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Abstract. This review concerns the theory of the avalanche
multiplication of high-energy (0.1-10 MeV) electrons in a
neutral material, a newly discovered phenomenon known as
runaway breakdown (RB). In atmospheric conditions RB takes
place at electric fields an order of magnitude weaker than those
needed for normal breakdown in air. Experimental work of the
past few years has shown that RB determines the maximum
electric field strength in thunderclouds and is behind a variety of
phenomena newly observed in thunderstorm atmosphere, such
as giant high-altitude discharges between thunderclouds and the
ionosphere, anomalous amplifications of X-ray emission, in-
tense bursts of gamma radiation, etc. These phenomena are
becoming increasingly active areas of study. A necessary con-
dition for the occurrence of runaway avalanche is the presence
of high energy seed electrons. In the atmosphere, these are
cosmic ray secondary electrons. Therefore, the observed ef-
fects reflect the close relationship between cosmic rays and
electrodynamic processes in the thunderstorm atmosphere.
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The first laboratory results on RB are also presented. Further
studies in this area may be of interest for high-current electro-
nics.

1. Introduction

The generation of an electric discharge in matter, i.e., an
electric breakdown has been studied for over two centuries. It
has been investigated in detail and has various technical
applications [2—8]. However, the process which the present
review is devoted to was discovered in recent years. This new
physical phenomenon has been called runaway breakdown [1].

The conventional breakdown results from the heating of
electrons in an electric field. In this process, fast electrons that
belong to the tail of the distribution function become able to
ionize matter and, therefore, to generate new free electrons.
Slow electrons disappear owing to recombination in the bulk
or on the walls of the discharge chamber. As soon as the
electric field becomes sufficiently strong, the generation of
new electrons due to ionization exceeds their disappearance
due to recombination, and their number begins exponentially
increasing. This phenomenon is termed the electrical break-
down of matter. The characteristic energies of the electrons
responsible for ionization are 10—20 eV, while recombination
mostly takes place at low energies. For this reason, the mean
electron energy & at which breakdown occurs does not
normally exceed several electron-volts. For instance, in air
this energy is¢ ~ 2 eV.
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Figure 1. Dependence of the braking force F on the electron energy ¢. The
force Fis normalized to Fy,, and the parameter 6 is equal to E/E,.

The runaway breakdown has an essentially different
nature, which is based on the specific features of the fast
particle—matter interaction. The braking force F'acting on an
energetic particle in matter is determined by the ionization
losses [9]. Figure 1 shows that the force F decreases with
increasing electron energy ¢. The reason is that a fast electron
interacts with electrons and nuclei of neutral matter as if they
were free particles, i.e., according to the Coulomb law. The
Coulomb scattering cross section is the Rutherford cross
section ¢ ~ 1/¢2. That is why, in the nonrelativistic region,
the braking force is F ~ ¢a Ny, ~ 1/¢, i.e., is proportional to
the molecular density N, and inversely proportional to the
electron energy. The decrease in the ionization braking force
becomes weaker owing to relativistic effects. Fore > 1 MeV it
reaches its minimum F;,, and then a logarithmically slow
increase begins (see Fig. 1).

The decrease in the friction force is related to the
possibility of the appearance of runaway electrons in a
substance placed in an electric field. Indeed, if a constant
field E is present in a medium, such that £ > E. = Fy;,/e, an
electron with a sufficiently high energy ¢ > ¢,, where the
critical runaway energy is

& A £ me?

2E ’
will be continuously accelerated by the field (see Fig. 1). Such
electrons are called runaway electrons. Many studies [10—12],
both theoretical and experimental, have been devoted to them
(e.g., in toroidal units for controlled thermonuclear fusion).

The runaway breakdown is related to the generation of
secondary electrons due to the fast-runaway-particle ioniza-
tion of neutral molecules. Although the bulk of secondary
electrons have low energies, electrons with a rather high
energy ¢ > & can also be produced. These will also become
runaway electrons, i.e., they will be accelerated by the field
(see Fig. 1) and, in the ionization process, may in turn
generate particles with ¢ > ¢.. As a result, an exponentially
growing runaway avalanche appears. In parallel, a large
number of slow electrons are generated, which ultimately
leads to an electrical breakdown of the matter. It is of
importance that runaway breakdown occurs in a relatively
weak field £ > E., which is an order of magnitude smaller
than the threshold field Ey;, for conventional breakdown. For
instance, in air at the atmospheric pressure, we have
Ep ~23kVem™' and E; ~2.16 kV em ™.

However, the condition E > E. alone is insufficient for a
runaway breakdown. The presence of fast seed electrons
with energies exceeding the critical runaway energy
¢>¢e = (0.1—1 MeV) is necessary. What is even more
important is that the spatial scale L of the constant electric

field in the matter must substantially exceed the characteristic
length of the exponential growth of the runaway avalanche,
l,: L > [,. The latter quantity proves to be very large in gas
media, which is the main obstruction to the realization of the
effect in question under laboratory conditions. For example,
in air under the atmospheric pressure, we have [, ~ 50 m.

At the same time, the situation is radically different in the
thunderstorm atmosphere. The characteristic sizes of clouds
L are there always much greater than /,. Fast seed electrons
are also constantly present, for they are effectively generated
by cosmic rays [the flux density of secondary electrons of
cosmic rays with energies £ > 1 MeV is of the order of
103 particles (m? s)~!]. Therefore, runaway breakdown is
quite possible in thunderclouds as soon as the electric field
reaches the value E.. As measurements show, such fields are
actually present. It is runaway breakdown that plays a
significant role in the recently discovered remarkable phe-
nomena such as giant high-altitude discharges (‘sprites’)
between thunderclouds and the ionosphere, powerful
gamma-ray and X-ray bursts, and others.

Attention should also be given to the specific physics
underlying these processes. The atmosphere is a rather dense
medium, where the free paths of both neutral molecules and
thermal electrons are only thousandths of a millimeter and
the lifetime of free electrons is tens of nanoseconds. In spite of
this, giant macroscopic (kilometer- and even several-kilo-
meter-scaled) processes determined by purely kinetic effects
occur in relatively weak electric fields. This is a really
wonderful physical phenomenon.

In this review we elucidate the current state of the theory
of runaway breakdown and its manifestations in the thunder-
storm atmosphere. In Section 2 we briefly present a simple
physical theory of runaway breakdown. A consistent kinetic
theory is given at length in Section 3. There we formulate the
kinetic equation and derive expressions for all collision
integrals, including the ionization integral and the integrals
of generation of radiation and electron—positron pairs.
Section 4 presents numerical and analytical solutions to the
kinetic equation. Different asymptotics are obtained for the
distribution function. The parameter of the exponential
growth and the characteristic spatial scale of the avalanche
of fast electrons are determined. Conditions for the occur-
rence of a runaway breakdown in the thunderstorm atmo-
sphere are analyzed in Section 5. In Section 6 we briefly
describe observational data on giant high-altitude discharges
(sprites) and compare them with the results of theoretical
simulations. In Section 7 the results of the theory are
compared with new observational data on lightning dis-
charges in thunderclouds obtained using airplanes and
probe balloons. The fundamentally important role of cosmic
rays in the generation of a runaway breakdown is stressed in
Section 8, which describes the results of experiments carried
out on special high-altitude stands during thunderstorms.
Section 9 gives the results of runaway-breakdown simulations
in laboratory conditions using the cyclotron resonance
phenomenon. In conclusion, possibilities of the realization
of the effect under study in dense media are briefly discussed.
The implementation of such a project would have interesting
prospects for various applications.

2. Runaway breakdown (elementary theory)

Runaway breakdown was first predicted theoretically by
A V Gurevich, G M Milikh, and R A Roussel-Dupre in
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1992 [1]. This phenomenon has its origins in the interaction of
fast particles with matter. The braking force F acting on an
energetic particle in matter is determined by the ionization
losses described by the well-known Bethe formulas[9] and has
the form given in Fig. 1. In the nonrelativistic region, which is
of greatest interest for us, F'is specified by the simple formula
[13]:

2ne*ZNp e
F=—In—. 1
3 n J. (1)

Here ¢ is the particle energy, Ny, is the molecule density, Z is
the average number of electrons in a molecule, and J; is an
energy of the order of Zg; (¢ is the ionization energy). The
equation shows that the force F decreases with increasing
electron energy. This is due to the specific features of the
Coulomb interaction (see Fig. 1). The decrease in the braking
force becomes smaller owing to relativistic effects, and for
¢ = 1.4 MeV the force reaches its minimum value

4ne*Z N

Fmin = B
mc

a, a=1l. (2)
Further, it increases slowly (logarithmically) with increasing
€.

Runaway electrons can be generated in the region where
the friction force decreases. If a constant field of strength

Fin _ 4ne’ZN,
E>EC: ZmIsza (3)

is present in a medium, an electron with a sufficiently high
energy ¢ > &, where

S ZE_ZC? me?, 4)
will be continuously accelerated by this field (see Fig. 1). The
possibility of runaway for fast electrons in the atmosphere
under the influence of thunderstorm fields was first pointed
out by Wilson [14].

As shown in the introduction, the generation of secondary
electrons via ionization of neutral molecules by fast particles
can induce an exponentially growing avalanche of runaway
electrons.

Note that, in a very strong field corresponding to the
maximum braking force Fiax = eE., in a neutral gas [10],

Ane3ZNy
E 2 Ecn - 272; ) z 19

all plasma electrons quickly pass over to the acceleration
regime. High fields close to E., are used in high-current
electronics [2, 15]. The critical field for the runaway break-
down considered here corresponds to the minimum braking
force (2). The critical-field-strength ratio is

Een o Frnax - me?

E.  Fyn 272a%

~ 200.

Thus, runaway breakdown occurs in a relatively weak
field, which is much weaker than not only E, but also the
threshold field Ey;, of normal breakdown.

The runaway breakdown theory has been developed both
in an elementary hydrodynamic approximation [1, 16] and in
the framework of a consistent kinetic theory [17—24].

We shall first consider a simple elementary theory. In this
case, a leading role is played by electrons of energy ¢ close to &
(4). Indeed, the motion of an electron in the direction of a
constant electric field E is described by the equation

dv
MEZeEM—F(SL (5)

where F (&) is the braking force (1) acting on the electron and u
is the cosine of the angle between the direction of the electron
velocity v and the direction of the electric field E. Considering
for simplicity the motion along the field (1 = 1), we obtain

from (5)
o2 (5-£9). ©

It follows from (6) and (1)—(4) that the field strength is
E > F(e)/e for electrons with energies ¢ > ¢, and these
electrons accelerate, i.e., become runaway electrons. On the
contrary, E < F/e for ¢ < ¢, and such electrons decelerate
rapidly.

