at low pressures and not too large d,
namely, for Nd i 101β cm'2. If Nd £ 1019 cm·2, it follows
from the experimental data that under these conditions
such an important characteristic of the discharge as the
breakdown voltage does not depend (or depends only
weakly) on the cathode material, i.e., processes at the
cathode no longer play the main role in establishment of
a self-maintaining discharge, while in the theory of
Townsend and others they are dominant. In addition, it
has been found that the time of formation of a discharge
at atmospheric pressure is roughly two orders of mag-
nitude less than that predicted by the classical theory,
which also indicates a change in the physical processes
occurring during breakdown.

At the beginning of the nineteen-forties, Loeb, Meek,
and Raetherc 11~2°1 advanced the hypothesis of changes in
the discharge mechanism in the transition to large Nd.
According to this hypothesis the Townsend avalanche
breakdown with secondary processes at the cathode is
replaced in this case by breakdown by a streamer, i.e.,
a narrow, highly conducting channel which propagates
with a high velocity and is maintained by photoionization
of the gas.

For a long time, however, the theory of Loeb, Meek,
and Raether remained only a set of qualitative assump-
tions and crude quantitative estimates, and only in re-
cent years has a rather accurate streamer theory been

developed J2 1"2 5 ! in addition, it has become clear that
there is a certain intermediate region of values of N, d,
and the external electric field strength Ε in which a
self-maintaining discharge at large Nd originates with-
out streamer formation, similar to avalanche break-
down but with photoionization of the gas as the second-
ary mechanism.[26]

Thus, at the present time gas discharge theory for
parameters close to those of streamer chambers has
advanced substantially and we believe that some results
can be reported.

1. ELECTRON AVALANCHES AND THE THEORY OF
A SELF-MAINTAINIG DISCHARGE

a). The Townsend lonization Coefficient a

Townsend was the first to obtain theoretically and
experimentally the dependence of the current between
two plane parallel electrodes on the distance between
them for a given field strength and gas pressure. He
obtained this relation in the form

ί = ί ^ ω , α = Ν^^-, (1.1)

where a is the number of pairs of charged particles
produced by an electron per unit pathlength; σι is the
cross section for ionization by electron impact; ν is
the velocity of the electrons; u is the drift velocity of
the electrons; the averaging is carried out over the
electron velocity distribution function. It follows from
Boltzmann's kinetic equation[27"301 that the electron
velocity distribution function depends on the ratio E/N.
Therefore we obtain from Eq. (1) the well known Town-
send relation

£ - / ( Τ Γ ) · (1-2)

By means of this relation the results of experiments to
measure a, carried out at low pressures, are then
extrapolated to high pressures. However, we will show
below that this is often impossible, since in some cases
deviations from Townsend's law (1.2) are possible . [ 3 1 > 3 2 ]

Many experimental and theoretical studies have been
made for the purpose of determining a in various gases
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(a detailed biography is contained in the book of Meek
and Craggs,[ 1 2 ] and of the later studies we note refs.
33—43), but the result obtained should be considered
with great caution for the following reasons.

First, the presence of even negligible fractions of
easily ionized impurities can greatly change the value
of a, and therefore some experimental data obtained
when gas purification technology was not highly devel-
oped must be considered unreliable.

Appropriate experiments144"4B] and calculations149'501

confirm the strong influence of impurities.

Second, some gases form molecular ions with a high
probability as a result of associative ionization of the
type

A* + Β ->- (AB)* + e-. (1.3)

For example, for helium the cross section for the reac-
tion

(1.4)

has a value[51]

The cross sections in some other inert gases are
also of the same order. Similar reactions occur in
oxygen, nitrogen, carbon dioxide, and other gases/ s2~59]

but there are no data on the cross sections for these
gases in the literature as yet.

When reaction (1.3) is taken into account, the Town-
send coefficient should be determined from the rela-
tion!321

= N^± + N^ElLw(r'.TV (1-5)

here a^ and «* are the contributions to a from ioniza-
tion by electron impact and associative ionization, re-
spectively; σ* is the combined cross section for excita-
tion to levels entering into reaction (1.3); W ( T ' , T)
= T ' / ( T + T') is the probability of occurrence of this
reaction, which depends on the time in which it occurs
Τ = (Νν^στ)" 1 and on the characteristic time τ' for
quenching of A* without formation of an electron; VM
is the thermal velocity of the atoms or molecules; σ χ
is the cross section for reaction (1.3).

Consequently, in the general case the Townsend rela-
tion (1.2) is not satisfied. If Τ » τ', we have a depend-
ence of the form α ~ N2f(E/N). A dependence of this
type has been observed in experiments by Daniel et
al. [ 3 1 1 If Τ « τ', the Townsend relation is re-estab-
lished, but the main contribution to a will be from as-
sociative ionization, since the electron velocity distri-
bution function falls off rapidly in the tail, and the ap-
pearance of an electron as the result of associative
ionization requires lower electron energies.

If we proceed on this basis to compare theoretical
and experimental data on determination of a, it is neces-
sary to know also at what pressures the experiment was
carried out and what is the cross section for associa-
tive ionization in a given gas. From this point of view
the data of Chanin and Rork[ 4 1 ] are of interest.

We note also that in calculation of α in a narrow
range of E/N use is often made of the semiempirical
relation

(1,6)

where the constants A and Β are different in different
intervals of E/N.

b). Electron Avalanches

The most important results in the study of electron
avalanches were obtained by the Raether school/81"641

The first apparatus in which avalanches were ob-
served was the Wilson cloud chamber. The study of
electron avalanches with a cloud chamber is based on
the fact that the ions arising in an avalanche serve as
condensation centers for the supersaturated vapor with
which the chamber is filled. Raether placed two plane
parallel electrodes in a cloud chamber filled with a gas
and water vapor. Synchronously with application of a
voltage pulse to the electrodes, the chamber volume is
rapidly expanded; as a result, the vapor becomes super-
saturated and, in gases which have been cleaned of dust,
condenses on the positive and negative ions of the ava-
lanche. The negative ions are formed on attachment of
electrons to neutral molecules.

Of the more recent investigations with cloud cham-
bers, we should note the work of Allen and Phillips^651

who studied the development of electron avalanches in
air, nitrogen, carbon dioxide, argon, water and oxygen,
and also in the gases enumerated with additions of
water vapor and various alcohols. By this method it is
possible to measure quite reliably the mobilities of the
electrons and ions and also to estimate their average
energy and the diffusion coefficients.

Another method of studying electron avalanches is
the electrical method, based on the fact that the elec-
trons and ions of an avalanche produce a current pulse
on crossing the discharge gap.[6e~7°] This pulse pro-
duces a voltage pulse in the resistance in the external
circuit, which after amplification can be recorded with
an oscilloscope.

If we measure the voltage V across this resistance
as a function of time and make a semilogarithmic plot
V(t), we obtain a straight line indicating an exponential
rise in the number of current carriers. The slope of the
straight line gives the buildup constant of the current.

A deficiency of the electrical method is the fact that
it does not provide the possibility of establishing the
spatial pattern of electron avalanche development.

In this area the best result is given by the optical
method.[71"7e] The essence of this method is that the
electrons, in addition to ionization, produce an avalanche
of excited molecules or atoms of the gas. The light
emitted by the excited molecules is detected by a photo-
multiplier or image amplifier. In the latter case an
image of the radiating avalanche is obtained on the
screen of the image amplifier.

We shall now consider the mathematical aspect of
the problem. The change in the concentrations of elec-
trons and ions during development of an electron ava-
lanche will be determined by the processes of ioniza-
tion by electron impact, diffusion and mobility of the
electrons and ions, and also by photoionization. Since
the time of development of the discharge is ~1(T7 sec,
recombination and electron attachment (if it can occur)
can be neglected. We can also neglect diffusion and
mobility of the ions. In this case the system of equa-
tions for the growth of the concentration of electrons
N e and of ions Nj in an avalanche which was initiated
by a single electron near the cathode has the form1"1

8 Λ Γ«( Γ ι ; ) = ocuff. (r, £) + D V W , (r, t) - uVNe (r, t)
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| i = cm/Mr, *);

(1.7)

(1.8)

here D is the electron diffusion coefficient; λ is the
probability of production of a photoelectron per unit
electron pathlength; K | r - r ' | is the law of absorption
of the photoionizing radiation. The initial conditions are
written as

Ne(r, 0) = « ( r ) , (1.9)

N,(T, 0) = 0 , (1-10)

where s(r) is the Dirac delta function.

