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1. INTRODUCTION

For almost three hundred years, scientists have
been seeking clues that could allow them to guess at
the nature of lightning, but up to now, we had an
incomplete understanding of this phenomenon. The
observation and investigation of lightning discharges
revealed numerous experimental facts which defy
explanation from the viewpoint of state of the art of the
gas discharge theory. In order to explain the causes of
lightning, two theories are widely used.

The first one is based on the electrization of the ice
or water particles rubbing against each other inside the
thundercloud [1, 2]. While a thundery front forms, the
falling pieces of ice encounter the warmer water drops
gone upward by ascending flows. During their interac�
tion, electrons break away from the drops and transfer
to the ice pieces, due to which the water drops charge
positively the upper region of the cloud, while the ice
pieces charge its lower region negatively. The electric
field strength of the thundercloud becomes of the
order of 106 V/m.

Free electrons contained in the atmosphere receive
in this field enough energy for ionizing the atmo�
sphere’s atoms and molecules. As a result, the electron
avalanches arise, from which the glowing filamentary
streamers grow with a length of a few tens of meters.
Then the streamers merge and form a conductive
channel called a lightning leader. A movement of the
leader toward the ground occurs in separate steps, due
to which it is called a stepped leader. A mean length of
the step is ≈50 m. After formation of each step, a leader
stops for the time of ≈5 × 10–5 s, then again advances a
few tens of meters. A bright glow covers the leader step

which has formed; next, after a stop, it weakens in
order to flare up again, but already together with the
preceding steps. As observations show, a stepped
leader passes a distance from the cloud to the ground
(≈3–3.5 km) for 3 × (10–2–10–3) s, which corresponds
to a speed of 107–108 cm/s.

At the contact of the stepped leader with the
ground, along the channel ionized by the leader, the
return (bottom�up), or main, discharge of lightning,
characterized by currents from tens to hundreds of
thousands of amperes, follows, which exceeds notice�
ably the leader luminosity and has a high speed of
propagation reaching (0.3–0.5) × 1010 cm/s. A chan�
nel temperature during the passage of main discharge
may reach 20000–35000°C. The outer (visible) chan�
nel has a diameter of around a meter, while the inner
(leader) channel, through which the current flows, is
1–6 cm in diameter. Each pulse duration is roughly
10–3 s, while pulse intervals are 10–2 s.

The second, more contemporary theory [3] is
based on experiments conducted on aircraft and
sounding balloons. From this theory it follows that
lightning arises in the cloud at the electric field
strength of no more than 3 kV/cm, though for the
breakdown voltage of air at the heights of thunder�
cloud formation, it is required that the electric field be
of the order of magnitude higher: ≈20–30 kV/cm. The
theory could not explain why this was happening.
Another problem remaining unexplained in this the�
ory was a sharp burst of gamma�radiation with the
photon energy of up to 100 keV detected in a thunder�
cloud in the late 1990s.
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These problems are solved by A.V. Gurevich [4],
who uses a new theory of electric breakdown that has
become known as a breakdown caused by runaway
electrons. In a thundercloud, an electrical discharge is
caused by high�energy cosmic�ray particles, which
create extensive air showers (EAS) in upper layers of
the atmosphere. They consist of great number of
charged and neutral high�energy particles which cre�
ate the required fast electrons by ionizing the atmo�
sphere’s atoms and molecules. In the new theory, they
are called the seed electrons. A peculiarity of interac�
tion of a fast electron with slow electrons of the sub�
stance is that a deceleration force of the fast electron,
determined by ionization losses, falls with a growth in
its energy. Upon liberation from the forces that impede
the motion, an electron begins to accelerate by the
electric field. As soon as its energy reaches a value
within the range 0.1–1 MeV, which is called the criti�
cal energy of runaway, the electron accelerates even
faster [4].

Fast electrons traveling at a velocity close to the
speed of light have a free path in air of an order of a few
meters. Owing to the large free path, a fraction of these
electrons may be accelerated by the electric field up to
the energy that is much higher than the initial one.
During a collision of these electrons with air mole�
cules, some relativistic electrons will be liberated
which will create an avalanche of “runaway” elec�
trons. An aggregate of electron avalanches created
thus along the path of runaway electrons will lead to an
electrical breakdown of air at the atmospheric pres�
sure. Moreover, this breakdown occurs at the electric
field strength substantially smaller than the one
required for a conventional air breakdown since the
main ionization of atoms and molecules is carried out
due to the energy loss of runaway electrons. So, at a
pressure of 1 atm, the electric field threshold for a
breakdown of 1 cm of air is on average 23 kV/cm,
while for a runaway breakdown it is an order of magni�
tude less: 2.16 kV/cm. A breakdown itself is not yet
lightning. A domain of breakdown presents the con�
ducting plasma over many tens and hundreds of
meters, which may become a germ of lightning.
Experiments for verification of the theory of runaway
breakdown have been conducted since 2002 at the
Tien Shan Mountain Cosmic�Ray Station located at a
height of 4000 m in mountains of Zailiiskii Alatau near
Almaty. However, up to now, there has been no con�
vincing experiment in support of this theory of dis�
charge.

In this work, it will be shown that there is a mecha�
nism of propagation of the ionization wave owing to
the stored field energy between the double charge lay�
ers (“capacitors”), rather than due to an external elec�
tric field. This mechanism only depends on the power
of supply source or thundercloud and is almost inde�
pendent of the external field. A high electric field
strength at heights of thundercloud formation, of the
order of 10–30 kV/cm [5], is only required for devel�

opment of the very first electron avalanches that give
rise to a lightning discharge. Also without involving
runaway electrons and special seed electrons produced
by EAS particles, an explanation will be given to a
majority of processes, occurring in a lightning dis�
charge, with the use of simple mechanisms following
from the structure of the ionized channel of lightning,
which is offered by the author.

Observing and studying the lightning discharges
have revealed many experimental facts that cannot be
explained from the standpoint of the current state of the
theory of gas discharge. First of all, it is caused by a lack
of data on the inner structure of ionized channel.

A number of remarkable monographs and reviews
are devoted to physics of the streamer and spark dis�
charges [6–14]. As a result of generalization and anal�
ysis of experimental data, basic stages of development
of the streamer and spark discharges are determined
there, qualitative ideas about processes occurring in
them are obtained, and areas of further research are
outlined. However, we have not quite understood
many problems so far and cannot give a clear answer to
many questions. For example: how it is that a leader
current at the contact with the ground grows instantly
by two to three orders of magnitude, and what struc�
ture ensures the stability of a streamer and a leader,
allowing them to form an ionized channel up to a few
tens of kilometers in length?

The existing explanation of the indicated problems
is based on the simplifying assumptions and actually
allows only certain qualitative regularities to be
revealed. As for the ionized channel structure, this
issue almost is not discussed in literature. Moreover, a
streamer is considered in [12] as the simplest struc�
tureless element of a spark discharge. Probably, the
authors have assumed that the equality between the
electric field, which arises inside the ionized channel,
and the external field, in which a discharge is develop�
ing, is the sufficient condition providing the plasma
channel stability.