We now take into account that fast electrons in matter
lose their energy basically as a result of the ionization of
molecules [9]. The ionization releases a new electron of energy
¢1. The number of electrons with energies exceeding ¢; that are
produced through the ionization of molecules by a fast
particle of energy ¢ > & per unit length ds is determined by
the formula [13]

ds _
dr

dN(ey) nZNpe* )
ds  mc2

If & > ¢, all newly produced electrons become runaway
electrons. Then the characteristic length of runaway-electron
generation can be determined from (4) and (7):

Lo (SN ) E
7 \ds /) _ T 2nZNpe* E

&l =&

The total growth of the number of runaway electrons will
then be described by the expression

dv 1
E*ENfa (8)

where Ny is the number of fast electrons with energies & > &.
We now take into account the fact that fast electrons Ny are
the same as runaway electrons, but additionally accelerated
by the electric field. Let us introduce the characteristic
acceleration length sy over which an electron gains an energy
&.. Then, if a newly produced electron has the energy &, at a
distance of s it will already have 2¢. and will therefore be able
to produce an electron of energy &, remaining a runaway
electron (& = &). In other words, Ny = N(s — 5¢) in equation
(21), which can thus be rewritten as

dN _ N(S — S())
ds I ’

The solution of this equation is

N:Noexp;;,
1
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where the parameter /; is specified by the relation

11 e S0 -
[a *P ll B

From this, assuming that so//; < 1 (this condition is typically
well satisfied [1]), we obtain

N:Noexp%, 11=1a<1+‘;—°> ~1,.
1

Thus, in the conditions considered, runaway electrons
form an avalanche, which grows exponentially over the
characteristic length /,. In particular, for air we have

ly =

(me?)? E. E, Nm
T 2nNpmZe* E T

-1
Omx (5710w cm*3> - )

Along with runaway electrons, the number of slow
thermal electrons also increases exponentially. Their number
is of course much larger than that of runaway electrons. This
leads to a rapid growth in the electrical conductivity of the
medium, that is, to an electrical breakdown. We emphasize
that, as can be seen from (9), in the atmosphere near the
Earth’s surface, the characteristic length of the avalanche due
to a runaway breakdown is several tens of meters. It increases
further with height (because of the decrease in Ny,).

3. Kinetic equation for fast electrons in matter

3.1 Kinetic equation

The elementary runaway-breakdown theory presented above
is extremely simplified. It considers the braking of only one
electron and disregards the scattering of fast electrons by
electrons and the nuclei of molecules, radiation losses, and the
energy and momentum distribution function of fast electrons.

Furthermore, the X-ray and y-ray quanta emitted by fast
electrons can in themselves ionize molecules and, when
interacting with molecular nuclei, produce electron—posi-
tron pairs. Thus, a whole complex of associated processes
induced by relativistic runaway electrons and by the radiation
generated by these electrons occur in a constant electric field.
Certainly, an exhaustive description of these processes can
only be given within the framework of a consistent kinetic
theory, with a simultaneous consideration of the kinetic
equations for electrons, photons, and positrons.

However, this general system of equations can be
substantially simplified for the theory of the phenomenon of
interest, namely, runaway breakdown (RB). The point is that
RB is determined by ionization processes. At the same time,
the emission of photons and, accordingly, photoionization is
parametrically weaker than the ionization by head-on
electron impact: the small parameter is the fine-structure
constant [25]

(10)

The same refers to the generation of electron—positron pairs
[25]. No less important is the specific behavior of the electron
distribution function. As will be shown below, as an RB takes
place, the distribution function in the nonrelativistic region
increases very rapidly with decreasing electron energy ¢. As a

result, the overwhelming contribution to the generation of
runaway electrons comes from the region of energies close to
the critical runaway energy ¢ ~ & (4). In this energy range,
only the ionization by head-on electron impact is important
— the so-called ionization loss of fast electrons in matter.
Hence, the leading contribution to the runaway break-
down is made by the ionization loss, which means that the
process in question can be described by a single equation for
fast electrons in matter:
of  _of of

oY kY —sirE.
o TP o T F gy =S m)

(11)
Here f(r,p,?) is the distribution function of electrons over
coordinates r and momenta p, E is the electric field strength,
and S is the collision integral dependent on the distribution
function of electrons, f, and neutral molecules, Fy,.

3.2 Collision integral
The collision integral for fast electrons in matter, S(f, Fin),
can be represented as

S(fs Fm) = St(f) + S1(/) + Si(f) - (12)
Here, St (/) describes the energy loss and the scattering of fast
electrons due to collisions with molecules, Si(f) is the
ionization integral describing the production of new elec-
trons, and S;(f) describes the generation of electron—
positron pairs.

It is of importance that, for the considered process of
runaway breakdown, the high-energy electron density N, is
much lower than the density N, of neutral molecules. This
means that the Boltzmann collision integral can be repre-
sented in the linear form

S(fs Fm) = J[ dv; dQ u[q_(u7 ) f(v)Fn(v1)

— (1,0 /(v F(¥))] (13)
Here v’, v and v{, v; are the velocities of electrons and
molecules, respectively, before and after the collision,
u=|v—yv|, 0 is the angle between u and v’ —v{, and
q+(0,u) is the differential cross section of collision.
Moreover, since we consider the kinetic equation only for
high-energy electrons with ¢ > &, where ¢; is the ionization
energy, the small parameter
<t (14)
&
allows an effective simplification of the collision integral (13).
Indeed, under condition (14), as collisions with fast electrons
take place, the electrons in molecules can be regarded as free
particles [10]. This means that the collision of high-energy
electrons with molecules can be regarded as collisions with
independent electrons and ions, i.e.,

Fon = Fe + F, (15)
where F; is the distribution function of ions and F. is the
distribution function of electrons in molecules. Then, in the
first approximation with respect to the small parameter (14),
the expression for the cross section ¢ in the collision integral
(13) is Coulomb-like and describes collisions of a high-energy
electron (/') both with an atomic electron () and anion (£).
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The Coulomb cross section has a singularity at very small and
very large scattering angles, which makes it possible (as is well
known [26, 27]) to represent the collision integral in a
differential form to a logarithmic accuracy. That is why, in
the conditions considered, the collision integral St acquires
the form [10, 24]

St(f) :1% % [p*(Fp + Fs)f(p, )]
+V(p)% (1—u2)%ﬁ;“) (16)

Here, p is the modulus of the electron momentum and y is the
cosine of the angle between the directions of the momentum p
and the electric field E. The effective braking force
F = Fp + Fp describes the fast-electron energy loss due to
ionization of molecules Fp (ionization loss) and generation of
radiation Fg (bremsstrahlung loss):

dne*NpnZ 92
Fp="mf L4 2= nz,
7 =1 i (17)

€4Nme 1 . }’l,'Zi2
FB=4°<—2(“/—1)<1112V—§>, C:Z :

mc Z

mc?

Here, Ny, is the molecular density, Z is the total number of
electrons in a molecule (#; is the number of atoms with charge
Z; in the molecule), y is the Lorentz factor of the electron,
& =mc*(y— 1) is its energy, and 4 = In(g/J.) is the Bethe
logarithm, J, = Zg; [see (1)].

The effective frequency v(p) of fast-electron scattering is
mainly determined by its interaction with atomic nuclei:

V(p)IFD%.

(18)
Note that, although the force Fp is proportional to the small
parameter «, as can be seen from (17), it increases effectively
with y and can become dominant for a high-energy electron.

3.3 Ionization integral

The main role in runaway breakdown is naturally played by
ionization processes. At the same time, the number of high-
energy electrons in the collision integral (16), (17) is readily
seen to be conserved. That is why, to investigate the ionization
effects, we have to make calculations with a higher accuracy
than for the Landau integral. Ionization is the result of
collisions between high-energy and atomic electrons. This
process is fully described by the Boltzmann collision integral
(13), where, according to (15), we should replace the
distribution function Fy, by Fe:

SUf, F) = ” dv dQulg_(u,0)f (V) Fu(v1)

— (0 0) f(V)F))] (19)
As noted above, we do not need considering collisions
between fast particles (o ff) because their number N, is
small compared to N,,. Atomic electrons do not collide at all.

The total Coulomb cross section ¢(u, 0) in (19) consists of
three terms [28]:

g(u,0) = ¢V —g® +¢©, (20)

1123
which are specified by the following relations
2
g = (i) L
mu?) sin*(0/2)’
2 2
@ (£ ! (1)
q 2 .2 B )
mu~/ sin“(0/2)cos?(0/2)

g0 = (6’2)21 ,
mu?) cos*(60/2)

Here, e and m are the electron charge and electron mass, and 0
is the scattering angle. These terms formally appear in
quantum-mechanical considerations because of the identity
of particles, but they differ in physical meaning. The first term
g is the Rutherford cross section that describes the
scattering of an incident high-energy electron, and the
second term describes the exchange process in which an
incident high-energy electron becomes a low-energy atomic
electron and an atomic electron acquires a high energy. The
third term reflects the arrival of newly born electrons. It is this
third term in ¢, that is responsible for the ionization-induced
increase in the number of fast electrons. We emphasize that
the corresponding term responsible for the escape is absent.
Indeed, such a process would correspond to the collision of
two high-energy electrons with a low-energy electron pro-
duced. But in the processes of arrival this term is proportional
to Fp,f, while in the processes of escape it is proportional to
/2, and, since N, <€ Ny, we can discard it and consider the
terms linear in f.

Thus, the arrival term ¢, and the escape term ¢_ can be

represented as

4+(,0) = ¢ —q? +¢¥, g (u,0)=q" —¢P. (22)
The law of conservation of particles in the Boltzmann
collision integral is obeyed provided that ¢_ = g,. We can
see that, in our case, this condition is not met; namely, the
third term in (20), (21) is not balanced and describes the
increase in the number of high-energy electrons.

The singular character of the Coulomb interaction cross
section leads to the appearance of strong singularities in the
kinetic equation (19). A special analysis is needed to remove
these singularities correctly. In the next section, this will be
done for the simplest case of a nonrelativistic, spherically
symmetric distribution function. A general analysis of the
‘elastic part’ of the Boltzmann collision integral was carried
out in Ref. [23], and the corresponding form of the total
ionization integral will be given below without derivation.