If there is no photoionization (λ = 0) and the distor-
tion of the field by the space charge of the avalanche is
small, then the solution of Eq. (1.7) is a Gaussian dis-
tribution function expressed in coordinate system mov-
ing with velocity u along the ζ axis'-12'

It follows from Eq. (1.11) that in this case the radius of
the avalanche is determined by electron diffusion and
is given by

rD- (1.12)

If λ * 0, then for solution of Eq. (1.7) it is necessary to
determine the explicit form of the absorption law for the
photoionizing radiation, for which it is necessary to
know the nature of this radiation.

Existence of photoionizing radiation emitted by an
electron avalanche was demonstrated experimentally
for the first time by Raether . [ 7 8 ' Raether made a small
opening in the cloud chamber to one side of the elec-
trodes. At some distance from the opening he placed an
additional spark gap of brass or aluminum spheres, so
that the narrow beam of photons produced in a dis-
charge between the spheres could pass midway between
the electrodes in the cloud chamber and parallel to
them. From the number of avalanches per unit length
with increasing distance from the opening, and with the
assumption that the radiation absorption law is exponen-
tial, it was possible to deduce the absorption coefficient
of the ionizing radiation in the gas. It turned out that
the absorption coefficient in various gases, converted
to atmospheric pressure, was of the order ~1 cm"1.
Thus, in air κ « 1.8 cm"1, in oxygen κ « 1 cm"1, in
hydrogen κ ~ 0.8 cm"1, and so forth.

The experiments of Raether and other investiga-
tors[ 7 8"8 0 3 convincingly proved the existence of ionizing
radiation formed by an electron avalanche, but the
mechanism of this radiation remained unknown for a
long time. We shall discuss in principle what processes
can lead to formation of ionizing photons.

For homogeneous gases the processes which can
lead to production of photons with energy exceeding the
ionization energy are the excitation of ions and recom-
bination. However, these processes are quadratic in the
electron concentration, and since the electron concen-
tration is low, they can be neglected. Estimates show
that the intensity of these processes during the short
discharge time of ~10'7 sec is practically zero. There
is another possible process, which is linear in the elec-
tron density. This is the collision of an electron with a
neutral molecule with simultaneous ionization and ex-

citation of the residual molecule. However, this process
requires such large electron energies that it is highly
improbable, since the electron velocity distribution
function falls off rapidly at the tail of the distribution.

Ionization of excited molecules by photons with
energies less than the ionization energy also is an ef-
fect quadratic in the electron density.

In a mixture of gases, in particular, in air, as a re-
sult of the difference in the ionization potentials of
nitrogen and oxygen, the possibility arises of ionization
of a molecule of oxygen by a photon emitted by a mole-
cule of nitrogen excited to a level with energy greater
than the oxygen ionization energy. For a long time dur-
ing the absence of another explanation this mechanism
was accepted by most investigators,[ u > 1 2 ] but it is quite
clear that it cannot explain the existence of the pene-
trating photons in Raether's experiments.

The fact is that photons with energy greater than
12.2 eV formed in the radiation of nitrogen and capable
of ionizing oxygen are resonant with respect to nitro-
gen. Their absorption coefficients at atmospheric pres-
sure for the central part of the spectral line will be of
the order of ~10e cm"1. In addition, since these photons
are produced on radiation of the upper excited levels of
nitrogen, their lifetime will be small, ~10"7 sec, as a
result of the transition of the molecule to a lower energy
state with energy less than 12.2 eV. During this time the
photons, diffusing through the gas, are practically con-
fined to the volume of the avalanche.

There remains a small fraction of these photons
which, as a result of the finite width of the spectral
line, act quite differently from the main fraction—they
escape from the resonance—and therefore they have a
small absorption coefficient for the same line. However,
the energy of these photons will be not much greater
than the ionization energy of oxygen and therefore they
will be strongly absorbed by oxygen181"8S1 with an ab-
sorption coefficient ~100 cm"1. Thus, we reach the
conclusion that among the processes occurring in a
discharge in homogeneous gases and also in mixtures
of gases, there are none which could lead to production
of photons with energy exceeding the ionization energy
of the gas and at the same time capable of traveling
large distances during the short time of the discharge
development.

In an earlier article[ 2 1 ] we suggested that secondary
electrons in a discharge without involvement of the
cathode arise from action of photons with energy less
than the ionization energy by means of some chemical
reaction. Let us consider this hypothesis in more de-
tail.

In the development of an electron avalanche, an ava-
lanche of excited atoms or molecules is also formed, a
portion of these atoms or molecules being excited to
such a level that on collision of an excited molecule
with a neutral molecule an ion-molecule chemical reac-
tion of associative ionization (1.3) can occur. In section
a) we showed that at atmospheric pressure the major
portion of such molecules, which have not been able to
radiate a photon, enter into this reaction.

However, some portion of the excited molecules
nevertheless do radiate a photon. Since these photons
are resonance, their absorption coefficient is very high,
~10e cm'1. A small fraction of the emitted photons, as
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a result of the finite width of the spectral line, deviate
in their behavior from the main fraction and can travel
a great distance before the first absorption.

In order to carry out appropriate evaluations, it is
necessary first of all to establish the law of absorption
of resonance photons with allowance for the finite width
of the spectral line.

Let a photon of frequency ω be emitted at the origin.
Then, if the spectral line were infinitely narrow, the
probability for the photon to traverse a distance r with-
out absorption would be

W(r) = «-«·. (1.13)

When the finite width of the line is taken into account,
this probability is given by the relation

W (r) = P (ω) dco; (1.14)

here Ρ(ω) is the shape of the spectral line and κ(ω) is
the frequency-dependent absorption coefficient of the
photons. For further calculations it is necessary to
specify a definite spectral line shape.

Estimates show that in a gas under normal conditions
the broadening of the spectral line occurs mainly as the
result of molecular collisions, so that we can choose
the Lorentz collision shape for the spectral line.[ 8 1 1 We
have

Ρ (ω
(Γ/2π) (1.15)

here Γ = NvwPeff i s t n e collision width of the spectral
line; aeii is the effective cross section for collision of
the molecules.

Here

κ (ω) = - (1.16)

here κ0 is the absorption coefficient of a central photon
of frequency ω0.

Substituting (1.15) and (1.16) into (1.14), carrying out
the integration, and taking into account that κότ » 1,
we obtain[84)

(1.17)

The probability that the photon is absorbed in a unit
solid angle in a distance from r to r + dr from the
place of radiation is accordingly

(1.18)

Now we have removed the inconsistency between the
absorption coefficient values obtained, on the one hand,
in Raether's experiments and, on the other hand, from
the theory and experiments of other authors.

In fact, if the photoionizing radiation has the nature
discussed above, it is easy to explain the existence of
photons with a long mean free path. As follows from
(1.14), the absorption coefficient of photons whose fre-
quency is sufficiently different from the resonance fre-
quency can take on rather low values. In addition, in
Raether's calculations he assumed beforehand an expo-
nential law for absorption of the photoionizing radiation,
whereas this is not the case.

If we plot the experimental points for the number of
avalanches produced by photoionizing radiation in

| 30
FIG. 1. Number of avalanches as Ί

a function of the distance from the <g 20
source of photons. 1 —experiment J
H ; 2 - t h e o r y { 2 1 ] . | ^

Distance from source, cm

Raether's experiments as a function of the distance
from the source of radiation, we obtain the pattern
shown in Fig. 1. We can see that within the statistical
error, which is equal to fa, good agreement is ob-
served between theory and experiment. It is necessary
also to take into account that the absorption law (1.17)
is valid in a homogeneous gas or in any case in a mix-
ture where there is no component with ionization poten-
tial less than Κω0. There is no guarantee that no such
component was present in Raether's experiments, which
could somewhat distort the results. Therefore it is
desirable to repeat Raether's experiment in a pure gas.

In regard to the photoionization mechanism in a mix-
ture of gases, in each specific case it is necessary to
make a special study of the composition of the mixture
and of the excitation and ionization potentials of each
component.

In oxygen, apparently, the main role is played by re-
action (1.3) with participation of oxygen, for example/801

(1.19)

Similar reactions with excited nitrogen for production
of long-range photons in air do not play an important
role, since the resonance photons which deviate from
the main frequency will, as discussed above, be ab-
sorbed by oxygen in the avalanche itself.