The state of research concerning a spark break�
down is reflected most clearly in a Forward to the book
“Spark Discharge,” published by the Moscow Insti�
tute of Physics and Technology Press in 1997, a piece
out of which appears below [11]. “…We ventured to
write it, believing that we know fairly much about the
long spark. One of us investigated a spark discharge
experimentally for thirty years, another tried to general�
ize and theoretically describe the accumulated data as
far back as in the book “Gas Discharge Physics,” where
the largest chapter is devoted to a spark discharge. Alas,
the self�reliance disappeared already in the very begin�
ning of the work as soon as a primary spark element—an
ionization wave (which is a streamer)—became the case
in point. We have understood that the traditional consis�
tent record of experimental data and theoretical con�
structs would hardly aid to present any whole picture of
the discharge. It was obtained to be motley like a quilt,
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while among this diversity of colors, the naked holes
gaped. …”

Experimental studies of spark discharge show that
dynamics of the electron�avalanche evolution is con�
nected with the permanent change in the nature of
interaction of the system charges, both with the exter�
nal field and between each other. These are the inter�
actions that predetermine a fate of the charge system.
If the system density is low, then electrons and ions are
almost independent and freely drift toward their elec�
trodes. As the density of charges grows, the system
begins to acquire the clearly pronounced non�equilib�
rium structure, and a linear behavior of the response of
charges to an impact of the external field begins to
break. We may suggest that if conditions, under which
the charge system develops, contribute to intensifica�
tion of its non�equilibrium state, then the system itself
may become a cause of the ordered�structure forma�
tion. Such a cause in an electron avalanche is a volume
(space) charge that grows with increase in the elec�
tron�avalanche density and has a great impact on the
external electric field and the further fate of the ava�
lanche.

A significant role of the space charge in the gas�
charge evolution was indicated by K.K. Darrow in his
book “Electrical Phenomena in Gases,” published as
early as 1936 [15]: “The electric�field distortion is vitally
required for a discharge. If we could find the prime cause
of this effect, then we would understand the discharge
phenomenon. The proximate cause, however, is clear: it
is the presence of a space charge.” Relying on this pro�
found thought, it is possible to continue with certainty
that the avalanche�to�streamer transition is always
accompanied with a strong distortion of the electric field
by a space charge, which points at the existence of phys�
ical processes related to the very essence of the space
charge owing to which this transition is implemented.

At the Dzhelepov Laboratory of Nuclear Problems
(DLNP) of the Joint Institute for Nuclear Research
(JINR), while studying the operation of narrow�gap
multiwire proportional chambers [16, 17] in the mode
of high gas gain (107–108), previously unknown pro�
cesses have been found that proceed in the dense
heavy�current electron avalanche in the prestreamer
region, namely: change in the behavior of electron�ava�
lanche evolution; the absence of induced charge on the
chamber’s cathode within the time of avalanche evolu�
tion; electrostatic oscillations of the completed ava�
lanche; separation of the avalanche electrons according
to velocities; different shapes of amplitude distributions
of the signals, induced by the electron avalanche on the
anode and cathode; shortening of the anode�signal
duration; a high counting rate of 5 × 105 c–1 cm–2 at the
high gas gain 5 × 107 [18, 19]. At the end of an operat�
ing range for high voltage, the chamber begins to tran�
sit to the streamer mode of operation, which is mani�
fested in the jump of the anode pulse amplitude
[20, 21]. The study and analysis of the indicated pro�

cesses have led to the conclusion that they are, in
essence, the attendant processes providing the electron
avalanche�to�streamer transition and may be inter�
preted as a manifestation of properties of the double
charge layer exposed to the external electric field [22].

The model [22] based on new experimental data is
proposed by the author, making it possible to describe
all processes related to the streamer formation and
growth in both a strong external electric field and a
weak one. The model describes a streamer structure
and a cause of its stability; the mechanisms and causes
of the ionization�wave emergence, the fast heating of
ionized channel, and the increase in its electric con�
ductivity are explained. Additionally, this model is well
suited for solving problems which arise in studying
long discharges, including a lightning discharge.

2. PRESSING PROBLEMS 
OF A LIGHTNING DISCHARGE

Studying processes of initiation, formation, and
propagation of electrical discharges in air is of practi�
cal value, which encourages the development of
experimental and theoretical methods for research of
gas�discharge phenomena. However, the complicated
spatial structure of lightning discharges and their weak
luminosity in the fast�proceeding processes make their
interpretation difficult. For clearer understanding of
the physics of lightning, a number of questions are to
be answered, most pressing of which are as follows:
(i) what is the mechanism of gas heating in a streamer
and a leader occurring for, literally, 10–8–10–7 s (pre�
venting thus the electrons from being captured by oxy�
gen); (ii) how does a streamer grow in the weak electric
field; (iii) what is the ionized�channel structure to be
in order to ensure the channel stability; (iv) owing to
what processes is the permanent heating of a growing
leader causing the increase of its conductivity?

For solving the stated problems, the development
of new approaches and obtainment of the new experi�
mental results, which are capable of ensuring a major
breakthrough in studying physics of spark discharge,
are required.

2.1. Avalanche�to�Streamer Transition

By now the approach to explaining a transition of a
single electron avalanche to a streamer has undergone
large changes. However, according to prevalent con�
ceptions, the preference is still given to the photon
mechanism of streamer growing [11, 23–25] and the
factors contributing to the avalanche�to�streamer
transition are not considered. With photon mecha�
nism of streamer growth, the possibility to achieve the
critical number of electrons (1–5) × 108 in the ava�
lanche (on reaching which the avalanche�to�streamer
transition occurs) is not explained. Moreover, the issue
of how the stability is ensured in a plasma streamer is
not considered.
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The research [26] has shown that a short�wave
radiation has the high absorption coefficient (μ =
200–600 cm–1) and the relatively low yield of photons
per a secondary electron (Nph ≤ 10–3 at E/p ≤
100 V/(cm Torr). With increase in the gas pressure, the
number of photons Nph decreases due to quenching of
the excited atoms and molecules [8]. Moreover, the
length of photon absorption in molecular gases is very
small: ≈5–10 μm.

The fact that a process of streamer growth toward the
cathode occurs—owing to the mechanism of photo�
ionization—has a very modest experimental justifica�
tion and is questioned permanently. If the process pro�
ceeds in complex gases, then a discharge occurs only at
the single stage due to ionization by electron impact,
while the influence of photon mechanism is completely
eliminated. It is obvious that all this does not testify in
favor of the mechanism of photoionization.

2.2. Ionization Wave

According to [11], in understanding a mechanism
of emergence of an ionization wave, the problems arise
concerning its propagation, the ionization rate and
degree, i.e., the initial conductivity. Of particular dif�
ficulty is the issue of a radius of the plasma channel in
the vicinity of its leading edge (“head” of the growing
channel), with which the initial radius of the channel
coincides. It is assumed that the processes, owing to
which the certain (and in this case very small) mean
radius is set, have been not quite clear so far. They,
probably, go beyond the stationary processes of ioniza�
tion, motion of charges, and formation of an electro�
static field in the region of developed ionization.

In addition, the very structure of ionized channel
and processes occurring inside the channel is the unre�
solved problem. Now, there is no theory that would pro�
vide clear answers to all these questions. There are also
no convincing experimental data which could clarify
the understanding of the indicated processes [11].

2.3. Streamer Growth in a Weak Field

All streamer researchers are united in believing that
a plasma channel, growing into a domain of the weak
external field, creates for itself a field strong enough
for ionization in the region of its leading edge
(its “head”). However, the mechanism of creating a
source of the strong field in the growing ionized chan�
nel is, in essence, of descriptive character and has not
been clear until now [11].

2.4. Gas Temperature in the Channel

The issue of gas temperature in the growing plasma
channel has a cardinal importance for solving the
problems related to a spark breakdown in air. In the
cold air, in the absence of sufficiently strong field, the
electrons live not very long because of their adhesion

to oxygen. With the adhesion rate νa ≈ 107–108 s–1 and
the ionization�wave velocity vc ≈ 108–109 cm/s, the
plasma conductivity has to sharply decrease at dis�
tances of the order of 10–100 cm behind the ioniza�
tion�wave front [11]. Meanwhile, a spark breakdown
of many�meter air gaps is quite attainable, it is
observed and investigated in experiment, as is light�
ning when the high�conductive ionized channel covers
a few kilometers. This is possible only at the gas tem�
perature no less than 3000°C, when the processes of
electron detachment hinder a rapid degrease in con�
ductivity [11, 12].