3.4 Spherically symmetric distribution function

For simplicity, we consider a spherically symmetric distribu-
tion function [f(v) = f(v)] of fast electrons. In the first order
with respect to the parameter (14), since the atomic electrons
are low-energy ones, we represent their distribution function
in the form of a delta function

F. = NnZo(vy). (23)
Here, Z is the total electric charge of atomic nuclei in
molecules [see (17)]; therefore, N, = ZNy,,. Now we integrate
the escape term in (19) over dv; to obtain

8nQ

ST =%
1)3

S J(Sinl3 B B sinﬁios2 [}) cosfdf, (24)
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where the notation

e? 2
0=z (3,

is introduced for compactness. The term (24) has a singularity
at f — 0.

To cut off the singularity, let us analyze the arrival term.
Since, according to (23), F, o d(v{), this term can be rewritten
as

St = NmZJJdvl dQuq. (u,0) f(v))d(v' —v—vy). (25)

In the nonrelativistic case, the conservation laws have the
form (for v{ = 0)

vVi—v—v =0, (26)
v12+1)2—v’2 =0.

The conservation laws (26) imply that the vectors v/, v, and v,
form a right-angled triangle. In view of this, after the
integration of the delta function in equation (25) over dvy,
the arrival term can be written as

S+:Jd94+(\/v2+(V*V’)270)\/v2+(v7v’)2

x f(v2+ (v —v)).

(27)

Elementary geometric constructions easily transform the
integral (27) to the form

v

R ST:QJsinﬁq+ (ﬁ , 2ﬁ> vf(—) dg.  (28)

cos f

In view of (21), we find that the arrival term also has a
singularity at f — 0. Next, taking into account the normal-
ization of the distribution function

4 v v 2d v -N
an<cos [f) (cos [3) <cos ﬁ) e

we represent the Boltzmann collision integral as

S=St-8§",

810 [cospdp sin®g sin?p\ ./ v
Si—J {(]+cos4[f—cos2ﬁ)f(cosﬁ>
sin®
_cos2ﬁ> f(v)} '

v3 ) sin’p

_ (1
Thus, we can see that the strong singularities that were present
in the original equation (29) are now canceled out. Only the
logarithmic singularity remains that normally occurs in the
Landau collision integral.

It is convenient to transform the integral obtained to a

new form. To this end, we introduce the variable W instead of

p:

(29)

€
W cos’ f. (30)

Here, ¢ is the kinetic energy of the fast electron and W is its
energy before the collision. In the new variables (30), the

Boltzmann collision integral (29) becomes

S=8t-5",

s = el { [ oo

s =l Al -mw=s o} ow ov

The arrival term S is analogous to the well-known Moller
formula that describes both the ionization (the first term) and
the scattering of electrons [29].

We single out the ionization term to obtain

S:St+S],

st~ ). Lo~
0 [

Si= m1/2¢5/2

F(W)dw. (32)

&

After the integration by parts, the scattering integral St can be
rewritten as

4nQ ~ dF
St = A —
vme  de

4nQ (< (W w d*F
+WJ {8 {“‘(s _1> _1] +1}dW2 aw. (33)
Here A is the Coulomb logarithm. The first right-hand term
in (33) is the friction force of a high-energy electron in a gas.
The integral term in (33) is not divergent and has a slow
logarithmic function in the integrand. As usually, we neglect
this slow variation in the integration in (33) assuming
In(...) ~ const. This integration implies a renormalization
of the logarithm. Upon substituting the renormalized loga-
rithm A for A in (33), we finally obtain the Boltzmann
collision integral for a spherically symmetric function in the
form

S =

F(W)dw.

4nQ  dF  4nQ J°° (34)

Vme " de T m1/2e52

Here the first right-hand term completely takes into account
the energy loss by fast electrons and the second, the
ionization-induced increase in their number. One can see
that the first term proportional to the Coulomb logarithm A
is the leading one. The second (ionization) term is a
nonlogarithmic correction to the Landau integral.

&

3.5 The general form of the ionization integral
We shall now present the general form of the relativistic
ionization integral [23]:

S] = Nm’U

2nZe4J°° y!? [l 1
_—_— X

me? ), 1T (W medy

< [ Se [P vn )00 - ) aw (35)

2n
(L)' sin¢\/u12 —p2+ (1= pf)sin® ¢
pt+ (1= pd)sin®

1y = e(W + 2me?) 1/2. y,:1+ﬁ
0 W(e + 2mc?) '
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Here, u is the cosine of the polar angle, ¢ is the azimuthal
angle between the direction of the electron momentum p’
before the collisions and the direction of the electric field E,
the term o(p; — o) expresses the momentum conservation
law, and & = mc?(y — 1) is the kinetic energy of the electron.
In the nonrelativistic limit the integral (35) can be substan-
tially simplified:

Q o0
S[ :m . dw

XLM (m u\/>+\/— lffcosqﬁ) f (36)

Note that, when integrating expression (36) over the angle d¢,
it is convenient to employ the Legendre polynomial expan-
sion of the distribution function of fast electrons f(v)

[v=|v| =/(2¢/m) |
WL

/=0

(37)

Applying the summation theorem for Legendre polynomials,
after integration over d¢), we obtain

5ot

In other words, the ionization integral can be represented by a
Legendre polynomial expansion into independent compo-
nents Sjy;.

(38)

4. Runaway breakdown (kinetic theory)

4.1 Statement of the problem

In the kinetic theory, the problem of runaway breakdown is
formulated as follows. Fast electrons in matter, described by
the kinetic equation (11), are considered. In a simple
statement, the electric field E, the density Ny, of neutrals and
their charge Z can be assumed to be constant. In this case, a
homogeneous solution to equation (11), independent of
spatial coordinates, is considered, i.e., the kinetic equation
(11)is solved only in the momentum space (p) or in the energy
(¢) and angular-momentum (u) space. This particular
statement of the problem will be considered below, except in
the last two sections.

The boundary condition at high energies (y — o0) is
obvious: f'= 0. In the region of relatively low, nonrelativistic
energies ¢ < &, a natural condition is a free particle outflow to
low energies. It is this condition that determines the runaway
breakdown for which the processes in the low-energy range
¢ < g; are not important.

In view of the linearity of the kinetic equation, its solution
in a homogeneous medium under the indicated boundary
conditions can asymptotically be exponential in time and no
other:

Socexp (41). (39)
The runaway breakdown will then be realized only if 2 > 0 for
all eigenvalues. The proof of the existence of a solution with
positive 4 values and the evaluation of this parameter or the
time T = 1/4 of the exponential growth of the number of
runaway electrons (and the characteristic avalanche growth

length /, = ¢/A) and other parameters are the main problems
of the breakdown theory.

An important specific feature of runaway breakdown is
the necessity of the existence of high-energy seed particles. In
the kinetic language this means that both the very possibility
of breakdown and its parameters may depend on the form of
the initial distribution function of electrons. The investigation
of this RB feature is among the principal problems of kinetic
theory.

4.2 The structure of the distribution function

The variation of the friction force F' = Fp + Fp acting on a
fast electron is shown in Fig. 2 with allowance for the
ionization and bremsstrahlung losses. It can be seen that, as
in the elementary theory, the runaway of electrons is possible
in a constant electric field for £ > E. (3). In this case, for low
energies (¢ < mc?) the boundary of the runaway region is, as
before, determined by the ionization loss (1) (F = Fp) and for
higher electron energies by the bremsstrahlung loss (17)
(F = Fg) with much weaker ionization losses. Hence, it is
the bremsstrahlung loss (neglected in the elementary theory)
that in fact determines the size A¢; of the runaway region:

na E

Aey = £ — e A mMC? ———— —
fr = fa T ke M oaZln (2y) E;

(40)
We can see that the highest energy &, of runaway electrons
increases nearly linearly with increasing E/E. because
& > &. For instance, in air it reaches 430 MeV at E/E; = 5
and 850 MeV at E/E, = 10.

In the theory of runaway electrons in a fully ionized
plasma, the main reservoir that supplies electrons to the
runaway region is a large mass of thermal plasma [10]. No
such mass exists in the runaway breakdown theory, in which
electrons themselves are generated owing to ionization
processes. Therefore, a decisive influence on both the very
possibility of breakdown and the structure of the distribution
function is exerted by the ionization integral (35).

Numerical solutions to the kinetic equation (11) have been
obtained in Refs [17—24]. The moderate-energy range
y < Z/2 stands out, where an important role is played by
the scattering by atomic nuclei described in (16) by the term
proportional to the scattering frequency v(p). In this region,

7 50 7, 100 150

Figure 2. Friction force Fnormalized to F,i, as a function of the relativistic
electron energy y = ¢/mc? + 1. The dashed line shows this dependence
with allowance for the ionization loss only; y; and 7y, are the boundaries of
the runaway region (40).
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the distribution function is two-dimensional in the space of
energy y and angular momentum u. For high valuesy > Z/2,
the scattering by nuclei becomes insignificant because the
scattering frequency v(p) falls as 1/ (18). In this region, the
spread in p is not large, and therefore high-energy electrons
move, in fact, along the field (u ~ 1) [24].

Examples of numerical solutions to the kinetic equation
are presented in Figs 3 and 4. Figure 3 shows that, for low
energies, the width of the angular distribution is appreciable.
For instance, at ¢ = 0.1 MeV, the function falls by 10% from
the direction of the electric field 6 = 0 (u = 1) to an angle of
0 = 50° (£ =0.672) and decreases 1.6 times to an angle of
6 =90° (u = 0). Only in the opposite direction (u = —1), the
decrease of f becomes large, reaching 5.3 times. As the energy
rises, the directivity increases considerably: for ¢ = 1 MeV,
the distribution function decreases 2.5 times from 6 = 0 to
0 = 50° and 9 times to the perpendicular direction (0 = 90°).
For an energy of 5 MeV, the directivity is already very high.
Thus, in full accordance with the above qualitative analysis,
the numerical solution demonstrates a strong directivity of
the distribution function along the electric field in the region
of high electron energies. As 7y increases, it falls exponentially
and vanishes in any case near the runaway boundary at high
energies &, i.e., near the second point of intersection of eE
with F (see Fig. 2). In the low-energy range, the distribution
function grows effectively with falling &:

fre !

(41)

1078 kL .

-1 0 1 2
10 10 10 6. MeV 10

1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140

0, grad

Figure 3. Dependence of the distribution function f for E/E, =2 (a) on
the electron energy ¢ for different values of the angular momentum g and
(b) on the angle 0 = arccos u for different values of the energy e.