Now that the explicit form of the absorption law is
known, we can obtain a solution1771 of Eq. (1.7). To a
sufficiently good approximation we can write this solu-
tion in the form

(1.20)

Here the radius vector r i has components {x, y, ζ - ut}.
Further solution can be only numerical, if the constants
entering into Eq. (1.20) are known.

However, some estimates of interest can be made
without resorting to numerical calculations.

The first term in the exponential under the integral
sign in (1.20) provides broadening of the electron ava-
lanche as the result of electron diffusion, i.e., the dif-
fusion radius of the avalanche is

The second term in the exponential is responsible for
broadening of the avalanche as the result of photoioniz-
ing radiation. Here

(1.22)

We shall estimate values of Γβ and r p for breakdown
of a centimeter gap in air. Here D ~ 102 cm2/sec,
u ~ 107 cm/sec, K0 ~ 10e cm"1, λ s a ~ 20 cm*1, and
t ~ 10*7sec.

Substituting these parameter values into (1.21) and
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(1.22), we find that r£> ~ 10'2 cm; r p ~ 10"* cm, i.e.,
rj) » rp . Thus, photoionization broadening of an ava-
lanche in this case can be neglected. It is true r£> in-
creases with time as ίΓ, while rp increases as t2,
and therefore with passage of time rp can exceed r£>.
However, for large t the use of the formulas obtained
becomes risky, since it will hardly be possible in this
case to neglect the effect of space charge. In this case
it is necessary to solve Eq. (1.7) with allowance for the
dependence of its coefficients on the field, which is an
extraordinarily complicated mathematical problem which
at the present time has not yet been solved. However,
a very important conclusion which can be drawn from
expression (1.20) is the fact that, as numerical evalua-
tions show, after a time ~10~7 sec from the start of the
initial electron, another electron arises at the location
of its start, which as we know means that the condition
of a self-maintaining discharge is satisfied.

Consequently, at atmospheric pressure a self-main-
taining discharge is possible without participation of
cathode processes and without formation of a streamer.
The role of secondary processes in such a discharge is
played by associative ionization.

In addition, as we will see subsequently, it is just the
departure of λ from zero which can lead to the forma-
tion and propagation of an inverse (cathode) streamer.

While in a Townsend discharge with secondary pro-
cesses at the cathode the time of formation of the dis-
charge is determined by the drift time of the positive
ions and also by the diffusion of metastables or reso-
nance radiation to the cathode, which at pressures of
the order of one atmospheric and d ~ 1 cm amounts to
ΙΟ"4—10"5 sec, on the other hand in a discharge with
associative ionization as the secondary mechanism the
time will be determined by the motion of the electrons
from the cathode to the anode, ~10"7 sec, since the time
of formation of secondary electrons in this case can be
neglected, and this value is observed experimentally.

c) Theory of a Self-Maintaining Discharge

Beginning with some distance d between electrodes
at a given value of E/N, the rise of current according
to Eq. (1.1) is no longer valid. With increasing gap
length the current rises more rapidly. To explain this
effect Townsend suggested that additional electrons
arise on bombardment of the cathode by positive ions of
the avalanche.

It can be shown[11>12] that in this case the rise of the
electron current will be described by the formula

* - . ' < ! . . . (1-23)

If the condition

Y (e«i _ 1) = 1 (1.24)

is satisfied, the current will rise to infinity if i0 is
finite.

Townsend interpreted the physical meaning of this
fact to be that if condition (1.24) is satisfied the number
of electrons leaving to the anode is completely regener-
ated by liberation of electrons at the cathode by impacts
of positive ions and by ionization of the gas. In this way
the discharge will become self-maintaining and it is no
longer necessary to have an initial current i0 different
from zero. From Eqs. (1.2) and (1.24) one obtains

Paschen's breakdown law, according to which the break-
down voltage depends on the product of the concentra-
tion of molecules by the length of the discharge gap, and
not on each of these quantities independently. However,
since the relation α/Ν = f(E/N) is not always satisfied,
Paschen's law also has limited applicability. The exist-
ence of impurities in the gases and also the cathode
material may have an important effect on the value of
the breakdown voltage, since in this case the coeffic-
ients α and γ change. We note that it is possible for
the coefficient γ not to be a function of E/N, and
nevertheless it is difficult to observe deviations from
Paschen's law, since from Eqs. (1.6) and (1.24) it fol-
lows that in the expression for the breakdown voltage
V = Ed the quantity γ occurs twice in the argument of
the logarithm. In breakdown of air γ varies from ΙΟ'4

at relatively low pressures to 10"8 at atmospheric pres-
sure. Here the breakdown voltage changes only by
~10%. This was the reason that for a long time the
theory being discussed was considered applicable to
breakdown both at low and high pressures, since it gave
approximately correct values of the breakdown voltages.
However, it has been found more recently that at pres-
sures of the order of 1 atm the breakdown voltage does
not depend on the cathode material, and at the present
time the criterion of a self-maintaining discharge in the
form of (1.24) is considered applicable only to break-
down of a gas at reduced pressure.

We note that expression (1.23) is quite crude and
simplified and cannot be applied to the transition stage
of electron avalanche development, which represents
breakdown, since when the condition (1.24) is satisfied
the current goes to infinity.

Further investigations showed that electrons can be
knocked out of the cathode not only by positive ions, but
also by photons and by atoms or molecules excited to
resonance or metastable states and diffusing to the
cathode.[85>ββ1 Phelps[87] attempted to solve the problem
of current rise for helium with inclusion of additional
cathode processes, but his analysis was hindered by
absence in the literature of data on the values of the
constants needed.

We shall now obtain the condition for a self-maintain-
ing discharge^261 in which photoionization is the secon-
ary mechanism and processes at the cathode are inef-
fective, which usually occurs[ 1 2 ] for Nd i 1019 cm"2.

Let there be two infinite plane parallel electrodes a
distance d apart and let there be an initial electron
current i0 from the cathode which we will later let ap-
proach zero. The ζ axis we will choose along the direc-
tion of the applied field E.

1 hen the change of the electron current in a layer
dz will be equal to the change resulting from ionization
of the gas by electron impact and from photoionization
of the gas.

Thus, for the established discharge we have the
equation (with the previous designations)

d

K\z-z'\i(z')dz'; (1.25)

here K| ζ - z ' | is obtained from (1.18) by averaging
over angles.

The boundary condition for this equation is written
as follows:
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< (0) = ;„. (1.26)

Consequently, the problem of finding the established
current in this case reduces to solution of the integro-
differential equation (1.25) with the boundary condition
(1.26).

The parameter λ in this case plays the role of the
characteristic value of the integro-differential equation.

If the discharge becomes self-maintaining, then the
integro-differential equation (1.25) for some character-
istic value of λ can have a finite solution different from
zero even for i0 = 0, i.e., with zero current from the
cathode.

The relation between the constants λ, a, and d and
also the constants characterizing K|z - z ' | for the
condition of existence of a nontrivial solution (1.25) with
boundary condition i0 = 0 obviously will be the condition
of a self-maintaining discharge.1'

Corresponding calculations, which were carried out
in an earlier article/2 6 1 give the following expression:

L l. (1.27)

The factor T/(T + τ) in Eq. (1.27) is the probability that
an excited molecule will radiate a photon from the head
of the avalanche without having taken part in reaction
(1.3). Here r is the lifetime of the excited state with
respect to the transition to the ground state. The sys-
tem of equations (1.27) and (1.5) replaces the system
(1.24) and (1.1) in Townsend's theory. This system per-
mits calculation of the gap breakdown voltage V = Ed as
a function of Ν and d. From analysis of this system of
equations we can conclude that in the discharge con-
sidered Paschen's law should not be followed, but the
magnitude of the deviation from this law depends on the
type of gas and is not necessarily large. We note that
deviations from Paschen's law are also observed ex-
perimentally .t88"90] The theory presented here is valid
if the cross section for associative ionization is suf-
ficiently large. We have already pointed out that as yet
there are no data in the literature on these cross sec-
tions for most gases. If it turns out that the cross sec-
tion for associative ionization for some gas is small,
and the secondary ionization processes associated with
it are not effective, but in this gas a discharge with a
short formation time is nevertheless observed, it will
evidently be possible to explain this as follows: Reso-
nance photons which deviate from the main frequency
as the result of the finite width of the spectral line
traverse a distance from the avalanche head to the
cathode without absorption and eject secondary elec-
trons from the cathode. It is easy to understand that the
time of formation of a discharge with this secondary
mechanism will also be determined by the time of mo-
tion of the electrons from the cathode to the anode.