According to assessments performed in [12], the
amount of energy (released in 1 cm3 for 1 s as a result
of passage of the ionization wave and the streamer cur�
rent) is roughly 5 × 10–3 J/cm3. It is evident that these
currents are incapable of resolving the problem of
high�temperature gas heating.

It is believed in [12] that currents of all streamers that
represent the streamer crown and are linked to the their
start point (leader�channel head) heat up this region by
combining together and contribute to the leader
advance over a distance equal to the radius of leader
head. From this it follows, as the authors believe, that a
leader current is a sum of numerous (but very weak)
streamer currents. If the leader moves forward a radius
of its “head” amounting to roughly 3–5 cm, then it is
unclear for what purpose the streamers with a mean
length of 50 m are formed in the streamer zone.

As we can see, there is no reasonable mechanism
explaining the gas heating in the fast�proceeding pro�
cesses of growth of a streamer and a leader.

2.5. Streamer�to�Leader Transition

According to the authors of [11], a streamer�to�
leader transition is most difficult for the theory, poorly
studied, and even not completely understood in many
respects; at the same time, it is one of the most impor�
tant stages of the leader process.

2.6. Conductivity of a Lightning Channel

A lightning channel is discharged at the time of the
main stroke at a rate of (0.3–0.5) × 1010 cm/s, which is
more than 100 times higher than the leader rate at
which the lightning channel was charged during its
growth. From this it follows that the channel is dis�
charged with the 102–103 times higher current than
the leader current (≈100 A). Accordingly, approxi�
mately in the same ratio, the channel’s resistance per
unit length R0 also decreases during the transition
from charging to discharge [12]. The channel heating
during the heavy current passage, due to which the
plasma conductivity increases, is considered to be a
reason for decrease in the resistance.

The initial leader channel with high resistance can
pass current within the limits of ≈100 A [12]. In order
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for the ionized channel to be capable of passing cur�
rents with the amplitude of a few tens and hundreds of
kiloamperes, a total ohmic resistance of the entire
channel with a length of a few kilometers has to be no
more than 102 Ω [12]. However, this may take place
only after heating of the ionized channel up to temper�
atures of the order of (20000–35000)°C. The entire
ionized channel has to be heated, and it takes some
time; therefore the heating process cannot occur
simultaneously with onset of flowing of the large�
amplitude current through the channel. Thus, the
issue of dynamics of change in the resistance of light�
ning channel remains open.

2.7. Coherent Radiation 
of the Return Stroke of Lightning

On August 20, 1999, a group of researchers from
the Moscow Institute of Physics and Technology using
the pulse radiometric complex recorded a coherent
microwave signal from the initial stage of the lightning
return stroke, beginning from the moment when the
stepped leader overlapped the gap between the cloud
and the ground [27]. The signal was found to be com�
plex, consisting of a series of single pulses with the
duration in excess of 5 μs, partly superimposed on
each other. The total duration was 60 μs. The repeated
measurement of this process, which completely con�
firmed the previous result, was performed by the same
group in 2011 [28]. Until now, no explanation has been
offered for the observed phenomenon.

2.8. Neutron Production in a Lightning Discharge

The first experimental indication of the neutron
production under lightning activity was obtained in
1985. Today this phenomenon continues to be
detected by the contemporary ground�based installa�
tions. A.V. Gurevich with his co�authors [29] reported
on detection of thermal neutrons during the lightning
discharges at the Tien Shan Mountain Station. The
neutron flux in almost direct proximity to the lightning
was found to be ≈5000 n/(m3 s). However, this value
may be slightly overestimated due to the γ�radiation
detected by neutron detectors, which, in correlation
with thunderstorms, is created within a wide energy
range.

In the modern view, neutrons are produced in the
thunderstorm atmosphere as a result of photonuclear
reactions, or conditions may appear in the lightning
channel which are sufficient for initiation of the fusion
reaction with participation of deuterium contained in
water vapors, i.e., d + d = 3He + n + 3.28 MeV [30].

A version of fusion seems to be logical, but here, as
is considered, due to a low cross section of the
2H(2H, n)3He reaction (σfus = 10–36–10–32 m), a
fusion reaction is absolutely impossible under condi�
tions implemented in the lightning channel according
to the modern ideas [31–33]. As distinct from the

nuclear fusion, the authors of [33] believe that photo�
nuclear reactions can be responsible for the probable
enhancement in a neutron flux in the thunderstorm
atmosphere because, in correlation with thunder�
storms, the γ�radiation bursts have been repeatedly
detected with the energies Eγ ≥ 10 MeV that is above
the threshold of photonuclear reactions in air.

Despite the fairly old history of observations and
the substantial number of theoretical works devoted to
the mechanism of neutron production during the
thunderstorm activity, an issue of origin of these neu�
trons remains open.

2.9. Lightning Protection

According to statistics, 40000 thunderstorms occur
daily in the world, 117 lightning flashes happen every
second. Suffice it to say that more than 3000 people
per year die in the world from lightning strikes (which
is more than the number of people killed in plane
crashes), while a material damage is counted by bil�
lions of dollars. Large human and economic losses
caused by destructive activities of lightning discharges
are related first of all to a low efficiency of the used
lightning conductors (� ≈ 20–25%). The photographs
given in Fig. 1 are vivid evidence of it: lightning has
struck the Eiffel Tower up to 100 m below the spire.
The same situation is observed with the Ostankinskaya
television tower (Fig. 1b). The majority of downward
lightnings overshot a substantial distance, not getting on
the tip of the lightning rod. It is a very serious argument
against the well�spread explanation of the main operat�
ing principle of lightning conductors: a rod “attracts”
lightning [12].

To increase the efficiency of lightning conductors,
attempts were made to drive a counter leader growing
from the ground at maximum possible speed. To suc�
ceed, the amplitude of control action for initiating the
leader must be a few hundreds of kilovolts, which is
technically difficult and requires great financial costs.

The produced modern lightning conductors of
early streamer emission (ESE) surpass in nothing the
widely used lightning conductors of the rod type.

2.10. Ball Lightning

Ball lightning is a phenomenon of natural electric�
ity: a glowing sphere that travels along the unpredict�
able path and has many other mysterious properties.
To this very day, ball lightning has not been produced
under laboratory conditions and remains to be the
insufficiently explored phenomenon, offering a
ground for speculations. There are hundreds of ver�
sions of ball�lightning origin [34], in which the authors
largely try to reconstruct it instead of providing the
simple and clear explanation of its properties and a
mechanism of formation. In order not to remain aloof
from the popular and mysterious problem, we propose
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in this work (section 3.8) one more variant of the
mechanism of ball�lightning formation.

3. DYNAMICS 
OF THE STREAMER FORMATION

At the JINR DLNP, while studying the operation
of narrow�gap multiwire proportional chambers
[16, 17] in the gas�gain interval of ≤108, previously
unknown processes were found that occur in the dense
heavy�current electron avalanche within the pre�
streamer region: a change in the character of electron�
avalanche development; the absence of induced charge
on the chamber cathode during the time of avalanche
evolution; electrostatic oscillations of the avalanche
completed as a whole; velocity separation of the ava�
lanche electrons; different shapes of amplitude distribu�
tions of signals induced by the electron avalanche on the
anode and cathode; shortening of the anode�signal
duration; a counting rate of the chamber with the gas
multiplication factor M = 107–5 × 107 is 5 × 105 s–1 cm–2

[18, 19]. At the end of the operating range for high
voltage (in a gas�gain interval of 5 × 107–108), the
transition to the streamer operating mode of the
chamber starts, which is expressed in the amplitude
jump [20, 21].