Fy
2 -
1 -
16
0 4 8 12 . 16

Figure 4. Pre-exponential function Fy for E/E. = 1.21 and y, = 10 at
different instants of time ¢: light solid line, ¢t = 5.6; dashed line, 7 = 28;
dotted line, ¢ = 84; dash-and-dot line, # = 84; heavy solid line, 7 = 112 [the
time ¢ is normalized to ¢, (45)].

The influence of the initial distribution on the develop-
ment of the solution was investigated numerically in Ref. [24],
where the initial function f;, was chosen in the form of a
narrow seed beam near a given energy &. If the energy is
& < &, the solution of the kinetic equation (11) with a
positive 4 (39) is absent whatever the strength of the electric
field. In other words, runaway breakdown is not realized in
this case. This fully corresponds to the elementary theory: for
a runaway breakdown to be realized, seed electrons of
energies ¢ > & are necessary.

If ey > &, a breakdown occurs, and the function f(y, ¢) for
large t grows exponentially with time:

f(,0) = Fo(y) exp (1) .

It is of importance that the exponent 4 is virtually independent
of Fy and of the energy &y of the initial beam. Thus, provided
that gy > &, the initial form of the distribution function
virtually does not affect the character of its exponential
growth or the increase of the number of fast electrons (Fig. 5).

(42)

4.8

InN

4.4

4.0

36 b

Figure 5. Runaway electron density N as a function of time ¢ for various
energies ), of the initial beam. The time ¢ is normalized to ¢y and the density
N to the initial electron density N in the beam. At the initial moment, for
any 7y, the increase of N is extremely sharp and is associated with the
generation of slow electrons (41).
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It can also be seen from Fig. 4 that the electron energy in
the seed beam increases with time. This is natural, since the
runaway electrons are accelerated by the field. At the same
time, the relative magnitude of the seed part of the distribution
function decreases exponentially with time. This is due to the
fact that, in the course of the breakdown, it is only the
eigenfunction of the solution corresponding to the maximum
eigenvalue A of the kinetic equation (11) that grows exponen-
tially with time. As a result, the solution Fy(y) established
asymptotically as is completely independent of the initial
distribution function if the condition 4 > 0 is met.

4.3 The time of exponential growth

The time of the exponential growth of the solution, 1 = 1/4,
depends essentially on the magnitude of the electric field. It
decreases with increasing E/E. approximately as (E./E)>>.
The results of the numerical calculations of the quantity 4
[18—21, 24] are summarized in Fig. 6, where the approximate
dependence obtained in the analytical theory is also presented
[see (53) below]. Note that Fig. 6 shows only a solution to the
kinetic equation (11). The results of Monte Carlo calculations
yield somewhat different numerical values of A [21]; the
reason for this difference is not yet clear.

The solid line in Fig. 6 describes the characteristic
parameter of the avalanche of runaway electrons, I,
determined according to the ‘elementary’ theory (9). We can
see that the ‘elementary’ theory is in reasonable agreement
with the exact kinetic calculation. The reason is that the main
role in the breakdown is played by electrons with energies
close to &.

We emphasize that the parameter A turns out to be
negative (4 < 0), that is, the runaway breakdown does not
occur in the cases where

(1) the electric field E is not sufficiently strong, i.e.,
E < E;

(2) there are no fast seed electrons with energies &y > &;

(3) the distribution function f (v, u) of electrons is close to
a spherically symmetric function fy, i.e., it differs from f, only
by the first Legendre polynomial (37):

S (0, 1) = fo(v) + pfi(v) .-

This case embraces, for example, breakdown in an alternating
electric field or in a constant electric field perpendicular to a
magnetic field E L B (for B> F).

(43)

1.5

0.5

0

Figure 6. Dependence of 2 on d = E/E;: the points show the results of
numerical calculations, the dashed line is the analytical curve (53), and the
solid line represents the elementary theory (9) [ is expressed in 1/7) (45)].

As is well known, normal breakdown can be realized in all
these cases; it is quite analogous to breakdown in a constant
electric field and has a critical field £y, close in magnitude [30,
31]. This is not the case with runaway breakdown. Our
numerical and analytical analyses have shown that, when-
ever the distribution function is close to a spherically
symmetric one (43), the asymptotic solution of the kinetic
equation (11) has no positive roots A. This feature, i.c., the
necessity of a constant electric field that brings about a
noticeable asymmetry in the distribution function at & > ¢
for RB occurrence, also substantially distinguishes runaway
breakdown from other mechanisms of electrical breakdown
of matter.

4.4 Analysis of the asymptotic behavior

of the distribution function

The above considerations mainly concerned the results of
numerical calculations. In this section, we analyze the
asymptotic behavior of the solution of the kinetic equation
(11). It is natural to begin with an examination of the range of
moderate electron energies, where the dominant role is played
by the ionization losses:

2
In2(2y) < — (7).
vn(v)<azn 7.

(44)

For this region, it is convenient to introduce the dimensional
variables

v E t
=- 0=— Hh=— 45
u ¢ ) EC bl 1 tO ) ( )
where
E = 4nZe3 Ny, A, o= m2e? .
mc? 4met ZNpyA

As noted above, from the mathematical point of view, the
breakdown phenomenon implies that the asymptotic form of
the distribution function is (39)

f(uhuvtl) :f(u,,u) €Xp (;Ltl)v (46)

and we have to find the maximum positive eigenvalue A of the
linear equation

_ 2
R e et A G

Ou u op u3 ou ou
1 & (' fu dz
+ W;J0ﬁ<?> Pi(0)Pi(p) 5 - (47)

Here, the expansion (38) for the ionization integral in a
nonrelativistic region is taken into account.

A simple representation of the ionization integral in the
form (38) allows one to seek the solution in the form of a
Legendre polynomial expansion. From (37) and (47), we
obtain the following system of coupled equations:

o e AL a4 e

gy ) S i)
o, 1dpoe . S O 7 de
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For low particle velocities (125 < 1), equation (48) implies
that

—2-1/4 —1-1/[A(2¢-1)]

fi xu e

fafs~ o~ fi

Jo oxu

forefar o~ o,
This indicates that even for low velocities u the distribution
function is essentially anisotropic. Indeed, f, ~ fa ~ ... ~ fy,
although f; < fi. This corresponds to the results of numerical
calculations (see Fig. 3). The anisotropy is generated by the
ionization integral.

We shall now consider the solution of system (48) for high
velocities (28 > 1). We can make certain that, in this
approximation, the leading term for each polynomial f; has
the form

PREES O
i p 5” .

This structure of the coefficients of Legendre polynomial
expansion suggests that the distribution function tends to a
delta function. Indeed,

Pl =Y 720 = Y2 Pesp (=5 u)
J=0

7=0

:exp<—§ u)é(u— 1).

Thus, we can see that, with increasing particle energy,
the distribution function becomes strongly directed (see
Fig. 3). Furthermore, in spite of the fact that in the
nonrelativistic statement of the problem the electron energy
increases unlimitedly under the condition &> ¢, i.e.,
u? > 1/, the distribution function (49) that is established
at A > 0 falls exponentially (see Fig. 4). Physically, this can
be explained by the fact that, with increasing energy, the
efficiency of particle production weakens according to (34),
(35). That is why the appearance of particles at high
velocities is only due to the increase of their energy
under the effect of the electric field. The latter process is
proportional to the time (v=eEt/m), but, since the
distribution function itself increases exponentially in time
(46), the time-independent pre-exponential term in (46)
turns out to be exp(—Afy), where 127! is the time of
increase in the number of particles and 7y = mv/eE = u/d
is the acceleration time. Recall that we are considering
here a nonrelativistic theory (x> < 1) under the condition
1?9 > 1. This holds only in the case of a strong electric
field (6 > 1).

We will see below that 4 oc 6%/ [see (53)]. Therefore,
according to (49), for strong electric fields (6 > 1), the
distribution function falls sharply at high energies
(4?6 > 1). This fact suggests that the number of particles
with high relativistic energies is relatively small. Hence, even a
nonrelativistic theory can describe the runaway breakdown
phenomenon with a fairly good accuracy.

We now determine the rate of the exponential growth of
the distribution function in time. We take into account the
fact that the main role in the runaway breakdown for é > 11is
played by the moderate-energy range &~ ¢ ~ 1/0. This
makes it possible to simplify the collision integral and, upon
integrating equation (11) over the angular variable u, to

(49)

represent it as

U 51

0 oy LY, L[
Do s ) = s ot | bk,
1

us |,

(50)

RN
fo= ELJ‘(M,M) du.

Equation (50) possesses an important quantity: we can
eliminate the parameter of the electric field 6 from it.
Indeed, introducing the new variables

1=26%%, y=u?s2, @:exp<@>J fo(k)k dke
a /s
we bring equation (50) into the form
P
11—y’ — (2 e —— =o. 1
(1-po’ = (2 y1)e'- 12 —0 (51)

Next, taking into account that ¢ > 1 and using the technique
of matched asymptotic expansions in 1/a, we determine
implicitly the eigenvalue ¢ of the problem:

In a’ —1lna 1+2+ 1+4
M 1602) T2 2 a a

(52)

It follows herefrom that, to a logarithmic accuracy, the
growth rate is

0.6
Jm—— 532, (53)
a
To put it differently, the time 7 = 1/4 of the exponential
growth in dimensional variables is equal to [24]

m2e3 E\?
1= (= )
1.4ne4NypZ \ E

This value agrees well with the numerical results and with the
characteristic avalanche length /, = ¢t obtained from the
elementary theory (see Fig. 6).

(54)

4.5 Spatially nonuniform breakdown

It has been assumed above that both the electric field £ and
the flux of fast seed electrons are uniform in space. At the
same time, high-energy seed electrons may be rare. In this
case, the latter condition is not met. We will now therefore
consider how a runaway breakdown generated by a single fast
seed electron develops. Let s be the direction of motion of a
fast electron coincident with the direction of the electric field
E. Given this, the runaway breakdown develops not only in
the s direction, but also in the orthogonal plane r. In the
approximation of elementary theory, the process can be
described by the diffusion equation [16]

10 ON
so)—|—;5(Dr E) .

Here, N(s,r) is the number of fast electrons, /, is the
characteristic avalanche length, sy is the distance over which
an electron gains the energy necessary for the generation of a
new runaway electron, and D is the transverse diffusion

oN 1
=— N(s—

> L (55)
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coefficient. Diffusion is controlled by both the scattering of
fast electrons by molecular nuclei and the velocity spread of
newly generated electrons. Note that this problem was solved
not only in elementary theory but also in kinetic theory by the
Monte Carlo method [22]. The results of the calculations
proved to be fairly close.