The condition for a self-maintaining discharge in
this case changes its form somewhat. It can now be
written in the form1911

where λ* is the number of atoms excited to a resonance
state, produced by an electron per unit pathlength; yp
is the probability of the photoeffect.

If the contributions to the secondary processes from

!)The conditions i(z) > 0 and di/dz > 0 must also be satisfied; λ can be
expressed in terms of a* (see Eq. (1.5)).

the associative ionization mechanism and the photoef-
fect are comparable, we can in principle write in addi-
tion a generalized condition for a self-maintaining dis-
charge.1911

The question of which of the conditions which we have
written down for a self-maintaining discharge with a
short formation time is preferable must be solved for
each specific gas-cathode combination for the condition
that the cross section for associative ionization is also
known in the given gas.

If we analyze expressions (1.27) and (1.28), we can
observe that they have a form similar to Townsend's
criterion (1.24). The difference lies in the pre-exponen-
tial factors, in which are reflected the actual physical
processes responsible for the appearance of secondary
electrons in the discharge.

At atmospheric pressure and a discharge gap length
of ~1 cm the pre-exponential factor in (1.27) has a
value ~10"5. This means, in accordance with what we
have said above, that the breakdown voltage calculated
from the system of equations (1.27) and (1.24) will be
in good agreement with experiment. However, we have
already pointed out that the breakdown voltage is not
very sensitive to the value of the pre-exponential fac-
tor. Therefore agreement with experiment here is not
the main criterion of suitability of the theory. In our
opinion the main advantage of the relations obtained is
that they permit rather simple explanation of the exist-
ence of a self-maintaining discharge with a short rise
time, and calculation of its parameters.

The discharge considered here is called a dark dis-
charge. A dark discharge is obtained when the field of
the space charge of the electron avalanche can be
neglected in comparison with the field applied to the
discharge gap. We shall obtain a criterion for realiza-
tion of a dark discharge. Let the gap length be d and
the field applied to it Eo. In development of an electron
avalanche a space charge arises and its magnitude can
be found from the Poisson equation

•g-=4«JV.. (1-29)

Since the space charge field of the discharge can be
neglected in comparison with the applied field, we ob-
tain the inequality

•^-•^AneN.. (1.30)

The average energy of the electrons under the conditions
of a dark discharge is less than the ionization energy of
the atoms or molecules. On the other hand, it is clear
that the work done by the electric field in a length d ex-
ceeds the ionization energy, i.e.,

eE,d > e, > kT.. (1.31)

From Eqs. (1.30) and (1.31) it follows that

r - (1-32)

Consequently, a dark discharge is realized when the
length of the discharge gap is much less than the Debye
radius of the gas discharge plasma.

2. THE AVALANCHE-STREAMER TRANSITION

a) Effect of Space Charge. Initiation of Anode and
Cathode Streamers

Up to this time we have neglected the effect of space
charge on the development of breakdown; however, as
shown by experiment, in the transition to longer gaps at
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pressures of the order of an atmosphere the space
charge field begins to exert a substantial influence on
the discharge and in some cases leads to appearance of
a completely new form of discharge, so-called streamer
breakdown of the gas. After analyzing a large amount of
experimental data and also the difficulties of the Town-
send theory for Nd S. 10le cm"2, Loeb and Meek[ 1 1 ) 1 2 ]

proposed the following requirements for a new theory:

1) the breakdown mechanism should depend substan-
tially on the electron motion; ions can be assumed sta-
tionary during the short breakdown time;

2) the discharge must begin with one electron and
propagate along a narrow channel;

3) the discharge must depend on secondary proces-
ses in the gas volume and cannot be associated with
processes at the cathode;

4) a correctly chosen mechanism of discharge de-
velopment must be preferred at high pressures and can
include processes due to space charge.

In accordance with these requirements, Loeb and
Meek developed a streamer theory. [ u > 1 2 ] At the present
time it is only of historical interest and we will not
present it here, but it should be noted that, in spite of
the fact that the theory of Loeb and Meek cannot be
considered satisfactory in its quantitative aspects and
also in some qualitative relations,2* its general repre-
sentation of the transition of the avalanche stage to the
streamer stage in a discharge is valid and can be con-
sidered experimentally proved. Subsequently a number
of authors^92"1001 have attempted to improve the theory
of Loeb and Meek, but no particular success has been
achieved in this direction. Generally speaking, an exact
solution of the problem of transition of an avalanche to
a streamer must contain a solution of the system of
equations (1.7) and (1.8) in combination with the Poisson
equation

div E' = ine (Ne — Nt) (2.1)

and with relations expressing the dependence of the co-
efficients of the equations on the resultant field Ε = Eo

+ E'. The combination of these equations determines in
principle the pattern of the entire process from appear-
ance of the initial electron near the cathode to the ava-
lanche-streamer transition and the subsequent propaga-
tion of the cathode and anode streamers. The moment
of the immediate avalanche-streamer transition is de-
termined by the appearance of some region of space in-
side which the electric field strength turns out to be
much less than outside. It is clear from general con-
siderations that this region will approximately have the
form of a sphere. Unfortunately, solution of this prob-
lem is not yet possible even by computer. As a result,
papers exist in the literature in which attempts are
made to solve the one-dimensional problem[101"10SOf
the avalanche-streamer transition. It must, however,
be noted that although solution of the problem in a one-
dimensional formulation permits some useful informa-
tion to be obtained, the main parameters of the ava-
lanche-streamer transition can be obtained only on
solution of the three-dimensional problem. The furthest

2)Loeb and Meek incorrectly identify the breakdown criterion and the
criterion for streamer formation for Nd > 1019 cm"2. As was shown
above, breakdown under these conditions can occur even without a
streamer. A detailed critical analysis of the theory of Loeb and Meek
is contained in Ref. 91.

advance in this direction has been made by Firsov/1 0 4'
who created an approximate three-dimensional model
of an avalanche-streamer transition.

Before turning to a brief exposition of the main re-
sults obtained on the basis of this model, it should be
noted that the experiments'^ 1 Ο 5 ' ω ] have shown a signifi-
cant increase in the effective diameter of an avalanche
in comparison with the diffusion diameter when the
number of charge carriers exceeds ΙΟ5—10β. The ob-
served expansion can be explained in principle by ioni-
zation of the gas by radiation, which produces a plasma
more efficiently near the head of the avalanche, and
also by electrostatic repulsion of the electron cloud of
the head. However, we have shown above in Chap. 2
that in development of an avalanche rp « r£). In regard
to the electrostatic repulsion, it can be estimated in the
following way.[77]

The rate of diffusion expansion of an avalanche is

VD = -
drn (2.2)

The rate of expansion of an avalanche under the influ-
ence of space charge can be estimated from the formula

vE~ = bE°; (2.3)

here b is the electron mobility and E" is the space
charge field of the electron avalanche, which can be
assumed approximately spherically symmetric.

From Eqs. (2.2) and (2.3) it follows that for

these velocities are equal. Here I is the electron mean
free path. In air at atmospheric pressure ( « 3x 10"5

cm. Consequently, for a gap length ~1 cm even for a
space charge field of the order 1% of the external field
Eo the expansion of the avalanche as the result of elec-
trostatic repulsion of the electrons becomes greater
than the diffusion expansion, and therefore beyond that
point diffusion can be neglected. Experiments^6*1 con-
firm the estimates made above.

Let us consider now a sphere of radius r described
around the center of the electron avalanche. Let r in-
crease in such a way that dr/dt coincides with the
radial velocity of the electrons in the coordinate system
in which the center of the avalanche is at rest. The
average radial velocity of the electrons is due to the ac-
tion of the electric field of the charge q contained in-
side the sphere, and to the diffusion flow. The latter
can be neglected, according to the discussion above, if
E"/Eo £ ΙΐΓζ. Then we have

dr , ™ , j^ be exp (az)

dt r2 r̂  "

Integrating Eq. (2.5) with allowance for the fact that
ζ =bEot, we obtain

(2.5)

Γ = ( _ ΐ _ . ρ β χ ρ ( ^ ) , ( 2.6)

i.e., in this case the avalanche radius increases expo-
nentially with time.