Information on the processes occurring in the elec�
tron avalanche is obtained in the chamber with an
anode wire pitch of 1 mm and the anode–cathode gap
of 1.5 mm. A diameter of anode wires is 20 μm. A
working high�voltage plateau in the chamber was
1600 V, which provided the possibility of chamber
operation in one of four modes: the proportional
mode, the limited proportionality mode, the plasma

streamer mode, and the self�quenching streamer
mode. Measurements were taken at the test bench
(Fig. 2) with the use of radioactive sources 90Sr and
55Fe. A high voltage was supplied to the cathodes
through the 3�MΩ resistor. Information was picked off
the cathodes through a 220 pF × 6 kV capacitor.

A passage of β particles through the chamber was
detected by the scintillation counter, which was
viewed from its edges by two photomultiplier tubes
(PMTs) connected to a coincidence circuit. Signals
from the coincidence circuits were used for synchroni�
zation of the oscilloscope, for control of the Charge�
Code unit while analyzing amplitude characteristics,
and as a Start signal while measuring the chamber’s
time characteristics. The electron beam and its inten�
sity were formed using the regulated slit collimators
installed before the chamber and directly on the scin�
tillation counter.

In the logic of separating an event of electron pas�
sage through the chamber (see Fig. 2), a single anode
wire 2, connected to the coincidence circuit with the
scintillation counter, was used. A synchronizing signal
for the oscilloscope was generated by the coincidence
circuit on arrival of a signal from wire 2. This made it
possible to fix a position of signals from the chamber
on the oscilloscope sweep. The induced signals from
the combined anode wires 1 and 3 (performing a role
of check wires), from the combined cathode planes,
and from the anode wire 2 were subject to analysis. The
signals from wires 1 and 3 were measured simulta�
neously with either cathode or anode signals. The time
of propagation of signals from the chamber electrodes
to the oscilloscope input was 50 ± 0.1 ns. Measure�
ments were conducted using the TDS 380 digital dou�

(a) (b) (c)

Fig. 1. The lightning has struck below the spire of: (a) the Eiffel Tower (by 100 m); (b) the Ostankinskaya Tower (by 200 m);
(c) the building (by 20 m).
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ble�trace oscilloscope. Information about the elec�
tron�avalanche behavior in six different gas mixtures
depending on the chamber high voltage is given in
[18, 19].

Below, a brief description of some physical processes
which provide the electron avalanche�to�streamer tran�
sition is given. A lack of induced charge on the chamber
cathode during the time of the electron�avalanche evo�
lution in the “heavy” gas (80% CF4 + 20% C4H10) is
related to the fact that a bulk of electrons in the ava�
lanche is slow [35]. Ions and electrons overlap and
drift in opposite directions. With the sufficient ava�
lanche density, the drift will lead to emergence of the
polarization field induced by separation of charges,
which is equivalent to a certain dipole with charges
Ne ≈ Ni, located at a distance of the ionization length
α–1 (Fig. 3) [11]. The external field E0 at the dipole

center will weaken down to zero when the field, cre�
ated in it by the electron and ion charges separately,
E1 = eNe ⋅ 4α2/(4π�0), reaches the value E0/2. It will
happen when the number of electrons in the avalanche
grows up to the critical value Ncr = π�0E0/(2eα2) [11].

Based on the equality E0 = 2E1, we express the
external field strength through the avalanche den�
sity ne by presenting the polarization field as E1 =
4πeneα–1/(4π�0) [36]:

(1)

After substitution of the expression for E0 into Ncr, we
derive “the constant” [18], which is a criterion for the
dipole formation, i.e., a ratio of the electron density in
the avalanche to a cube of the ionization coefficient, at
which this density has been reached, which is always
equal to the critical number of electrons

(2)

A link of the first Townsend coefficient with the ava�
lanche density reflects the electron�avalanche evolu�
tion in space and can be used for theoretical calcula�
tions and estimations. In the narrow�gap chamber
with gas filling of 80%CF4 + 20%C4H10, we obtain
Ncr ≈ 2 × 104 [19]. Thus, starting from the instant when
the equality of the charge�separation field and the
external field is established, in a tail of the evolving
avalanche, an immobile dipole forms in which the ions
shield the cathode from the electrons moving toward
the anode.
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Since the drift current is absent for the time of the
cathode signal delay (2–3 ns) [19], the power supply
does not do the work for separating charges over this
period of time. As a result, electrons and ions overlap,
which leads to the field attenuation in the avalanche
bulk and it transforms to the plasma formation. A low
field and a high density gradient in the avalanche will
induce a diffusion of electrons in the direction of
strong fields and low density, i.e., toward the region
around the center of gravity of the electrons in the ava�
lanche head. Eventually, the diffusion of electrons will
lead to the electron�avalanche expansion that is called
the Coulomb repulsion of charges [10, 23].

Despite the absence of drift current in the chamber
simultaneously with the diffusion, the electron ava�
lanche continues to evolve in the field created between
the electrons and the charges on the anode as a result
of electrostatic induction. Ionization is produced due
to the energy stored in the anode�wire capacitance
with respect to the ground. Because the charge density
in this region grows sharply, a substantial space charge
forms due to the diffusion of electrons into the ava�
lanche head and the charge separation. The space�
charge growth restrains the diffusing electrons, and
owing to ambipolar diffusion, the electrons will pull
the ions to the last ionic layer. The increase in the
space charge will lead not only to the substantial
growth in the field between the frontal electrons and
the ionic layer but also to termination of the electron
avalanche [19].

The termination of avalanche evolution far from
the anode serves as the explanation of the high radia�
tion resistance of narrow�gap chambers filled with a
gas mixture of 80% CF4 + 20% C4H10. Despite the
chamber operation under exposure to intense fluxes of
charged particles (107–108 s–1 cm–2) and the large
content of isobutane (20%)—which is a source of rad�
icals contaminating the anode wires 20 μm in diame�
ter—the detection characteristics of the chambers
were maintained after a passage of 3 × 1013 parti�
cles/cm2 through them [37, 38], which exceeds by
approximately a factor of 100 the radiation resistance
of standard chambers [39], in which the avalanche ter�
minates on the surface of anode wires.

Eventually, the main part of electrons and ions dif�
fuses into a peripheral region of avalanche head, and
the avalanche head transforms to the polarized charge
bunch (Fig. 4). The diffusion�induced redistribution
of electrons will cause the diffusion current. Flowing
through the load resistor of the triggered anode wire 2,
the diffusion current will branch out via the ground
bus over the rest of anode wires of the chamber and will
close on the frontal layer of the avalanche electrons
through the input resistors of amplifiers and partial
capacitors (capacitive coefficients) [41] between the
wires and the avalanche. For the time of exposure to
the diffusion current (roughly 2–3 ns), the electron
avalanche, by undergoing the diffusion expansion,

transforms to a double charge layer, as is shown in
Fig. 5. Formation of the double charge layer will cause
a jump in potential on the ionic layer, which, after
summing up with the potential created by a power sup�
ply in this region, will lead to an increase in the field
behind the positive layer. With transition of electrons
from the avalanche bulk into its head, the growing field
of ions will destruct the dipole structure in the ava�
lanche tail. A graphic illustration of the region of loca�
tion of charge layers with respect to the anode wire on
the potential�distribution curve (within the limits of
0.004 cm from the anode axis) is given in Fig. 6.