The solution of equation (55) with the initial condition

Ny—o = Noo(ry)

has the form

N S — 8 r2
Nis,r) = 4rsD exp< Ly 4Ds) "

This demonstrates that the discharge spreads in the plane
orthogonal to the direction of the electric field and always
remains inside a cone with an angle of 6, = 24/D/I,:

r<rC:2\/IBs, 0<00:2,/12.

The cone is narrow and becomes narrower with increasing
field.

The spatial distribution of runaway-electron density is
plotted in Fig. 7. The figure demonstrates that, near the
asymptote 0. (shown by the dashed line), the density gradient
increases sharply. At the same time, near the discharge axis,
N(s,r) decreases only slightly compared to the exponentially
growing avalanche in a uniform flux.

(56)

Figure 7. Contours of runaway-electron density.

4.6 Runaway avalanches

in a nonuniform electric field

We have considered above the runaway breakdown in a
uniform electric field. In a nonuniform field E(r) the picture
is much more complicated, and the solution to the complete
kinetic equation should be analyzed. For simplicity, we
assume the electric field to vary in space only in magnitude
but not in direction, i.e., E = E(z). Then equation (11) can be
written as

of e of 1-p*of
wie s mo (w0 )

13 g 9
:F%(UzFDf)Jr%a((l*ﬂ2)£>+SI' (57)

We consider here not very high electron energies, in which
case the force F can be neglected to a first approximation.

A runaway breakdown occurs if E > E, and the scale of
the field nonuniformity L exceeds the characteristic ava-
lanche length /,. Moreover, seed electrons with energies
&> & (4) are necessary. We assume the intensity of the
source of seed electrons, ¢ = ¢(y), to be constant and the
electric field of strength E ~ E, to be localized in space:

22

E:Emax(l—ﬁ), —L<:z<L. (58)
This means that the breakdown is also localized in the region
E~ E., ie., it is a locally growing avalanche of runaway
electrons. In a uniform field, a rather good approximation is
that of a distribution function strongly directed along the
electric field. That is why, upon integrating equation (57) over
the angle u, we arrive at the following stationary equation for
the distribution function f'(y, u) of fast electrons:

021 L= 2467 1) [@n— B/} + S+ 40). (59)
z Oy

We use here the dimensionless variables substituting

z — z/l,, where [, is the characteristic length of the runaway

avalanche (&) is the friction force accordingly normalized),

and the electric field is

E(z)=0(1 - alzzz),

where 6 = E/E., aj = I,/ L. Then, as follows from (35), the
ionization integral is determined by the simple expression

S1=§J1 yzf(}zZ)[ ﬁ%}dy-

-1

The initial function f;(y) in equation (59) is determined by the
action of the source ¢(y), i.e., is a solution to the equation in
the absence of the electric field E(z). The same function serves
as a boundary condition for z = —1/a; = —L/I,. The natural
boundary condition in the energy space is f(y,z) — 0 as
y — 0.

Solutions of equation (59) are plotted in Figs 8 and 9. The
former presents the dependence of the distribution function

Figure 8. Energy dependence of the distribution function at various
altitudes z for Epax/E; = 1.1.
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Figure 9. Altitude dependence of the runaway-electron density N normal-
ized to the density ¢(7y) produced by the source.

on the energy 7y at various altitudes z. Its general form is
similar to that considered in the case of a uniform field. Figure
9 shows that the increase of the electric field, starting from the
point z = —5 (the parameter a; is taken equal to 0.2), is
accompanied by a rapid growth in the distribution function
f(y). Accordingly, the total number N of fast electrons
increases (see Fig. 9). At the point z = 0 the field reaches its
maximum. The maximum of N(z) is reached at the point
z = 2.3 somewhat displaced in the direction of the electron
motion. The displacement increases with increasing field
maximum 6 = Ep,x/E.. For Enax/Ec. > 1, one can clearly
see an avalanche-like growth in the number of fast electrons.
A sharp avalanche cut-off starts beyond the point at which
E(z) becomes smaller than E;. The maximum density N,y of
fast electrons, reached in an avalanche, grows exponentially
with increasing field E,y/E.. At the same time, the point zp,x
at which N(z) reaches its maximum shifts rather smoothly
with increasing Enax/Ec. For example, for Enax/E. = 1.2 we
have zmayx/la = 2.6.

On the whole, we can say that the number of fast electrons
in a nonuniform electric field increases in space as an
avalanche (i.e., exponentially sharply) in the range of E(z)
values exceeding E.. If the maximum electric-field strength
E.x does not reach E, such a growth is not observed. All
these specific features typical of runaway breakdown in a
nonuniform field manifest themselves only for sufficiently
large spatial scales L > [, of the nonuniformity region.

5. Conditions for the occurrence of runaway
breakdown in the atmosphere

As follows from the theory presented above, runaway break-
down can occur provided that
(1) the electric field strength E exceeds the critical value E,

Q):

E>E; (60)

(2) the spatial scale L on which condition (60) holds
substantially exceeds the length /, (9) of the exponential

growth of the avalanche:

L>ly; (61)
(3) fast seed electrons with energies
mc?E,
= 62
£> b= (62)

are present.

The most interesting among the presently known mani-
festations of RB are observed in the thunderstorm atmo-
sphere. We dwell on the main conditions for the occurrence of
this effect in the atmosphere.

The critical RB field in the atmosphere (3) is

kV z\ kV
E.=2.16 EXP:216exp<—E) —. (63)

m

Here, P is the air pressure (in atmospheres), z is the altitude
above sea level, and /& ~ 8 is the scale height of the atmo-
sphere. As noted in Section 3, the field E. is an order of
magnitude lower than the threshold field of normal break-
down

k
E[hﬁz?)—VXP.
cm

As follows from (63), the critical field E. falls exponentially
with altitude z. For example, at an altitude of z ~ 6.3 km, the
critical field is E. =100 kV m~! and at an altitude of
za~ 11km, E, =50kVm".

In thunderclouds the scale condition (61) is typically
fulfilled fairly well. Fast seed particles are here secondary
cosmic-ray electrons, whose mean flux density at altitudes of
4 -8 km is comparatively high [32—-34]:

& ~10°m2s7!. (64)

Thus, as soon as the electric field E in a thundercloud
reaches the value E; (63), the RB process can develop. Since
secondary cosmic-ray electrons have energies of up to 30 MeV
and move in all directions due to scattering by nuclei, the
breakdown can develop in any direction, either down to the
Earth or up to the ionosphere, depending on the sign of the
electric field. The main role is played here by the possibility of
the appearance of the necessary electric field, which depends
on the relation between the processes of generation and
relaxation of the field E.

The relaxation is determined by the air conductivity:

1, = (4mo) " (65)
Here, 7, is the relaxation time and o is the air conductivity.
This is the ion conductivity, since free thermal electrons in air
become attached to molecules very rapidly (within less than
10-7s). The conductivity depends on the ionization produced
by cosmic rays [32, 35, 36] and on the ion collision frequency,
which falls exponentially with altitude because of the
variation in the atmospheric density. Near the Earth’s
surface the relaxation time is 7. ~ 400 s [35]. The variation
of the relaxation time with altitude is shown in Fig. 10. At an
altitude of 10 km, 7, ~ 100 s and at 30— 50 km, it falls to 1 —
10 s. We emphasize that inside clouds the conductivity can fall
appreciably [35], i.e., the relaxation time can increase, because
of the trapping of some share of free ions by aerosols, water
droplets, and ice particles.
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Figure 10. Dependence of the relaxation time 7, on the altitude z.

It is natural to distinguish between two mechanisms of
electric field generation. The first one is the usual smooth
increase in the field inside and on the boundaries of the clouds
under the action of atmospheric winds, gravitational force,
and the trapping of charged particles by water droplets, ice
particles, and aerosols. The characteristic time of this process
is of the order of 1-10 min [35, 37, 38]. The second
mechanism is a sharp change of the charge in a cloud as a
result of a powerful electric discharge onto the Earth. The
characteristic time of this process is in the millisecond range.

Comparing the characteristic times of these processes with
the relaxation time leads us to the finding that a considerable
excess of the field £ over E. (63) is possible only in the latter
case. In a high-altitude region (z = 20— 50 km), as a result of
the fast field relaxation, the RB conditions can be satisfied
only over a rather short time A7 < 10 s. On the contrary, the
first regular process can lead only to fields E close to or
slightly exceeding E.. But the lifetime of such a field may be as
long as several minutes.

Fast field generation is obviously realized in upper
layers of the thunderstorm atmosphere, where a strong RB
can occur. The latter is possibly responsible for the giant
high-altitude discharges that will be discussed at length in
Section 6.

The process of regular field generation is significant in the
main zone of thunderclouds at altitudes of 4 — 8 km, where RB
proceeds softly as multiple micro-breakdowns. They have a
strong effect on the electrodynamics of the thundercloud and
are perhaps among the reasons for lightning generation. The
role of these processes will be discussed in Section 7.

6. High-altitude atmospheric discharges

6.1 Optical observations of high-altitude discharges
Glowing discharges above thunderclouds have been observed
for over a century [39 —43]. However, optical instruments that

allowed reliably determining the characteristics and structure
of these discharges, the frequency of their occurrence, and
their optical brightness in various optical ranges were created
only recently [44—56]. Measurements are carried out on
spacecraft and on aeroplanes flying above thunderclouds;
thunderstorms are also observed from the ground, near the
horizon. High-sensitivity TV cameras are used for the
observations.

An example of such high-altitude discharges from a
thundercloud into the ionosphere is shown in Fig. 11.
According to Refs [50—57], the discharge duration is 10—
200 ms, the altitudes are 25—100 km, and the horizontal
extent is 10— 50 km. The glow-intensity peak is observed at an
altitude of 50—60 km. The total volume of the radiating
region normally exceeds 1000 km? and the brightness is 10—
100 kR [rayleigh is an off-system unit of measurement used in
foreign literature; 1 R = 10° photons (cm? s)~!]. An extre-
mely, (1—5) x 10° kR bright burst of millisecond duration is
seen against the average background [54]. The high-altitude
discharge frequency above a large thunderstorm complex is
small, about 0.01 s~'. We note for comparison that, in
analogous conditions, the frequency of negative discharges
from clouds onto the Earth is of the order of 5s~! and that of
positive discharges is 0.3 s~! [35, 58, 59].