The radial field produced by the avalanche electrons
can be written in the form

K = Ea±. (2.7)

It has a maximum value "at the edge" of the sphere for
r = R. Here, as follows from Eq. (2.6), the ratio of this
field to the external field will be
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(2.8)

However, the avalanche radius cannot grow forever
according to Eq. (2.6), especially because in derivation
of these formulas we have neglected the field produced
by the space charge of the positive ions left to them-
selves by the moving avalanche. This can be done as
long as R « l/2a. If R » 1/2a, then already about half
of all the ions are within the boundary of the avalanche,
and the charge of the ions decreases the charge and
consequently also the field of the avalanche by at least
a factor of two. With further increase of R the charge
of the avalanche should stop growing and soon the ava-
lanche radius itself should practically stop growing.

For R = l/2a it follows from Eq. (2.8) that the
space charge field of the electrons of the avalanche
reaches Eo/6. In this case it is already necessary to
take into account the dependence of the ionization coef-
ficient a on the field strength.1911

For this purpose it is necessary to take into account
that the electrons of the avalanche, in addition to the
action of the uniform field Eo, experience the action of
the spherically symmetric field E" produced by the
space charge of the electrons and the field E' produced
by the space charge of the positive ions left to them-
selves by the avalanche on its motion to the anode.

If for convenience we imagine the space charge as
two spheres, one of which is charged negatively (on the
anode side) and the other positively (on the cathode side),
it is easy to deduce that the resulting field is stronger
than the external field near the surface of the negative
sphere turned toward the anode, and that of the positive
sphere turned toward the cathode, and weaker than the
external field near the surface of the spheres where
they are turned toward each other.

Thus, inside the avalanche the field is weakened.
However, in spite of the fact that the ionization coef-
ficient a decreases greatly with decrease of the field,
it is still not apparent that on the average the electrons
will ionize less, since α as a function of Ε has a greater
value than the second derivative d2a/dE2 in the region
of Ε values corresponding to breakdown. The change in
the number of electrons in the avalanche per unit time
can be determined from the formula

here dr is the element of volume and the integration is
carried out over the entire avalanche; Ε = Eo + E' + E"
is the resultant field. To evaluate the change in ioniza-
tion in the avalanche we can assume that

( 2 · 1 0 )= ^ T f o r Γ ^ Λ >

I 0 for r>R.

Here we have utilized Eq. (2.8). It follows from the re-
lations (2.10) that, to a first approximation, the concen-
tration of electrons remains constant during develop-
ment of an avalanche.

The electric field which is created by the positive
ions in the avalanche can be considered approximately
uniform and directed opposite to the external field Eo,
since all of the ions are for the most part behind the
avalanche. If the number of electrons in the avalanche
is n e and its diameter is 2R, then on movement of the
avalanche toward the anode the ionization of the gas by
electrons will leave behind the avalanche a track of

positive ions whose diameter is of the order of 2R and
in which the number of ions per unit length in the part
of the track directly adjacent to the avalanche is of the
order an e . With increasing distance from the avalanche
in the direction to the cathode the density of ions falls
off exponentially and we can assume that the field pro-
duced by the ions in the avalanche is approximately

tf—T?-· (2.11)

If we now choose the origin at the center of the head of
the avalanche and designate by θ the angle between the
vectors r and Eo, the expression for the resultant field
Ε acting on the electrons of the avalanche can be written
in the form

Ε = Y(E, -E'Y + (£")» _ 2 (£„ -Ε') Ε" cos Θ. (2.12)

Substituting Eqs. (2.12) and (1.6) into (2.9) and integrat-
ing over the volume of the avalanche, we can define an
average ionization coefficient a, where

Up to this point the discussion has been of a general
nature. To obtain quantitative estimates it is necessary
to choose a definite gas and a definite pressure. For
air at atmospheric pressure the appropriate calculations
were done in Ref. 91, where the following approximate
expression was obtained for the change in ionization in
the avalanche:

10
-0.1 (-1)°] (*!)•; (2.14)

here Β is the coefficient in Eq. (1.6), which for air at
atmospheric pressure is about 200 kV/cm over a wide
range of field strength, including the breakdown
strength.

The expression in square brackets in Eq. (2.14)
reaches its maximum values at B/Eo = 13 and 19.7. In
air at atmospheric pressure this corresponds to Eo

« 15 kV/cm.

Thus, at a field strength E o ~ 30 kV/cm corresponding
to the ordinary spark breakdown in air at atmospheric
pressure, when E"/Eo = 1/6 and R = 1/2a0> the " t r u e "
value of a according to Eq. (2.11) is decreased by about
a factor of two. However, for E"/Eo =1.6 the deviation
from Eq. (2.6) is still small, since the rate of increase
of R is determined by the already created charge of the
avalanche, and the principal part of it and consequently
an appreciable change in a are encountered only in the
last segment of the avalanche path of the order ~l/a 0 .

However, with further development of the avalanche,
when E"/Eo ~ 1/6, the intensity of ionization in the
front part of the avalanche in this case is already more
than three times greater than that in the rear part. A
significant decrease in the ionization coefficient inside
the avalanche sets in, and the avalanche radius in-
creases much more slowly. It should practically stop
growing as a result of the fact that a is decreasing and
the ions occupy almost the same volume as the elec-
trons, since R «* 1/2α0. However, it now generally be-
comes impossible to distinguish the electron avalanche
from the ion track.

Actually, the electrons which are moving from be-
hind are in a significantly weakened electric field as a
result of the rapidly rising space charge of the elec-
trons located in front and of the positive ions located
behind. These electrons practically stop ionizing and
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come to rest. Electrons which are moving forward are
in an electric field strengthened by the space charge of
the rear electrons; they move rapidly than in the field
Eo and ionize the gas very strongly, leaving behind them
continuously new masses of newly created electrons and
ions and forming a conducting quasineutral plasma. The
electrons in this plasma should smooth out the potential
gradient in it in so far as it changes on motion of the
forward ions.

Thus, the avalanche goes over into a positive (anode)
streamer.

In order to explain the rapid propagation of the
cathode streamer, it is necessary to assume the exist-
ence of rather intense photoionizing radiation which
produces secondary electrons near the streamer.
These electrons, moving in a strong electric field, near
the positive end from short but intense avalanches
which flow into the streamer and leave behind them a
large positive charge which extends the end of the
streamer to the cathode. Naturally, between this posi-
tive charge and the cathode end of the streamer, elec-
tron motion and ionization will occur, until the field
between this end and the positive charge becomes
rather small. Each such avalanche produces radiation
necessary to form the following avalanches by photoion-
ization of the gas. For sufficiently intense photoioniza-
tion of the gas, the rate of formation of positive charge
by the electron avalanches produced by photoionization
will obviously be determined by the rate of motion of
these avalanches in the field of the streamer. Conse-
quently, the velocity of propagation of the cathode end
should be approximately the same as the velocity of its
anode end. However, with insufficient photoionization
this velocity can be somewhat smaller, and for suffic-
iently strong ionization by photons having a long mean
free path in the gas the velocity can be somewhat
larger, since in this case there can be formed colliding
streamers, which then fuse. Thus, everything that has
been said regarding propagation of the anode streamer
is valid to a substantial degree also with respect to the
propagation of the cathode streamer. There is, how-
ever, a certain difference. Departure of electrons from
the anode end occurs in large quantity continuously and
is determined by the presence of a quite definite distri-
bution of field strength. This field is maximal on the
streamer axis, which coincides in direction with the
lines of force of the applied field. Therefore the propa-
gation of the anode streamer should occur more or less
strictly along the field lines, i.e., in a uniform electric
field it should occur in a straight line.

Propagation of the cathode end occurs by the growth
of new electron avalanches in the strong field of the
cathode end, produced by a small number of initial elec-
trons. The place of formation and the density of these
electrons are to some degree statistical. The motion of
avalanches formed by secondary electrons does not oc-
cur along the lines of force of the external field, but is
determined more by the stronger field of the streamer.
Therefore, although electron avalanches produced in the
path where the lines of force of the external field and
the field of the streamer coincide are developed more
efficiently, as a result of the statistical nature of the
production of secondary electrons a curving of the path
of the positive end is possible, and sometimes even
looping or sharp bends in the streamer. However, as a
rule, only curving of the streamer path occurs.

Thus, what we call a streamer is a thread-shaped
conducting channel along which the field strength is
small in comparison with the field strength outside this
channel at a sufficiently large distance from it.
Naturally, this formation is due to space charge or,
more accurately, approximately line-shaped free
charges of different signs. Sometimes this channel can
terminate in one of the electrodes. In this case it can
serve as the extension of a needle-shaped electrode;
then there will be no charge of the other sign at the
point of junction with the electrode, and the entire
streamer will be charged with one sign. The field pro-
duced by the streamer will be determined by the distri-
bution of charge in it and by the charge of the reverse
sign of its electrical image in the electrode. If the
streamer is produced in the middle of the gap far from
the electrodes, the image fields can be neglected.