For determination of the further behavior of the
created charge system, we proceed from the assump�
tion that an electric field in the vicinity of the formed
charge layers is inhomogeneous. Let the field strength
be E(x–) at the center of gravity of the negative layer
and E(x–) + ΔE at the center of gravity of the positive
surface, where ΔE is the field increment caused by the
potential jump. Then the double charge layer will be
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z

Fig. 4. Schematic outline of the charge distribution in the ava�
lanche by the moment of termination of diffusion current.
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α
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Fig. 5. Electric field lines in the region of double layer.
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exposed to the force induced by the inhomogeneous
enhanced field and directed toward the cathode:

(3)

where ∂E(x+)/∂α is the derivative of the E vector in the
α direction coinciding with the direction of the E vec�
tor increment. From Eq. (3) it follows that the double
layer that is coupled to its intrinsic field and exposed to
the inhomogeneous electric field undergoes the force
action from the field and is drawn into the region of the
stronger field, i.e., should start moving in the direction
of the cathode. A motion of the double charge layer
toward the cathode along the decreasing external field
will weaken an action of the driving force (3). In this
case, the restoring force from the anode increases.
Acting from the charge system, the force will add some
acceleration to it and restore it to the initial position.
Owing to the inertia, the charge system will miss the
initial position. Then everything will be repeated, and
the double charge layer will change to the oscillating
motion along the external field direction.

In [18, 19], the oscillograms measured in the case
of filling the chamber with six different gas mixtures
are given. From the oscillograms it can be seen that the
amplitude and duration of oscillations depend to a dif�
ferent degree upon the gas�mixture composition and
the gas gain in the chamber. From comparing the
oscillograms it follows that the denser the avalanche is,
the stronger the manifestation of oscillating processes
in it, and the higher their frequencies. In the gas mix�
tures 70% Ar + 30% C4H10 and 95% CF4 + 5% C4H10,
the oscillations very weakly reveal themselves only at
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the end of the chamber’s operating range for high volt�
age. It is explained by a low density of the electron ava�
lanche for the former gas composition. The latter gas
mixture with CF4, whose purity is 99.7%, includes
electronegative impurities (Freon 12 and Freon 13),
while isobutane plays a role of the “quenching” addi�
tive, which reduces the thermal energy of electrons in
the avalanche, by which the electron capture weakens
[41]. Therefore, with a decrease in isobutane in the gas
mixture, the “quenching” effect attenuates, and a part
of electrons is absorbed by weakening the electron ava�
lanche.

Let us note that the observed oscillations are not
associated with the avalanche�induced shock excita�
tion of the natural oscillations of the inductive�capac�
itive system of the chamber. Otherwise, oscillations at
different electrodes must have the same phase, while
in the chambers, having different pitch and anode
diameter, different oscillation frequencies would be
observed. If the avalanche loop, connected to the
charged system of the chamber’s electrodes through
partial capacitors [40], were a source of the detected
oscillations, then different frequencies would be
observed in different chambers due to the more than
double difference in the distributed parameters of the
chambers. The observed oscillations do not result from
a mismatch between the chamber’s wave impedance
and the input impedance of the oscilloscope and linear
fan�out since a change in the matching impedance on
the anodes has no impact on the oscillation frequency.
Finally, the oscillations are not related to transients at
the input of the oscilloscope amplifiers, since when
the signals with the same amplitude obtained in differ�
ent gas mixtures are detected, the absence or presence
of oscillations are observed.

Figure 7 presents the (superimposed on each other)
oscillograms measured on the anode, cathode, and
check wires in the gas mixture 85% CF4 + 13% C4H10 +
2% CO(CH3)2 at the chamber high voltage of 3.2 kV
[19]. The figure displays a change in the shape of sig�
nals caused by the joint oscillations of charges, a value
of the cathode�pulse delay relative to the anode pulse,
as well as the equality of oscillation phases of charge
layers. A frequency and a phase of signals from check
wires (upper oscillogram) coincide. It can be clearly
seen that oscillation frequencies of the anode and
cathode signals coincide. A direction of motion of the
double layer during its oscillations is determined from
the polarity of signals induced by the electron and
ionic layers at the anode and cathode, respectively. In
motion toward the cathode, the cathode signal ampli�
tude grows while the anode signal duration becomes
shorter. At last, it can be seen that the cathode signal
arises after the anode signal reaches half maximum of
its peak value.

As an example, we give some experimental data
which result from the presence of the double charge
layer and its oscillations.
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Fig. 6. Potential distribution in the region of formation of
the double charge layer.
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Counting rate of high�speed narrow�gap chambers.
According to assessments performed in [42], the
impact of space charge on the external field in the
region of avalanche formation will be of the order of
2–3% if, in the course chamber irradiation by the
beam with a density of 107 s–1 cm–2, ions displace from
the avalanche�formation region toward the cathode by
100 μm for time smaller than the duration of intervals
between the beam particles. From this constraint it
follows that a drift velocity of ions has to be ≥105 cm/s.
However, in the domain of the reduced electric field
E/p = 90–300 V/(cm Torr), the drift velocity of ions
for the chambers under study, according to the
approximation vi = bE/p (where b = 175), is equal to
vi ≈ 3 × 104 cm/s [23]. At this velocity, the ions will drift
a distance of 100 μm for 330 ns. This value of drift time
of the ions substantially exceeds the mean time inter�
val between particles of the beam with a density of
107 s–1 cm–2, which (being of statistical nature) may
change to become either higher or lower.

At the same time, the operation of narrow�gap
chambers in intense particle fluxes has demonstrated
their high counting rate. For example, according to
the studies carried out by the team of J. Fischer [41] on
test chambers for very high counting rates at a gas gain
of ≈6 × 104, it was found that in the chamber with an
anode wire pitch of 1.27 mm, an anode�to�cathode
gap of 1 mm, and the anode wire diameter da = 10 μm,
the amplitude on the anode drops by 10% at an inten�
sity of 107 s–1 cm–2 and by 16% at an intensity of 2 ×
107 s–1 cm–2. At the same time, for a chamber with an
anode wire pitch of 0.79 mm, the anode�to�cathode
distance 0.635 mm, and da = 8 μm, no impact of the
space charge was observed up to loads of 108 s–1 cm–2.
With a low gas gain, the amount of ions in the ava�
lanche is small. In the intense fluxes, however, ions
should accumulate in the anode region due to the rel�
atively low drift velocity. However, this is not observed.

In our measurements at relatively high gas gain
(≈3.5 × 105) in the chambers with an anode wire pitch
of 1 mm, an anode�to�cathode distance of 1.5 mm,
and da = 20 μm, chamber efficiency dropped from
99.6% to 98% only at the intensity 107 s–1 cm–2 [38].
From these data it follows that the responsibility for
fast evacuation of ions from the avalanche region
toward the cathode does not rest with the drift velocity:
another mechanism is responsible, due to which the
ions leave for the cathode from the avalanche region
by covering a significant distance in a few nanosec�
onds. This mechanism is the process of oscillations of
the charge system of the avalanche, as a result of which
the ions of space charge evacuate during 2 ns in the
direction of the cathode over the distance equal to the
oscillation amplitude, i.e., 200 μm.

It should be added that a displacement of the dou�
ble charge layer toward the cathode at an oscillation
velocity ui ≈ 107 cm/s and a fast decay of oscillations
allow a counting rate of 5 × 105 s–1 cm–2 to be achieved

in the mode of large gas gain (107–5 × 107). With the
comparable characteristics of currents, a counting rate
of the chamber that operates in the plasma mode is
more than two orders of magnitude higher than the
counting rate achieved in the self�quenching streamer
mode. In addition, chambers that operate in plasma
mode have an order of magnitude higher radiation
resistance.

Shortening of duration of anode signals. With
increase in the gas gain, a gradual shortening of anode
signal duration is observed in the narrow�gap chamber
(Fig. 8). If in the proportional mode, the full pulse
duration is ≈30 ns, then in the heavy�current mode,
the signal duration decreases down to 5–10 ns
depending on gas filling of the chamber [18, 19].
Shortening of the anode signal duration is related to
the superposition (on its trailing edge) of the inverse�
polarity signal induced during the half�period on the
anode while electrons are traveling to the cathode as a
result of the charge�system oscillations. We note that
as a result of summing the different�polarity signals, a
slow ionic component that is inherent in current sig�
nals from the electron avalanche in a strongly inhomo�
geneous field completely vanishes.