Figure 11. Example of a sprite discharge [52].

High-altitude discharges undoubtedly constitute a special
class of electric discharges in the atmosphere, which differ
appreciably from the ordinary lightning in their temporal and
spatial characteristics.

6.2 Radio observations at very low frequencies
The effect of atmospheric discharges upon very-low-fre-
quency (VLF) radio waves (f ~ 10—30 kHz) propagating in
the channel between the Earth’s surface and the ionosphere
have long been observed [60, 61]. They are commonly
associated with the precipitation of electrons from the
magnetosphere, due to the interaction with whistling atmo-
spherics (whistlers). The characteristic time of the develop-
ment of a perturbation in the lower atmosphere, caused by
electron precipitation, is of the order of 5 s [61, 62].

Much more rapid processes that induce perturbations and
are characterized by very short times of development
(< 10 ms) have recently been discovered [61]. An example is
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Figure 12. Jumps in (a) the VLF-signal amplitude and (b) in the intensity of
radio atmospherics. (c) Relaxation of the intensity of the VLF-signal
perturbation [61].

given in Fig. 12. At the moment of a VLF-signal jump at
28.5 kHz (Fig. 12a), the lightning discharge was recorded
optically and by the occurrence of atmospherics (Fig. 12b).
The development of a perturbation with a millisecond
duration can only be due to the direct action of a lightning
discharge on the lower ionosphere. However, an analysis of
the relaxation of the VLF-signal perturbation (Fig. 12b)
shows that the observed effect is due to precisely an increase
in the plasma ionization in the lower ionosphere at altitudes
of 60—85 km, because it is only an ionization perturbation
that relaxes within a time of the order of tens of seconds.

Thus, the study of VLF radio-wave propagation demon-
strates the presence of a substantial pulsed increase in the
ionization in the lower ionosphere, apparently due to high-
altitude discharges.

6.3 A model of high-altitude discharge

An important feature of the RB critical field is that it falls
exponentially rapidly with altitude (63). At the same time, the
air conductivity ¢ above 20—30 km is very high, so that, at
altitudes of 20—50 km, the constant electric field vanishes
owing to polarization within a time of the order of 10 s or even
shorter. Therefore, in a quasi-stationary state the field is
virtually absent there (E ~ 0).

However, after a strong positive discharge onto the Earth
(a positive lightning carries a charge of up to 100 C or more
[55, 35]), the balance is violated, and a field E that
substantially exceeds the critical field can occur over a large
space region for a short time (Fig.13). The electric field is then
directed to the Earth, i.e., it accelerates electrons towards the
ionosphere. Over a broad discharge area (S > 100 km?), the
flux of secondary cosmic ray seed electrons (64) is very large,
and even within a time of the order of 1 ms their total number
may be 106 —107.

A very simple model of such a system is shown in Fig. 13
[63]. In a cloud, 10 km in diameter, a layer of a positive 100-
C charge is located at an altitude of 18 km, while the
corresponding layer of negative charge lies at an altitude of
5 km. The electric field outside the cloud is screened by a
polarization-induced negative charge located at an altitude of
25 km and by a positive charge at the lower boundary of the
ionosphere, at an altitude of 70 km. Because of the screening,
the field is virtually absent at altitudes z > 25 km:
E=Er+Ep=0.

As a result of a positive discharge Q, the field Er
disappears inside the cloud, and a considerable electric field
Ep remains in the region between the upper boundary of the
cloud and the ionosphere. The distribution of this field over z,
along the axis of the system, 10 ps after the discharge is
presented in Fig. 14. We can see that, over a large altitude

Tonosphere
+ 4+ T+
| |
| |
| |
I I Ep
| |
| |
\ \
————————————— z~20km
(.(\/‘/\’\?\3 z =18 km
—
Q0. ~100C
—
Earth
77

Figure 13. Model for the appearance of conditions for a high-altitude
discharge.
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Figure 14. Dependence of the field £/E; on the altitude z.

range (from 20 km up to the lower ionosphere), the field £
exceeds the minimum runaway-breakdown field. For the
appearance of a polarization field compensating E in the
altitude range z < 50 km, a time of the order of several
seconds is needed. In this period, it becomes possible for a
giant high-altitude discharge to occur owing to a runaway
breakdown. The number of characteristic ionization lengths
ensuring the exponential RB growth is L/l,. When an RB
starts developing at an altitude of 20 km, this parameter is
fairly high: L/l, = 20—40. Owing to the exponential growth
of the avalanche and the large number of seed electrons, the
total number of high-energy electrons that create the
discharge to altitudes of about 50 km may reach very high
values of 10'°—10%. As a result of the diffusive beam
broadening (see Section 4.5) the width of the RB discharge
region at an altitude of 40— 60 km reaches 30 km. We have
given here only a simple example explaining the character of
the principal processes. Numerical models allowing both for
different initial charge distributions and for the development
of the breakdown in time are considered in more detail in
Refs [64 —73]. The general picture of a high-altitude discharge
remains unchanged, although details may, of course, differ
noticeably.

As pointed out above, positive discharges inside clouds or
from a cloud onto the Earth, which release negative charges of
the order of or larger than 100 C, have repeatedly been
observed during heavy thunderstorms [35, 58]. Moreover,
positive discharges onto the Earth, accompanied by extre-
mely large changes in the electric dipole moment, have
systematically been observed (with a probability of 90%)
simultaneously with high-altitude sprite discharges [55].
However, exceptions are also possible. For instance, accord-
ing to Ref. [74], a sprite was observed after a strong negative
discharge onto the Earth.

6.4 A model of optical emission
For high-energy electrons moving in air, the efficiency of the
optical emission generated by them in different spectral
regions is known [75—77]. In the conditions of interest,
&~ 0.1—10 MeV, it is practically independent of the energy
of fast electrons. This allows a rather accurate determination
of the runaway-discharge emission at various altitudes, where
blue radiation dominates below 50 km and red radiation at
higher altitudes. It is such a pattern that is observed in sprite
discharges. At ionospheric altitudes, in the upper part of a
sprite discharge, red radiation dominates, and the discharge is
smeared as the result of the diffusive beam scattering.

Let us note another important feature. The electric field E
substantially exceeds the minimum field E; in the vicinity of a

thundercloud (at altitudes of z ~ 15—25 km) and far from it
(at altitudes of z ~ 35—50 km). This is easy to understand: at
first, the decrease in the field E, determined by the increase in
the distance from the charge, prevails and then the exponen-
tial fall of the atmospheric density, which strongly reduces E.
(3) starts dominating. Thus, two regions where a runaway
breakdown can effectively develop, a near and a far one, can
be distinguished. In the intermediate region (z ~ 3035 km)
it develops only at especially high values of the released
charge Q. Qualitatively, this feature is always present and
depends only slightly on the chosen model.

Detailed calculations of the high-altitude discharge in
the RB model were carried out in a number of papers [63 —
73]. According to Refs [70, 73] the radiation due to a high-
energy electron beam can create millisecond pulses of giant
(several megarayleighs) intensity (Fig. 15). Much longer
(several tens of milliseconds) generation of radiation with
an intensity of tens of kilorayleighs is due to slower
electrons. The results of the calculations agree with
observational data [50—52, 56, 57].

104

10° |
102 -

10"

Intensity, kilorayleigh

10—1 | | |

0 20 40 60
1, ms

Figure 15. Time dependence of the radiation intensity [70].

It should be noted that this model proposed to explain the
optical emission of a sprite discharge and based on RB only is
not unique. Other possible mechanisms are also pointed out:
breakdown in a radiation field created by a superpowerful
intercloud discharge [78—80], breakdown in a quasi-static
field [81—84], or a combination of these with an RB [63, 70].
Effects of meteors on sprite generation have also been
reported [85, 86]. However, an important additional argu-
ment in favor of the direct relation between high-altitude
discharges and RB are the observed intense gamma-ray
pulses.

6.5 Gamma-ray bursts

The intense gamma-ray bursts observed on the Compton
satellite [87, 88] can be regarded as a confirmation of the
important role of RB in high-altitude discharges. It has been
established that gamma bursts come from the regions of the
most intense thunderstorm activity. The duration of gamma
bursts is several milliseconds and their energy spectrum
corresponds to the RB-produced spectrum. It can be noted
that, compared to observations of X-ray emission in
thunderclouds (see below), the spectrum is shifted toward
high energies (with a maximum near 300500 keV). This is
indicative of a large electron acceleration length and sub-
stantial losses of gamma radiation in the atmosphere, which
directly agrees with theory. The radiation intensity is very
high [of order 100 photons (cm2 s)~']. The results of model
RB calculations are in reasonable agreement with observa-
tions of gamma-ray bursts [17, 63, 68, 89].
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It should be emphasized that the one-to-one correspon-
dence of high-altitude discharges and powerful gamma-
emission pulses still remains a hypothesis although highly
plausible. No data of direct and simultaneous observations of
optical and gamma radiations from high-altitude discharges
are yet available.

6.6 High-energy electrons in the magnetosphere

It was shown in Ref. [90] that, if the runaway-breakdown
region reaches sufficiently high altitudes (z ~ 65—75 km), a
considerable flux of electrons with energies of the order of or
higher than 1 MeV can penetrate into the Earth’s magneto-
sphere. Fast electrons scattered by waves in the magneto-
sphere will find themselves in a magnetic trap, and then,
drifting in the magnetic field of the Earth, will gradually form
a radiation belt. Thus, according to the hypothesis [90], high-
altitude RB discharges can serve as a source of the inner
radiation belt of the Earth.

6.7 Generation of electron —positron pairs
Intense bursts of gamma rays of energies reaching several
mega-electron-volts should, according to the runaway break-
down theory, be accompanied by the production of electron —
positron pairs [24].

According to Ref. [25], the generation of N+~ pairs is
related to gamma-ray emission as follows:

Neve- _ TN,
N, 9N’

Here, N, is the number of intense gamma quanta and N is the
number of fast electrons. This relation makes it possible to
estimate the magnitude of the expected effect of the genera-
tion of observed gamma-ray bursts:

Neve- ~ 10°=10'0

where Ng+.- is the total number of generated pairs. In
observations they may show up as a narrow electron—
positron annihilation line.

7. Lightning discharges in the atmosphere

We shall now discuss the effect of RB on a number of
observed processes in the thunderstorm atmosphere within
the region of regular electric-field generation (z ~ 4—8 km).