Since the streamer channel, in view of the equations
of electrostatics, is unavoidably associated with strong
fields radial with respect to the channel, this formation
cannot exist stably with time. The streamer must
break up, especially at the ends and, as we have already
noted, especially at the cathode end. Since the strongest
field exists at the ends of the streamer at a distance of
its radius of curvature R, then on lengthening by a
radius the streamer on the average deviates by an
amount 0R from the field line, where θ ~ 1. The total
deviation of the streamer Δχ2 from motion along a field
line is the statistical sum of these random deviations.
Consequently, in a length L it amounts to (0RV IV6R)2,
i.e.,

K? = 0LR. (2.15)

We will discuss streamer stability more in detail in the
next chapter.

The electrons, being in the weak field inside the
streamer, gradually lose energy and recombine until
practically only the excess charge remains. At the
same time the molecules excited during formation of
the streamer radiate. Therefore the streamer is always
highly luminous.

On the other hand, in photographs we may mistake
for a streamer the track of an intense electron ava-
lanche, which is not a streamer in the sense indicated.

In contrast to the criterion for the occurrence of a
dark or Townsend discharge (1.32), transition of an
avalanche to a streamer occurs when the Debye radius
of the plasma becomes much less than the size of the
avalanche.

Specifically, if we use Eqs. (2.6) and (2.10) and also
assume that in the transition of an avalanche to a
streamer the radius of the avalanche is R K l/2ao> we
obtain for the ratio of the Debye radius to the avalanche
diameter the expression

If we substitute into this the appropriate parameter
values for air [ 1 2 ] : a » 20 cm"1, d ~ 1 cm, Eo = 3 χ 104

V/cm = 100 CGS units, kTe «3.6eV« 6 χ 10~12 erg, we
obtain

(2.17)

In regard to the quantity a z c r , where z c r is the dis-
tance traveled by the avalanche before its transition to
a streamer, it follows from Eqs. (2.6) and (2.10) that
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the resulting space charge field becomes comparable
with the applied breakdown field for a centimeter gap
when a « 20 cm"1. Consequently, in this case

aza «20, (2.18)

which is in agreement with the experimental value.1·M]

The value of a z c r changes only slightly with in-
crease of the gap length.

In concluding our discussion of the theory of the ava-
lanche-streamer transition, we should note that the
physical picture of the processes occurring in transi-
tion of an avalanche to a streamer has been studied
quite well. At the same time, the mathematical aspect
of the theory has been inadequately developed. As we
have seen above, all of the main parameters of the
avalanche-streamer transition can still be determined
only in order of magnitude. Because of the importance
of knowing these parameters for the development of
streamer theory, attempts are being made at the pres-
ent time to construct a rigorous theory of the avalanche-
streamer transition. The difficulties in this task are
mainly of a theoretical nature and there is hope that
this problem will soon be solved by computer.

b) Breakdown of Long Spark Gaps

In concluding this chapter we shall dwell briefly on
the theoretically little studied question of the break-
down of long spark gaps.

As has been shown, for az ~ 20 the electric field
produced by the space charge of an avalanche of elec-
trons and positive ions is such that in the head of the
avalanche of size ~l/a the resultant field is equal to
zero, while in front of and behind the head of the ava-
lanche the field increases sharply; however, the total
number of electrons increases significantly more
slowly than exponentially. This decrease in the number
of electrons automatically leads to a decrease in the
intensity of photoionization. Therefore if prior to for-
mation of a streamer the condition for a self-maintain-
ing discharge is not satisfied for the entire gap, then on
formation of a streamer, when az i 20, it will never be
satisfied. Firsov[ 1 M 1 has suggested that a discharge
can occur in this case if the strengthening of the field
and the increase of a associated with it compensates
the decrease in the intensity of photoionization, i.e.,
the equivalent of a self-maintaining discharge arises
in the region of enhanced field.

In this connection let us estimate the electric field
which is produced by the positive ions left by the first
avalanche of electrons after the electrons have been
drawn to the anode. Here the positive ions are located
mainly in a region near the anode of extent ~ l/a0 along
the field and ~l/a 0 in the transverse direction. With
increasing distance from the anode the density of ions
falls approximately exponentially, as expa(d - z).

If we do not take into account the change in a, the
maximum of the field produced by the ions and directed
identically with the applied field should be at a distance
of the order ~l/ao from the anode.[ 9 1 ] The total charge
of the part of the ion track of extent ~l/a 0 adjacent to
the anode will be ~e" exp (aod) (1 - 1/e), while the
field produced by this charge will be e" exp(aod) (1
- l/e)4ao (here e" is the electronic charge and
e =2.718...).

Hence it is necessary to subtract the field produced
by the charge e~exp(aod)/e of the remaining part of the
ion track, which will be ~(4e'a2/e)exp(aod), and,
finally, it is necessary to subtract the field of the elec-
trical image of the charges in the anode, which is ap-
proximately equal to e~(ao/2)exp(aod). As a result one
obtains (these relations are derived in Ref. 91)

(2.19)

Since aod is large, (aod ~ 20), the size of the region
of enhanced field is ~ l / a 0 « d. In order for a self-
maintaining discharge to arise in this region, the ioni-
zation coefficient α must be much greater than a0. This
is possible only in the case when the additional field
turns out to be of the order of the applied field. How-
ever, it follows from Eq. (2.19) that for R = l/2a0 we
have

g , _ e- e*p (ctpd) .

in this case the quantity e" exp(a<>d)/R2, as follows
from (2.8), is Eo/6. Consequently,

E' = ±Ea. (2.20)

In order for the additional field to become of the order
of the applied field, it is necessary, if we do not take
into account the decrease of a, that the avalanche
traverse a further length ~4/αο· However, as was
shown in Section a), in this distance the avalanche
ionizes several times more weakly (in air 2—3 times)
as a result of the fact that it is moving in a field weak-
ened by the charge of the ions, subsequently going over
to a streamer. Thus, equating E' = Eo, we must make
a correction to Eq. (2.19). It is necessary to replace

d _ _
exp(aod) by exp J adz, where a is defined by Eq.(2.13).

ο
Since a changes substantially only in the last path-

length ΔΖ, in which the charge of the avalanche should
increase by about 48 times, in this pathlength we have
for the average value

α Δζ «In 48 « 4.

We can now write

\ adz = \ aodz+ \

(2.21)

(2.22)

where C = Δζ(α0 - a).

It should also be noted that as a consequence of the
growth of the avalanche into a streamer a fraction of
the electrons is not absorbed by the anode and there-
fore the additional field produced by space charge will
be somewhat less. This decrease, and also the numeri-
cal factor 1/2 in Eq. (2.19) have an extremely insignifi-
cant effect on the value of the breakdown voltage.
Therefore, if we take into account the approximate
nature of this derivation, it does not make sense to
complicate the equations. It is sufficient to include the
change produced by these factors in the uncertainty of
the quantity C. Thus, the breakdown condition, which
consists in equality of the space charge field to the ex-
ternal field, takes the form

eal exp (aod—C) = Eo. (2.23)

For purposes of calculation it is more convenient to
give the expression for the value of d corresponding to
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breakdown at a given field Eo. We have

(2.24)

The breakdown voltage values calculated from Eq. (2.24)
for air at atmospheric pressure (in this case the
parameter C calculated by means of Eq. (2.14)[911 is
(5 ± 1)) are in good agreement with the experimental
data given by Meek and Craggs[ l i ! ] for gap lengths
d Ϊ, 3 cm. The maximum discrepancy does not exceed
4%. For d <, 3 cm the theoretical values of the break-
down strengths are less than the experimental values.
This is due to the fact that with such gap lengths in air
at atmospheric pressure breakdown can occur without
streamer formation and the breakdown voltage in this
case must be calculated from the criterion (1.27).
Specifically, for example, for d = 1 cm we have Eo

= 31.6 kV/cm and α = 17 cm"1. In this case, as follows
from Eq. (2.19), the additional field is

E' = 540 V/cm = 1.6% £„.