For additional confirmation of the effect of short�
ening of anode signals induced by oscillations of the
double charge layer, a photograph of the anode signal
from the avalanche in the gas mixture 80% CF4 +
20% C4H10 at a high voltage of ≥3700 V is given in
Fig. 9 (photo 1). A similar situation is found in opera�
tion of chambers, which were investigated by the team
of G. Charpak [43], as well as during the operation of
proportional tubes with small diameter filled with
xenon [44]. Figure 9 (photos 2 and 3) presents for
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Fig. 7. Oscillograms of joint oscillations of the electron and
ionic layers. The gas filling of the chamber: 85% CF4 +
13% C4H10 + 2% CO(CH3)2. Attenuation of the anode
and cathode signals is 10 dB.
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comparison the photographs of signals borrowed from
[43], where a contribution of the slow ionic compo�
nent to the signal duration is absent and the clearly
pronounced oscillating processes in the avalanche are
shown.

Separation of electrons according to velocities.
Since there is no drift current within the delay time of
cathode signal (2–3 ns) [19], then a power supply does
no work on charge separation during this time. As a
result, electrons and ions overlap each other, which
leads to the field attenuation in the bulk of the ava�
lanche, and so it transforms to a plasma formation.
Under these conditions, due to a lack of retarding
forces from the ions, the electrons residing at the front
of the plasma formation may transit to the mode of
weak acceleration.

For example, time spectra measured at different
high voltages are given in Fig. 10. The time spectrum
of signals from the anode of chamber 1, obtained at the
voltage of 2300 V, is well described by a Gaussian dis�
tribution and indicates that the electron distribution in
velocities approaches the Maxwellian one. Distribu�
tion 2, obtained at the voltage of 3700 V, shows the evi�
dent violation of the Maxwellian distribution and
points to the presence of two electron groups in the

avalanche: fast and slow electrons. Separation of elec�
trons according to velocities begins to manifest itself in
the time spectra at a voltage of 2900 V and intensifies
as the voltage increases.

A fraction of fast electrons contained in spectrum 2
(Fig. 10a) may be determined if the spectrum is pre�
sented as a sum of two spectra described by a Gaussian
distribution. This operation is shown in Fig. 10a, from
which it can be seen that the number of fast electrons
is ≈30% of their total amount in the avalanche.

Different shapes of amplitude spectra measured on
the chamber’s anode and cathode. Since the opposite
charges are coupled to the intrinsic field, the motion of
electrons is shielded from the cathode by the ionic
layer, while the motion of ions is screened from the
anode by the electron layer. At this stage, a change in
signals on the anode and cathode is mainly caused by
bias currents flowing in the chamber, which are
induced by polarization of the electrodes exposed to
the varying electric field of oscillating charges. The
approach of ions of the polarized bunch to the cathode
in the process of oscillations induces on it the negative
charge that is 30% more than the electron�induced
charge on the anode because 30% comprising “fast”
electrons, as has been mentioned in section 3.5, have
gone to the anode [18]. The faster growth in the cath�
ode signals, as compared to the anode signals, with an
increase in the high voltage is well confirmed by the
amplitude spectra measured on the anode and cathode
at the voltage of 3.8 kV (Fig. 11). A ratio of mean
amplitudes of the anode and cathode signals is 1.6,
whereas in the proportional mode, this ratio is more
than 3. Thus, the currents responsible for signal for�
mation on the chamber electrodes (diffusion current,
fast�electrons current, and bias currents), due to the
peculiarities of their flowing through the chamber and
the external circuit, lead to different shapes of signals
on the anode and cathode.

According to the theory of oscillations, oscillations
of the system, bound with elastic forces, are character�
ized by the coefficient of association [45]:
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Fig. 8. Shortening of the anode pulse duration (lower oscil�
lograms) caused by the avalanche oscillations in the gas
mixture 90% CF4 + 9.88% C4H10 + 0.12% Hg. The cham�
ber high voltage is indicated on oscillograms. Attenuation
of anode signals is 10 dB.
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Fig. 9. Photographs of signals from the oscilloscope screen
arriving directly from the anode wire of the chamber:
(1) sweep 5 ns/cm; sensitivity 100 mV/cm; Uch = 3700 V;
(2, 3) sweep 5 ns/cm; sensitivity 20 mV/cm; of the cham�
ber is filled with pentane gas; Uch = 4000 V. Photographs 2
and 3 are taken from [43].
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The coherence of two systems is that a nature of inter�
action between the systems is determined not only by
a value of binding forces (γ2) but also a proximity of
partial frequencies (n1, n2) to each other. If the value
σ � 1 (but not γ2), then the interaction between the
systems is weak, the connectivity is too small. With
n1 → n2, the coefficient of connectivity increases sig�
nificantly even with small values of binding forces (γ2),
i.e., small binding forces have a substantial influence
on the processes if partial frequencies are close to each
other. In these cases, the parts of the coupled system
oscillate at the same frequencies. On the contrary, with
the substantial difference in partial frequencies, even
relatively large binding forces make no difference to
oscillations of each individual system.

In our case, oscillations of the polarized charge sys�
tem with two degrees�of�freedom are also character�
ized by two oscillation modes [45]. At the high voltage
Uch = 3–3.4 kV (gas gain ≤5 × 107), the polarized
charge system has the relatively low density (≤1013 cm–3).
A resulting field near the ionic layer will be less than
the field inside the “double” layer [22[. In this case,
the bound charges oscillate at the same frequency as if
the driving and restoring forces were less than a force
of attraction between the layers. Then a coupling
between the charge surfaces is sufficient for joint oscil�
lations to occur in the same phase (see Fig. 7). After
approximately 100–150 ns, due to the lack of energy
inflow and collisions of charges with neutral atoms,
the oscillations decay. This situation is achieved within
a range of voltages of 400 V and can be clearly seen in
Fig. 11a and Fig. 12 taken from [19].

With the gain growth to 108 (Uch = 3.3–3.7 kV), the
field on the anode side of the double layer will decrease
more slowly than the field will increase on the side of
cathode, since, due to a small distance between the
layers, roughly 30% ions, by closing to electrons on the
anode side (the number of electrons is 30% less than
the number of ions, see below), will enhance the field
in this domain (see Fig. 5). As a result, the force that

retains the electrons grows. The deceleration of elec�
trons is accompanied by diffusion. A reduction in the
density of the electron layer will reduce the field
between the layers, which will enable the ionic layer to
break away from the electron layer under exposure to
the driving force (3) and to begin the accelerated
motion toward the cathode. Eventually, the second
mode of oscillations will begin to manifest itself in the
oscillating system. It is connected with the relative
motion of oscillating surfaces of the double layer and
will determine the further fate of the discharge devel�
opment.

The above described oscillations are self�excited
oscillations because the periodic movements arise in the
absence of an external periodic action. A nature of
oscillations is determined by the position of the double
charge layer in the inhomogeneous electric field which,
by compensating for energy loss during the oscillations,
is the inherent part of the oscillating system. And the
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most important thing is that the self�oscillating systems
are nonlinear systems in principle [45].

Oscillations presented in Fig. 7 are close to sinuso�
idal oscillations. Therefore for evaluation of the oscil�
lating velocity and the amplitude of displacement of
the double charge layer, the expressions used for defi�
nition of parameters of charge oscillations in the oscil�
lating field can be applied:

(5)

where E1 = 5.4 × 105 V/cm is the strength of electric

field of charge separation on the length  The fre�
quency of joint oscillations of ions and electrons ω =
2πf = 5.46 × 108 s–1 is determined from graphs in
Fig. 7. The oscillating velocity and the amplitude of
displacement of ions and electrons will be ui ≈ 1.05 ×
107 cm/s; ai ≈ 1.93 × 10–2 cm. Thus, the electrons
simultaneously participate in two oscillating movements:
natural plasma oscillations (ne = 5.7 × 1014 cm–3, ωe =
(4πnee2/m)1/2 = 13.5 × 1011 s–1) and joint oscillations
with ions.