7.1 Maximum electric field
First of all, numerous observations show that the maximum
electric fields Ep,x in thunderclouds in the atmosphere are far
from reaching the threshold fields for normal breakdown [58,
59, 35]. On the contrary, as will be seen below, they are close
to the critical RB field E. (63). Figure 16 gives examples of
balloon measurements of the electric field in thunderclouds.
The results are compared with the field E.(z) [91, 92]. We can
clearly see an exponential fall of the maximum strength of the
observed field En,x with the altitude z, which perfectly agrees
with formula (63). Another circumstance, no less important,
is that at Enax(z) = Ec(z) lightning discharges (L) often
occur, and the correlation is high. This fact has been specially
stressed in recent publications (see, e.g., the most exhaustive
contemporary monograph [35] devoted to thunderstorm
electricity).

Thus, as was predicted for the first time in Ref. [1], the
critical runaway-breakdown field and its altitude dependence

have a decisive effect on the actual distribution of thunder-
storm fields in the atmosphere. This suggests that the
principal electrodynamic processes during a thunderstorm
and perhaps also the generation of lightning discharges are
intimately related to RB. Below we present other confirma-
tions for the substantial RB effect upon thunderstorm
processes.

7.2 Anomalous X-ray bursts

Strong and fairly long X-ray bursts have been discovered in
the energy range of 30— 120 keV. In airborne [93] and balloon
[94—-96] observations, the intensity of X-ray emission
increased within several seconds by two or three orders of
magnitude compared to the standard background due to
cosmic rays. An example is given in Fig. 17. Measurements
were performed on a balloon rising in a thundercloud at a
velocity of 5 m s~!. We can see that the total duration of the
X-ray burst was longer than 1 min. Its development and the
intensity falls correlate with the occurrence of lightnings.
Analogous X-ray bursts have recently been discovered in
high-altitude (12 km) balloon observations near the upper
boundary of thunderclouds (the so-called ‘anvil’) [97].

According to the theory [1], X-ray bursts are associated
with multiple runaway micro-breakdowns (RMB) that occur
over vast areas of the order of several square kilometers. Since
thunderclouds have a plane-layered structure, the mean
electric field in them is close in direction to the vertical z;
then, if the conditions (61) and (63) hold, each secondary
electron of cosmic rays generates a runaway avalanche in the
thundercloud. The number of fast electrons will thus grow
rapidly. This process, called RMB, is precisely the reason for
the observed X-ray bursts.

The calculation results [98] for the intensity and spectrum
of RMB-induced X-ray radiation are plotted in Fig. 18, which
shows that the spectrum is surprisingly stable and depends
only slightly on the position of the observer. It always has a
pronounced peak in the region of 50— 60 keV and falls rapidly
towards both low energies (owing to photoionization) and
high energies, 100— 150 keV (owing to Compton losses). As to
the X-ray radiation intensity, it reaches its maximum in the
vicinity of the electric field maximum, i.e., the X-ray radiation
maximum is shifted by about 100—200 m in the direction of
electron motion (see Fig. 18). It is very important that, away
from the maximum, the X-ray radiation intensity falls sharply
(see Fig. 18), and even at a distance of the order of 1 —1.5 km
from the electric-field maximum it is virtually undistinguish-
able from the background.

The above-presented calculation results for anomalous X-
ray bursts due to RMB suggest two conclusions important for
observations:

(1) the spectrum has a standard form with a characteristic
maximum in the region of 50 —60 keV;

(2) intense radiation can be observed only within 1—
1.5 km altitude limits from the electric-field maximum. This
means that X-ray emission from RMB can actually be
observed only for z > 2.5-3 km since, according to numer-
ous measurements, values |E| ~ E, are reached in thunder-
clouds only at altitudes z > 4 km (see Fig. 16).

Both conclusions are confirmed by observations [93—97].
It should also be noted that, according to calculations [98],
appreciable increases in the number of fast electrons and in
the X-ray emission generated by these electrons occur already
in pre-breakdown conditions, as the field E approaches E.
(more precisely, for E > 0.95E,).
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Figure 16. Comparison of the altitude (z) dependence of the balloon-measured electric field £ with that of the critical field E.(z). The arrows L mark

lightning events [91].

7.3 Anomalous growth of conductivity

The conductivity ¢ of the atmosphere is determined by the
ionization of air by cosmic rays. In the presence of clouds or
rainfall near the Earth’s surface (at altitudes of up to 2 km), a
significant contribution is made by the radiation of radio-
active elements. In a clear sky, the ion concentration is of the
order of 10° cm™3, which corresponds to an electric-field
relaxation time of 7, = (411(7)71 ~ 400 s (see Fig. 10). The
conductivity o o v, increases rapidly with altitude owing to
the decrease in the number of collisions v,, as the molecule
concentration Ny, falls (see Fig. 10). In clouds, on the
contrary, the conductivity may lower owing to the attach-
ment of charges to water droplets and aerosols [35].

As an RMB occurs, the number of high-energy electrons
and, accordingly, the number of ionization events in a layer
100—500 m thick strongly increase in the vicinity of the
thunderstorm-field maximum (see Fig. 9). Correspondingly,
the X-ray radiation intensity also grows sharply (see Fig.
18). Using the experimental data [94, 95] on the increase of

the X-ray radiation intensity (10>2—10%) we can estimate the
number of exponents in the accelerating layer z ~ (5—6)/,
under the actual conditions and thus determine the number
of fast electrons generated by one primary particle. It is,
however, of importance that, according to the RB theory,
the distribution function of fast electrons increases effec-
tively with decreasing electron energy not only for ¢ > & (4),
but also in the region of low energies ¢ < & (41) (see Figs 4,
8). All these electrons —  both high-energy
(e > & ~ 10% keV) and fairly low-energy (up to the max-
imum ionization cross section, ¢ ~0.1—-1 keV) ones —
make a substantial contribution to the ionization of the
atmosphere. For this reason, the free-electron generation
intensity Q. in a layer of thickness of order /, increases
appreciably near the RB-region boundary:

dN, i e
0. == [s deoexpG) & (66)
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Figure 17. (a) Electric field E and (b) intensity / of X-ray radiation as
functions of altitude z during a burst for 3.7 < z < 4.2 km. At altitudes
z < 3.7km and z > 4.2 km the background of X-ray radiation is standard
[94].
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Figure 18. Dependence of the X-ray radiation intensity on the energy of
quanta g, for various z values. The altitude z is expressed in the units of Z,
(9) (in clouds, I, ~ 70—100 m) and is measured from the position of the
electric-field maximum Epax (58). The value of Eyax/E. is indicated in the
figure.

Here, Qo is the intensity of free-electron generation by the
cosmic-ray flux in the atmosphere; L is the size of the RB
region, i.e., the region where E(z) > E; and ¢; is the mean air-
molecule ionization energy. The integration in (66) takes into
account the expressions for the distribution function
(41), (56).

It is noteworthy that all newly born electrons that initially
have an energy of several electron-volts lose it within a very

short time of ~ 1078 s owing to inelastic interactions with air
molecules [31]. Furthermore, because of triple collisions,
electrons attach themselves rapidly to O, and H,O molecules
to form negative ions [31]. The characteristic lifetime of a free
electron at altitudes of thunderclouds is as short as about 70 —
100 ns [99, 100]. Thus, electrons disappear rather rapidly, but
at the same time, the densities of positive (N,") and negative
(V;7) ions in the perturbed layer of the atmosphere increase.
It is the ions that determine the increase of the conductivity in
the RMB region (although, as noticed in Ref. [100], the
electrons can contribute to the increase of conductivity, in
spite of their very short lifetime).

Let us estimate the contribution due to ions. The growth
of ion concentration N* in air is

dn;

dt

= *ariNi2 +0i. (67)
Here, Q; is the ion source and o, is the recombination
coefficient of ions (cm? s~!) determined by triple collisions
[31]:

N, 300\
~ -6 m
i =810 W(T) '

Under normal conditions, i.e., in the absence of a runaway
breakdown, the total ionization by cosmic rays yields
Qo = 3 cm 3 s~!. Then, for stationary conditions, we obtain
from (67) and (68):

(68)

Ni~100em™, oi~2x10%s7!, 1~400s.
These estimates are typical of fine weather and their values
and altitude dependence are well studied [32 — 36].

The situation changes radically under RMB conditions.
The ion source Q; = Q. is described by formula (66); there-
fore, we find

N~ (5-8) x 10* em ™2,
T/ (4-6)s.

g~ (2-3)x1072s7!,

Thus, under RMB conditions in a thundercloud, within a
time of several tens of seconds, the ion concentration
increases by 1.5—2 orders of magnitude [100]. A layer of
anomalously high conductivity appears, which should natu-
rally have a strong effect on the electrodynamic processes in
the thundercloud.

We emphasize that, according to calculations [98], the
number of fast electrons changes many-fold as the ratio E/E,
changes by a mere 10% (see Fig. 9, 0.9 < E/E. < 1.1). For
this reason, in the real conditions of a thundercloud, the ion
concentration and, therefore, the anomalously high conduc-
tivity occurring in the layer at E~ E. can also change
radically. Thus, the above estimates only refer to the
‘average anomalous conductivity’. The actual conductivity
may, however, exhibit strong fluctuations, including spatial
fluctuations inside the layer, and the departures of the
conductivity from this average may severalfold exceed the
latter.

Note that the above-presented estimate of the increase in
the conductivity should be treated as a preliminary one. It
disregarded, for instance, the absorption of free ions by water
droplets, ice particles, and aerosols in the thundercloud, and
inverse processes. The role of collisions between fast electrons
and the same particles and the whole sequence of changes
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related to the complex physico-chemical processes in clouds
were also neglected. However, all these processes may turn
out to be slower than RMB.

The phenomenon of anomalous growth in conductivity
for E > E. was predicted in Ref. [1] (where it was called ‘fast
charge transfer’). Its experimental realization was indirectly
confirmed in Refs [99, 100] by analysis of observational data
[94, 95].