It is clear that with this additional field a streamer is
not formed and breakdown occurs in accordance with
the mechanism which has been discussed in detail in
Sec. b of Chap. 1. After analyzing Eq. (2.24), we can
note that Paschen's law also is not satisfied here. Use
of the criterion obtained for super-long sparks such as
lightning is entirely inappropriate, since lightning is
propagated in a nonuniform field whose geometry is
unknown. In addition, the primary streamer which
breaks down the gap between the cloud and the Earth,
or as it is usually called, the leader, is propagated in
individual steps with a time interval between steps of
~ 50 μββο. At the present time there is no satisfactory
explanation of this stepwise leader propagation, which
is apparently produced by nonlinear effects associated
with the propagation of the ionization wave. Neverthe-
less, we shall estimate the length of the breakdown gap
in air in a uniform field of strength 10 kV/cm. In such
fields the empirical formula (1.6) is not accurate and
we shall use the data of Saunders (see Ref. 11), which
are more appropriate in this case, and which for atmos-
pheric pressure give a value a0 = 2 χ 10"3 cm"1. Substi-
tuting the parameter values chosen into Eq. (2.24), we
find that d « 2 χ 10* m. This length corresponds to
lightning. Of course, this estimate is quite crude, but it
permits estimation of the order of magnitude of the
field in a lightning discharge.

We note that a deficiency of the criterion (2.24) is
the fact that it does not explicitly involve the photon
absorption coefficient. The difficulty in obtaining a
more general criterion is due to the difficulties already
mentioned in solving Eq. (1.7) when its coefficients are
not constant. Therefore, further progress in the theory
of the breakdown of long gaps involves solution of this
equation, and it will apparently be necessary to include
in it additional terms describing recombination and
electron attachment, since in long gaps the discharge
time increases and it will no longer be possible to
neglect these processes.

3. STREAMERS

a) Results of Experimental Studies in Streamer Chambers

It is well known that one of the principal deficiencies
of spark chambers as detectors of elementary particles
is the existence of an identified direction in the cham-

ber [ 2 > 3 ] - the direction of the applied electric field Eo.
This means that a spatial anisotropy is observed in the
chamber properties such as ability to detect particles
traveling at various angles to the electric field vector,
difference in the nature of particle tracks, and so forth.
Complete achievement of isotropy of the chamber
properties in the presence of an identified direction is
impossible, but some possibilities exist for improving
the isotropy of these properties. This is achieved in
the contemporary particle detector known as the
streamer chamber, which was first suggested by
Dolgoshein and Luchkov[4] and Mikhailov et al. [ 5 ] and at
the present time has come into extensive use.

At the moment when the electrons formed by an ion-
izing particle begin to move in the electric field, form-
ing an avalanche, the isotropy of the chamber proper-
ties is already destroyed, since the avalanche has a
nonspherical shape—its dimension along the electric
field is greater than the transverse dimension. How-
ever, this anisotropy is still not very great, and it can
be reduced practically to zero if the avalanche is short
and also if it is taken into account that the brightest
part, recorded on a photographic film, is the head of
the avalanche. Therefore the detection of particle
tracks at the streamer stage provides the greatest pos-
sibilities for isotropy of the chamber properties, Un-
fortunately, in this case the conditions for photography
of the weakly luminous streamers (in contrast to bright
sparks) deteriorate somewhat.

In order to stop the development of the streamer at
a length of several millimeters, it is necessary to shape
the duration of the high voltage pulse with an accuracy
of ~1 nsec. The most convenient means for supplying
voltage to a chamber of small size is the Arkad'ev-
Mark generator, together with a special shaping ele-
ment-a cutoff spark gap.[4>10ei

The main deficiency of the streamer chamber—the
weak brightness of the track, which makes photography
difficult—is removed by the following means: increase
of the streamer length/4'1 0'1 increase of the electric
field strength,[10e>109l by means of an image ampli-
fier/1 1 0 1 and by introduction of various hydrocarbon

^ 1 1 1 1 1 2 !

The streamer chamber, in addition to its main pur-
pose—detection of elementary particles, is a unique
instrument for study of the properties of streamers.
The results of measurements of the main parameters
of streamers in streamer chambers have to a large ex-
tent made possible a clarification of the picture of the
physical processes occurring in the development of a
streamer. In Figs. 2—6 we have shown the results of
several experiments on measurement of the lengths,
diameters, and velocities of streamers, and also their
brightness.

The main conclusions which can be drawn from the
graphs shown are as follows:

1) The streamer velocity is a linear function of its
length and the external field strength (Fig. 2);t 1 1 3 ' l l e ]

2) on achievement of some critical length or critical
external field strength an acceleration of the streamer
is observed (Fig. 3); [ 1 1 4 ' 1 1 β ]

3) the streamer diameter increases approximately
in proportion to the square root of its length (Fig. 4);
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FIG. 2 FIG. 3

FIG. 2. Dependence of streamer velocity on its length for different
electric field strengths [1 1 3].

FIG. 3. Dependence of streamer velocity on E/P ["*].

i.e., the head of an avalanche at the moment of the ava-
lanche-streamer transition. Then the field in the sur-
rounding space is distorted and can be determined by
solution of Laplace's equation for the potential,

ΔΦ(Γ, t) =0. (3.1)

Since the plasma existing in the head of the avalanche
has a high conductivity, its surface can be considered
an equipotential. Thus, the boundary condition for Eq.
(3.1) has the form

Φ («·. t) = 0, (3.2)

where r is the radius vector of the points of the bound-
ary of the region.

On advance of the plasma to the anode and cathode,
its boundary remains as before an equipotential. Conse-
quently, we have an additional boundary condition:

, = 0. (3.3)

The condition (3.3) can be rewritten in a somewhat dif-
ferent form. We have

Since

6E

Ψ Β

FIG. 4

8 10 L,mm

FIG. 5

FIG. 4. Streamer diameter as a function of its length [1 1 5].
FIG. 5. Streamer brightness as a function of electric field and stream-

er length ["*]. The curves 0.1 and 10 correspond to brightnesses a fact-
or of ten "smaller and larger than for curve 1.

10'

(3.4)

10 ' ISE, kv/cm where the + sign is chosen for the anode end of the
plasma and the - sign for the cathode end, and the mo-
bility is practically independent of the field Ε under
breakdown conditions over a wide range of variation of
the field, we can write that at the plasma boundary the
following condition is satisfied:

1
Ι η*
s
a"
£

FIG. 6. Distribution of brightness over
the radius of the streamer for different
streamer lengths [1 1 5]. L=2mm for curve
1, 3.5mm for curve 2, and 5.5mm for
curve 3.

= 0. (3.5)

At a large distance from the plasma the potential should
go over to the potential of a uniform field Eo, i.e.,

Φ I,—->-£„*. (3.6)

The initial condition depends on the shape of the plasma
region at the moment of the avalanche-streamer transi-
tion.

If we assume that this region is a sphere of radius
Ro, then by solving the problem of the potential distri-
bution in a uniform field in which a quasimetallic sphere
is placed, we can obtain[ I 1 7 )

Φ ( Γ , 0) = - (3.7)

o.i o.5 aa
Streamer radius R, mm

4) the brightness of a streamer increases rapidly
with its length, and the field strength and falls off with
radial distance from its axis (Figs. 5—6).[115]

It is possible to explain almost all of these regulari-
ties in terms of the model developed in Ref. 23, which
we will now discuss.

b) Mathematical Formulation of the Problem of Streamer
Motion

We shall present the qualitative discussions of Sec.
b of Chap. 2 in mathematical form.

Assume that at an initial time t = 0 in a discharge
gap to which a field Eo is applied, at the origin we have
some region of highly conducting quasineutral plasma,

where θ is the angle between the radius vector of a
given point and the vector Eo. In actual fact, the shape
of the avalanche head obviously differs somewhat from
spherical, but its true shape and, consequently, a more
accurate initial condition can be obtained only on the
basis of an exact solution of the problem of the ava-
lanche-streamer transition.

The problem (3.1)—(3.7) completely determines the
development of the anode and cathode streamers from
the time of the avalanche-streamer transition.

The exact solution of this problem presents great
mathematical difficulties, but the main parameters of
the streamer can be obtained without an exact solution.
The point is that the main role in development of the
streamer is played by its anode and cathode ends, where
the region of enhenced field is concentrated. This per-
mits a substantial simplification of the problem.
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Specifically, by expanding the potential Φ in series
near the anode or cathode end of the plasma region
boundary and retaining terms to third order, we can
obtain two model-independent expressions for the
radius of curvature of the streamer near its ends[ 2 3 ] :

ΦΙΓ·
(3.8)

(3.9)

h e r e a is half the length of the s t r e a m e r and the deriv-
atives Φ ζ , Φ ζ ζ , and Φζζζ a r e taken at the end points of
the s t r e a m e r . For a further solution we must know the
values of these derivatives, i .e., we must have a defi-
nite model of the s t r e a m e r shape. The criterion of
suitability of the model chosen will be agreement with
experiment of the p a r a m e t e r s calculated on the basis
of this model.