The ions with the oscillation velocity 107 cm/s will
displace roughly a value of the oscillation amplitude
x = 2 × 10–2 cm toward the cathode [19, 22]. The
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motion of ions to the cathode at a high oscillating
velocity will lead to a sharp rise in the current that tes�
tifies to the onset of the streamer growing. Decelera�
tion of the electrons is accompanied with their diffu�
sion during the time of displacement of ions toward
the cathode (see Fig. 7), which will decrease a density
of the electron layer and weaken the field between the
electron layer and the anode. An increase in the dis�
tance between the charges will reduce a contribution
of the radial component of the ion field that is closed
on the electrons on the anode side (see Fig. 12). Even�
tually, the electron layer under exposure to the attract�
ing force will begin its accelerated motion to the ionic
layer, when its velocity vector of plasma oscillations
will be directed toward the ions. An increment of the
field energy obtained from the source will be spent for
an energy supply of the electrons which ionize the gas.

Due to large values of the electric field strength in
the double layer (Ed.l ≈ 5.4 × 105 V/cm) and a high
coefficient of ionization in the CF4 gas amounting to
≈4000–5000 cm–1 [46], it is sufficient for the electron
layer to travel a single ionization length (α–1 ≈ (2–
2.3) × 10–4 cm) in order to create a new pair of layers
containing (1–2) × 108 particles each. Fast electrons
(approximately 30% [18]) of the new layer create, in
turn, the next double layer, etc.

Since an ionization wave performs work by using
the energy accumulated in the “capacitor” (double
charge layer) when the ionic layer displaces to the
cathode, then the power supply is not providing energy
for ionization, and the drift current is absent. Addi�
tionally, the ionization wave resides between two ionic
layers, which shield its motion from the chamber’s
anode and cathode. Therefore, there are no bias cur�
rents before and behind the ionization wave. The
growth of a streamer branch will terminate when a dis�
tance between the last electron layer and the vanguard
layer of ions becomes less than the ionization length.
The last electron layer under exposure to repulsive
forces from electron layers of the streamer branches
will merge with the vanguard ionic layer. The created
plasma system will collapse quickly without receiving
energy supply.

The branch�by�branch growing of a streamer will
be accompanied by light pulses caused by inflow of the
current in each new branch. In experiments for optical
observations of discharge, this effect was observed as a
scintillating mode of the breakdown [24, 25].

From the energy viewpoint, the termination of
streamer growth may be estimated as follows. The
energy yielded by the power supply for a displacement
of the ionic layer, containing 108 ions, by a value of the
streamer�branch length (roughly equal to the oscilla�
tion amplitude [19] Δx ≈ 2 × 10–2 cm) is defined by the
expression
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Fig. 12. Electric field lines after displacement of ions
toward the cathode.
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where R0 = 1.2 × 10–2 cm is the radius of the electron
“plate” or the streamer radius. On this length, 20 dou�
ble layers are formed (see below). The energy required
for creating a double layer is ≈3.2 × 10–9 J. This energy
is provided at the electric field strength of the “capac�
itor” E ≈ 104 V/cm. Consequently, if the electric field
created by charges of the double layer is lower than this
value, then the streamer will not be able to grow.

Thus, a streamer ensures its advance owing to an
increment of the electric field energy obtained from the
power supply during the ionic “plate” displacement rela�
tive to the electron one, rather than to a strong field
before the streamer head (“capacitor”). The energy
stored in the “capacitor” will be spent on energy supply
of the electrons, which ensure the gas ionization in the
region of ionization wave propagation. We point out that
this mechanism depends only upon a power supply
capacity providing a sufficient current for the fast
charging of “capacitors” of the ionized channel and is
independent of the external field value.

In [11], it is noted that with lengthening of the ion�
ized channel by a distance equal to a few radii of the
streamer head, the field created by the channel
charges near the head, as well as the radius of the head
itself, is almost unchanged. This may be explained by
the fact that the initial vanguard ionic layer after col�
lapse is replaced with the last ionic layer of the first
branch of the streamer. The new head of the streamer
is again exposed to the cathode�directed driving force,
and all processes forming the next branch of the
streamer are repeated.

A fast formation of each branch of the streamer at
the velocity vstr = eμeniR0/2�0 ≈ 5 × 108 cm/s termi�
nates in the channel stoppage for 1–1.5 ns, which is
necessary for the passage of the ionic layer to the cath�
ode to ensure the energy conditions for creating the
next branch of the ionized channel. A structure of the
ionized channel that is formed from the double charge
layers is a steamer. The presented process reflects a
mechanism of growth of a streamer as an ionization
wave, whose profile is equal to the thickness of electron
layer (≈3 × 10–4 cm), while a front width equals the lat�

eral size of the formed ionized channel, i.e., S = 
[22]. Let us note that the presented above mechanism
of growing of the streamer channel is closest to the
mechanism discussed in [11], which is based on prop�
agation of the ionization wave with a very small trans�
verse size comparable with a width of its front.

Figure 13 shows a photograph of the streamer burst
which was obtained by means of the high�speed CCD
camera PicoStar HR12 [47]. The photo perfectly con�
firms the stated above mechanism of growing a
streamer as separate branches. The authors defined
these branches to be a fine structure of the streamer.
According to our ideas, the streamer branches have a
hyperfine structure in the form of double charge layers,

πR0
2

owing to which the dynamic stability of the streamer and
its energy supply are ensured.

In this system, owing to the long�range Coulomb
interaction between the opposite charged layers, the
energy transfer from the quasi�oscillating electrons to
ions [10] must occur. A rate of energy transfer to ions
from electrons in the streamer, when their temperature
is higher than the ion temperature, according to [10],
is defined by the formula

(7)

where ne is the electron density, ve is the oscillating
velocity of electrons, Z is the charge of CF4. With Te =
3 eV and ne = 3.5 × 1014 cm3, the Coulomb logarithm
lnΛ = 7.47 + 1.5logTe [K] – 0.5logne ≈ 8. Hence,
according to Eq. (7), a rate of the energy transfer from
electrons to ions will be d�/dt ≈ 107 eV/s. For transfer of
the energy of the order of 0.5 eV to ions, the time 4 ×
10–8 s will be required, which will allow elevating of the
ion temperature to ≈5800°C and removing the capture
of avalanche electrons by oxygen atoms.

A peculiarity connected with the system stability
arises in the formed structure with the alternate charge
layers. Let us consider three alternate layers located
inside the ionized channel (see scheme 1 in Fig. 14).