7.4 Radio-interferometric measurements

Let us briefly discuss some results of radio-interferometric
measurements carried out at a frequency of 27 MHz during a
period of thunderstorm activity [99]. The interferometer
consisted of five antennas and made it possible to localize
the radiation source on the celestial hemisphere to an
accuracy of the order of 1°, i.e., approximately within a
thundercloud region 20—100 m in size. The high temporal
resolution of the system (no worse than 1 ms) allowed a
thorough investigation of not only the development of a
lightning discharge itself, but also the foregoing processes.
The data of Ref. [101] indicate that during the 100— 500 ms
prior to the appearance of the first pulse of a lightning
discharge, activity is observed over an extensive (one or
several kilometers large) cloud region. This process can be
represented as slowly drifting, multiple, small-scale discharge
currents. Each burst of radiation was localized inside the
interferometer resolution region (50 m), but the centers of the
emitting regions moved continuously. The activity increased
to a strong radiation burst. In this period, the radiation
intensity first went on increasing rapidly and then fell sharply
within a time shorter than 1 ms. Simultaneously, the electric
field decreased abruptly, apparently as the result of the first
lightning stroke. Such processes with characteristic time of
development of the order of 0.1-1 s precede the main
discharge, which typically consists of several lightning
strokes both inside the clouds and onto the Earth.

7.5 Generation of a lightning

A lightning discharge due to the creation of a highly
conductive channel and the accumulation of the electric
charge of a thundercloud from an area of 1—100 km? within
atime of 1 — 10 is a very complicated process, which has been
investigated in numerous studies (see, e.g., monographs [58,
59, 35, 102]). We will note here only a few new points
associated with the role of runaway breakdown.

This is, first, the above-mentioned RMB-induced anom-
alous increase in conductivity. The increase in conductivity
should naturally promote the fast transfer of the electron
charge distributed in the cloud. Although large, the
indicated increase in conductivity seems to be insufficient,
‘on average’, for gathering the electric charge. It may,
however, grow substantially owing to the above-mentioned
strongly nonuniform, random structure of the conductive
zone. The latter can promote the formation of effective
conductive channels. It is possible that precisely this, RMB-
conditioned ‘fractal’ behavior of conductivity in a cloud
layer prior to the first lightning discharge is partially
reflected by the radio-interferometric observations [101]
described in the previous section. Note that the possibility
of the appearance of a fractal structure conductivity in a
cloud, caused by small-scale normal discharges, is discussed
in papers [103, 38, 104, 105].

The rapid, RMB-induced variation of the ion concentra-
tion should lead not only to an increase in conductivity but

also to the violation of the quasi-stationary dynamic balance
determined by the action of gravitational and electric fields,
as well as the action of wind upon various components of
charged particles (ions, droplets, ice particles, aerosols) in the
thundercloud. The violation of the dynamic balance results in
rapid nonstationary processes, which may also favor the
appearance of electric discharges. The possibility of genera-
tion of a ‘step leader’ under RMB conditions, which occurs at
the initial stage of lightning development, was pointed out in
Ref. [1]. A more detailed calculation of this process is
presented in Refs [106, 124].

Finally, the break of the quasi-stationary state that
induces lightning generation can be caused by the joint
action of RB and a high-energy (¢ > 10> —10'¢ eV) cosmic
particle generating an extensive air shower (EAS) with 106
107 secondary electrons. According to theory [107], this
process can instantly (within microseconds) form a local,
strongly elongated and highly ionized region where condi-
tions for the origin of a streamer are present, which can serve
as a lightning seed. The appearance of high-energy radiation
at the initial stage of lightning discharge was noted in Refs
[122, 123].

On the whole, we can suppose that the correlation
between lightnings and runaway breakdown revealed from
measurements of electric fields (see Fig. 16) and observations
of X-ray bursts (see Fig. 17) is physically grounded and
reflects the real effect of RB and RB-induced processes upon
lightning generation. However, the investigation of this
problem is currently at a very early stage.

8. Cosmic rays and electrodynamic processes
in the Earth’s atmosphere

The possibility of the mutual influence of cosmic rays and
electrodynamic processes in the atmosphere was first noted
by Wilson [14]. This is, first, an additional increase in the
energy of cosmic particles affected by electric fields in
thunderclouds. The effect predicted by Wilson has repeat-
edly been studied and, to a certain extent, confirmed in
experiment [108—118]. Second, it is cosmic particles that
determine ionization and, therefore, conductivity and
electric currents in the Earth’s atmosphere. These phenom-
ena, including the altitude and latitude dependences of the
atmospheric ionization due to cosmic rays, have not only
been confirmed by experiment, but also analyzed at length
[32-36].

The situation changed radically after runaway break-
down was discovered. The relation between cosmic rays and
electric phenomena proved to be much deeper. It became
clear that cosmic rays significantly affect the state of
thunderclouds and apparently have a strong effect on both
ordinary lightning discharges and the new types of giant
atmospheric discharges between clouds and the ionosphere
(sprites). It is possible that the main role is played here not
only by the bulk of cosmic particles, but also by individual
high-energy particles (¢ ~ 10'*—10'¢ eV), which generate
extensive air showers of cosmic rays. At the same time, the
inverse effect of the influence of thunderstorm electric fields
on cosmic rays is observed, which shows up in a strong local
increase of the number of electrons of not very high energies
(¢ < 10° eV) and in a sharp intensification of X-ray and
gamma emission.

The conclusion that there is a more intimate relation
between electric processes in thunderstorm atmosphere and
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cosmic rays suggests itself. This means that complex studies of
both groups of phenomena are necessary. Such works have
already been started at the FIAN (P N Lebedev Physics
Institute) cosmic-ray station located in the mountains of
Tien-Shan at an altitude of 3340 m [119]. In addition to the
unique instrumentation for studying extensive air showers,
the station is equipped with a system of counters, antennas,
and sound detectors to record X-ray emission from RB and
lightnings. The first investigation carried out during a
thunderstorm period in the fall of 1999 singled out X-ray
bursts, 2—5 min long, that marked RBs (Fig. 19) [120]. These
bursts are quite analogous in their principal characteristics —
energies of quanta and photon-flux intensities — to those
observed earlier on balloons [94—-96]. Over all points of
observation, separated by about 500 m, these bursts are well
correlated, and hence the observed X-ray radiation is emitted
simultaneously over an extensive spatial region, which is also
typical of an RB in a thundercloud. Further studies will
include simultaneous observations of EAS and X-ray emis-
sion from RBs, neutron radiation near the Earth’s surface,
and radio-frequency and acoustic radiation from lightnings.
Note also that the Baksan neutrino laboratory has renewed
studies of the effects of thunderstorms on cosmic rays[109]. In
addition, it is planned to carry out systematic measurements
of the electric field near the Earth’s surface, which will make it
possible to accurately record lightning discharges, and to
widely develop radio observations, including radio interfero-
metry at various frequencies and radiometric studies of the
lower ionosphere. Also, tied balloons will possibly be used to
perform direct measurements in thunderclouds. A whole
complex of measuring equipment localized at one place will
help to simultancously obtain various data on the processes in
thunderclouds and thus give a deeper insight into their
physical nature.

Let us point out an important advantage of high-altitude
stations. As mentioned above, effective observations of the

1, rel. units

Figure 19. X-ray radiation intensity during an RB; each point corresponds
to data averaged over 1 min.

X-ray radiation from RBs are possible only at sufficiently
high altitudes (z = 3 km). The reason is that thunderclouds
and the related strong electric fields are mostly situated at
altitudes of z ~ 4—8 km, and X-ray quanta can propagate in
the atmosphere at these altitudes only over distances of the
order of 1 km or less.

9. Laboratory experiment

Laboratory investigations of RBs are undoubtedly of interest.
However, it is extremely difficult to perform such an
experiment. As concerns gas breakdown, the main difficulty
is the scale condition (61). For instance, in air at a pressure of
p ~ 1 atm, the length is [, ~ 50 m.

Cyclotron resonance and magnetic trapping were used
[121] to overcome this difficulty. The acceleration of an
electron under the action of an alternating electric field
E = Ej cos wt in the conditions of cyclotron resonance,

eB
mc’

(69)

W = wWp

is quite similar to the acceleration by a constant field.
However, a noticeable difference exists. First, owing to the
relativistic effect, the electron mass increases with the increase
energy (m ~ ¢~y —1) of this electron, which entails reso-
nance detuning (69). Second, to trap electrons, it is necessary
to use a magnetic trap with a magnetic field increasing
towards the edge (a magnetic mirror), which also violates
the resonance condition (69).

A relevant experiment was realized in Ref. [121]. In a trap
with a magnetic field of B ~ 1-3 kG, an alternating electric
field with a frequency of 2.45 GHz was created. As soon as a
certain electric-field amplitude is attained in an experiment,
an avalanche-like growth in the number of accelerated
electrons sets in and intense X-ray emission is observed
(within a range of 100—300 keV) (Fig. 20). The emission is
accompanied by a rapid electromagnetic-wave-energy
absorption and, after a certain delay, by the excitation of the
second cyclotron harmonic and strong optical radiation (see
Fig. 20). Consequently, the energy of the field is first absorbed
by fast electrons and then transferred to slow electrons. Thus,
in spite of the noted features of cyclotron resonance, the
principal RB mechanism associated with electron accelera-
tion and the occurrence of a runaway particle flux remains
unchanged.

The laboratory studies confirmed that runaway break-
down is in principle possible.

It is also possible in dense matter, where the runaway-
electron avalanche lengthis /, ~ 0.1 —10 cm. The detector size
is therefore insignificant here. The main problem is the
creation of sufficiently strong electric fields.

10. Conclusion

To summarize, we conclude that runaway breakdown, the
new physical phenomenon predicted in 1992, has now been
thoroughly studied theoretically and used extensively to
interpret the important phenomena observed in the thunder-
storm atmosphere. It apparently controls giant high-altitude
discharges, anomalous X-ray bursts, powerful gamma-ray
bursts, etc. One of the main factors determining the
possibility of runaway breakdown in the atmosphere are
cosmic rays. That is why the above-mentioned new effects
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Figure 20. Cyclotron runaway breakdown in a magnetic trap. Time
dependences (one division corresponds to 20 ms) are shown for (a) the
intensity of X-ray radiation with energies &, > 100 keV (negative pulses
occur when the flux of quanta exceeds the spectrometer temporal
resolution), (b) the intensity of the second cyclotron harmonic, (c) the
optical-radiation intensity, and (d) the cyclotron-wave (f = 2.45 MHz)
power after the passage through the chamber.

reflect a deep relation between cosmic rays and thunderstorm
processes in the atmosphere.

At the same time, it should be noted that the laboratory
studies of runaway breakdown have only made their first
steps. The realization and employment of this phenomenon in
both gaseous and, in particular, dense media may open very
interesting prospects. It should be hoped that necessary
attempts in this direction will be made.
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