If we analyze most s t r e a m e r photographs, we can
note that the shape of the s t r e a m e r surface recal l s to a
first approximation an ellipsoid of revolution drawn out
along the external field direction. In Ref. 22 we made
an appropriate calculation and showed that near the ends
of the s t r e a m e r its surface differs very little from an
ellipsoid of revolution. Therefore we shall take as a
model of a s t r e a m e r an ellipsoid of revolution with a
major semiaxes a (along the external field Eo) and a
focal distance f.

The problem of the potential distribution around a
quasimetallic ellipsoid placed in a uniform field E o has
been solved exactly/ 2 3 1 and therefore we can obtain
values of Φ ζ , Φ ζ ζ , and Φ ζ ζ ζ at the point ζ = a, p = 0 .

Substituting these values into Eq. (3.9), we obtain

It follows from this that

Λ = const = Λ,. (3.11)

Consequently, for the model chosen the radius of curva-
ture of the s t r e a m e r surface near i t s ends remains con-
stant during the development of the s t r e a m e r and equal
to the initial radius Ro of the sphere at the moment of
the avalanche-streamer transit ion.

This result permits us to obtain immediately analytic
expressions for the velocity, length, and width of the
s t r e a m e r in the course of i ts development.

Specifically, for a » Ro the s t r e a m e r velocity is de-
termined by the relation

μ = 16Φ,| = bE0 -1/rT.ri : (3.12)

here e = 2.718...

The effective s t r e a m e r diameter L in this model
coincides with the minor axis of the ellipsoid of revolu-
tion, and therefore we can write

; (3.13)L = 2 Υ a* - Ρ = 2 1

Thus, on the basis of the model of a streamer in the
form of an ellipsoid of revolution drawn out along the
external field direction, we have obtained the following
relations:

1) the velocities of the cathode and anode streamers
are identical and increase linearly with the external
field Eo and approximately linearly with the length;

2) the brightness of the streamer increases with its
length, since the energy expended per unit volume is

~E , and Ε increases approximately linearly with the
streamer length;

3) the brightness of the streamer falls off along the
radius, since the field at the surface of the streamer
near its end is equal to the field at the tip multiplied by
the cosine of the angle between the ζ axis and the
normal to the surface*221;

4) the streamer width increases as the square root
of its length.

Consequently, in spite of the simplicity of the model,
the results obtained are in good qualitative agreement
with experiment. The experimental observation1114'11*1

of a break in the linear dependence v(a) at certain
critical values of a and Eo finds no explanation in this
model, since such a break is evidently due to the ap-
pearance of the streamer surface instability we men-
tioned above. Quantitative comparison with experiment
at the present time is difficult, since the most important
parameter of the streamer, which enters into all of the
formulas, is the initial radius Ro which is so far known
only in order of magnitude.

In addition, this model requires some quantitative
improvement, for the following reason.

From the initial condition (3.7) it follows that in the
plane ζ =Ό the field is equal to zero, and since ν = bE,
all points of this plane remain stationary during the
streamer development, i.e., a "neck" is formed. Suc-
ceeding cross sections of the streamer surface during
its development will therefore have a form somewhat
different from an ellipsoid of revolution (Fig. 7). The
effect of the neck on development of the streamer, as
has been shown in Ref. 24, does not change the qualita-
tive relations obtained.

c) Investigation of Stability of the Streamer Surface

Let us assume, in the first approximation, that the
streamer surface is a plane conductor moving in the
direction of the ζ axis with a velocity ν = bE0. In this
case the potential distribution will be given by the
formula

φ = _ Ε,, (ζ - vt). (3.14)

If a wave with frequency ω and wave number k is
propagated along the streamer surface, the vertical
displacement of the points of the streamer surface will
be

FIG. 7. Cross section of streamer surface [2 2].
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ξ (x,t) =|oe< «·*-»<). (3.15)

Using standard methods of studying stability/8 1! it can
be shown that for the problems (3.1)—(3.7)

ω = ibkE0 = iky. (3.16)

Since the imaginary part of ω turns out to be positive,
it follows from Eq. (3.15) that the oscillations arising
will grow without limit, i.e., the streamer surface
turns out to be. unstable, the characteristic time for
development of an instability with wavelength λ ~ 1/k
being

'/~4~Τ· (3.17)

If we substitute here for purposes of estimation of a λ
of the order of the radius of curvature of the streamer
surface, which has a value ~10"1—10"2 cm, and a value
ν ~ 107 cm/sec, it turns out that tj ~ 10~8—10~8 sec,
while the development of the streamer occupies ~10'7

sec, i.e., it is one or two orders of magnitude greater.

Nevertheless, experiments show that streamers in
their initial stage develop as stable formations and only
later begin to curve and loop. Therefore we must as-
sume that for some reason the instability is suppressed
in the initial stage of streamer development.

In Ref. 22 we suggested that the stability of the
streamer with time is apparently due to the finite con-
ductivity of the plasma inside it and correspondingly to
the finite thickness of the surface charge. In fact, the
growth of a thinner streamer from the head of the main
streamer is accompanied by a rapid increase in the
current density, while the conductivity to a first ap-
proximation remains constant.

Since the field E' inside the streamer is approxi-
mately given by

£' = -£, (3.18)

where σ is the conductivity of the plasma and j is the
current density, this leads to an increase of the field
inside the streamer, which in turn leads to a drop in the
field strength at the head of the new thin streamer and
will prevent its further development. When the thick-
ness of the surface charge becomes much less than the
radius of curvature of the streamer, it will become un-
stable against loops and bends. Subsequently, in Ref.
25, these qualitative discussions were put into mathe-
matical form.

In Refs. 25 and 118—121 the problem of streamer
development as an ionization wave, similar to Eqs.
(1.7)—(1.8), has been solved, but in a one-dimensional
formulation. The one-dimensional formulation is quite
adequate for study of streamer stability. This investi-
gation was carried out[25] by the method used by Baren-
blatt and Zeldovich[ 1 2 2 ] in the problem of stability of a
flame front. Allowance for the finite thickness of the
front, which has a magnitude ~ VD/abEo, leads to the
following relation, instead of Eq. (3.16):

a = -iDk\ (3.19)

In this case the front turns out to be stable with respect
to infinitely small perturbations. The physical meaning
of (3.19) is that the instability is suppressed by diffusion
of electrons from the ionized region.

A similar picture exists in the problem of flame
front stability. As Landau[123] has shown, a flame, con-

sidered as the surface of an explosion, is unstable with
an increment kv.

At the same time, allowance for the finite width of
the front by Barenblatt, Zel'dovich, and Istratov[124]

showed that as a result of the thermal conductivity
(neglecting diffusion of the fuel) the front is stable with
respect to infinitely small perturbations. The two ap-
proaches discussed do not give solutions which go over
to each other smoothly in the limit when the wavelength
is greater than the width of the front. As A. A. Vedenov
has pointed out, this evidently means that the approxi-
mation of an infinitely thin front corresponds to inves-
tigation of perturbations whose amplitude is large in
comparison with the thickness of the front.

As a result it may turn out that in the initial stage
when the width of the front is large the streamer is
stable with respect to infinitely small perturbations of
the front. In the later stage when the front becomes
thin, it is unstable with respect to perturbations larger
than the width of the front.

CONCLUSION

As follows from the material discussed above, the
theory of a discharge in dense gases has been signifi-
cantly advanced at the present time. It permits calcu-
lation of breakdown strengths and also of the main
parameters of electron avalanches and streamers. At
the same time many important unsolved problems re-
main. We shall enumerate the principle of these: the
theory of the avalanche-streamer transition; the theory
of breakdown in inhomogeneous fields, in particular, the
theory of the corona discharge in a constant field; the
theory of the step-like leader, and also of the subse-
quent phases of a lightning discharge, except for the
theory of the spark channel, which has been developed
quite well by Drabkina[12S| and Braginskn.[12ei

In conclusion the author expresses his sincere in-
debtedness to B. M. Smirnov and Ο. Β. Firsov for help-
ful discussions which have permitted the author to set
forth more clearly the content of this review.
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