We denote  a charge of the ionic layer closest to the

anode,  will designate a charge of the electron layer,

while  will stand for a charge of the second ionic
layer. Moreover, a charge of the electron layer that

resides between the ionic layers is  and  = 
This system is in the unstable equilibrium which takes

d�
dt
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Fig. 13. Photograph of the cathode�directed streamer in
the stroboscopic regime with p = 740 Torr, U = 30 kV.
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place when a sum of forces acting on each charge layer
is equal to zero:

(8)

where F1 is the force of interaction between the

charges  and  F2 is the force of interaction

between the charges  and  F13 is the force of

interaction between the charges  and  Let a dis�
tance between the charges q1 and q2 be x1, a space
between q2 and q3 be x2, while a gap between q1 and q3

be d. Then

(9)

Since  =  x2 = 0.836d and x1 = 0.164d,
where d is a distance between the ionic layers. The dis�
tance x1 between the centers of gravity of the charges

 and  is set to be ≈5 × 10–4 cm in the process of
the avalanche evolution (a width of the electron layer
is ≈3 × 10–4 cm and the ionization length α–1 ≈ 2 ×
10–4 cm, see below). Consequently, d ≈ 30 × 10–4 cm,

while x2 ≈ 25 × 10–4 cm. If the charge  approaches

the charge  then the attracting force between them

will exceed the repulsive force from the charge  and

the equilibrium will be broken. The charges  and 

will merge with each other, while the charge  will
begin moving to the cathode. However, if there are
alternate layers available on the left of the three�layer
system (see scheme 2 in Fig. 14), then they will hinder
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the approach of the charges  and  and enhance

the repulsive action of the charge  However, as

soon as the charge  will move a distance x2 away
from the electron layer, condition (8) begins to hold,
and it will stop. In this case, a difference in potentials

between the layers  and  will increase up to
Δϕ2(x2/x1) ≈ 5Δϕ2 ≈ 360 V and the field between the

charges  and  will become equal to the field

between the charges  and  To fulfil the equilib�
rium condition (8) in the channel, it is necessary that
the distances were settled to the values x1 and x2 (see
scheme 1 in Fig. 14). If a distance of 2x1 ≈ 10 × 10–4 cm
between the similar charge layers in the growing chan�
nel is assumed to be a step of avalanches, then 20 dou�
ble layers have to form on the displacement length of
ionic layer equal to the amplitude of ion oscillations
ai ≈ 2 × 10–2 cm (see scheme 2 in Fig. 14). The channel
growing will be accompanied by establishment of the
distances x1 and x2. Establishment of distances
between the channel’s layers will occur at a velocity
equal to the velocity of ions; therefore this process is
substantially slower than the process of channel grow�
ing. As a result, the channel length will increase up to
Lch ≈ 20d ≈ 600 μm (scheme 3 in Fig. 14).

The alternate double layers can be presented as
capacitors connected in series, across each of which the
potential difference of Δϕ2 ≈ 72 V or 5Δϕ2 ≈ 360 V is set
in turn. According to the estimations performed in
[22], the potential difference across a length of the
channel 600 μm long will be equal to ΔΨ2k – 1 =
kΔϕ2 + (k – 1) ⋅ 5Δϕ2, where k is the number of double
layers. With k = 20, ΔΨ ≈ 8900 V. Owing to the potential
difference, a portion of the current regularly flows into
the ionized channel for charging of each new branch of
the streamer formed during its growth.

An issue of stability of alternate charge layers is the
determining one; therefore, let us consider it in more
detail. After the distances x1 and x2 have been settled,
the distances between the channel’s similar layers will
be equal to the “dynamical constant” d (see schemes 1
and 3 in Fig. 14). The electric field inside each double
layer will be equal to a sum of the fields created sepa�
rately by the electron and ion charges. In the static
state, the field in the domain where electron layers are
located must be zero (see scheme 1 in Fig. 14). How�
ever, due to diffusion, collisions with molecules, and
ionization inside the layer, its electric charge is subject
to the permanent change in time. The radial displace�
ment of electrons is very limited by the field of ions;
therefore, all perturbations will occur, mainly, in the
longitudinal direction between the layers.

Because perturbations arise in a fluctuating way, a
time�varying electric field will appear in the channel.
Owing to this field, a coupling is ensured between lay�
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Fig. 14. Schematic structure of the ionized channel: (1) to
calculation of the charge�system equilibrium; (2) the ion�
ized channel after its completion; (3) the ionized channel
after establishment of dynamic equilibrium. Distances are
given in micrometers.
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ers and any local changes arising in them are instantly
transmitted along the channel length. Even the least
deviation in the behavior of electron layer will induce
a strong electric field preventing the further deviation.
This property of the charge system, as well as the
“constancy” of distances between ionic layers due to
their inertia, cause the electron layers to be in the
dynamical state within their equilibrium domain.
Therefore, for sustaining the channel stability, electron
layers under influence of the varying electric field will be
in the quasi�oscillating motion with the varying period
and amplitude. Figure 15 (especially its panel 1) shows
that electrons are in the quasi�oscillating motion with
the varying amplitude and frequency. The onset of
transition from the plasma mode [18] to the streamer
mode is the instant of emergence of high�frequency
oscillations which have been superimposed on the
trailing edge of a current signal on the anode during
the chamber operation in the plasma mode. Figure 16
displays a fragment of the lower oscillogram from
panel 1 in Fig. 15, which demonstrates a behavior of
electron layers in the channel. The approximate struc�
ture of the stationary ionized channel may be pre�
sented as is shown in Fig. 14 (scheme 3). From the
considered above structure of ionized channel and
processes occurring inside the channel, it follows that
if, due to any external reasons, the streamer (or leader,
see below) closes on itself, then the created neutral ion�
ized channel will transit to a stable state with a long life�
time owing to the energy stored in the “capacitor”.

Summing up the experimental investigations of the
electron avalanche evolution in wire chambers in the
high gas�gain mode, the following may be stated: for
forming a double charge layer in the electron avalanche
and for manifestation of the physical processes that pro�
vide the electron avalanche�to�streamer transition, the
fulfilment of condition (2) is required, i.e., in the unit
volume of the avalanche that is equal to α–3 cm3, the
number of electrons Ne must be ≥Ncr. For the avalanche�
to�streamer transition, it is sufficient that the electric

field Ed. l created by charges inside the double layer, with
the removed external field, be comparable with the

resulting field  (immediately behind the electron

layer) and less than the resulting field  (behind the
ionic layer) [22].

The oscillograms showing the streamer formation
are given in Fig. 15. Panel 1 in Fig. 15 illustrates a cur�
rent signal from the ionic layer during its displacement
toward the chamber cathode. The displacement of
ions began with the fall of current signal corresponding
to the plasma mode which can be easily identified by
its very small duration. It can be clearly seen that the
superimposed�signal duration, 150 ns, corresponds to
the duration of the signals formed in the self�quench�
ing streamer mode [20, 21] and is approximately
30 times larger than duration of the signal created in
the plasma mode [18, 19]. In Fig. 15, panel 2, the for�
mation of two streamer branches is shown. The upper
oscillogram from the check wires displays the forma�
tion of two double layers, from which two streamer
branches grow (clearly seen on the lower oscillogram).

Based on the experimental data set forth, we give a
definition of streamer: a streamer is the sequence of
alternate electron and ionic layers, the dynamic stability
of which is provided by the quasi�oscillating movements
of electrons in the self�consistent electric field. Owing to
the large storage of internal energy localized in double
charge layers (“capacitors”), the energy supply of the
streamer is implemented during its lifetime both in the
external electric field and without it.

Let us note that the information about new tran�
sient physical processes accompanying the electron
avalanche�to�streamer transition is obtained in the
narrow�gap multiwire chambers. As investigations
have shown, they are a convenient instrument for
studying a domain of avalanche�to�streamer transi�
tion owing to their high time resolution and capability
of receiving information about the inductance value of
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Fig. 15. Streamer formation in the gas mixture 90% CF4 +
9.88% C4H10 + 0.12% Hg. The attenuation of anode sig�
nals is 10 dB (lower oscillograms).

Fig. 16. Illustration of a behavior of electron layers in the
ionized channel.
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avalanche charges from several electrodes simulta�
neously. These properties of narrow�gap chambers
distinguish them qualitatively from techniques used in
the gas discharge physics.

Thus, studying and analyzing the described above
processes revealing themselves in the prestreamer
region of gas discharge allows the making of a conclu�
sion that they are, in essence, the attendant processes
that ensure the electron avalanche�to�streamer transi�
tion and may be interpreted as manifestation of prop�
erties of the double charge layer located in the external
electric field. Dynamics of streamer formation dis�
plays stages of the consecutive transition of a streamer
discharge to the qualitatively new, more complicated
structurized states, where an increase of the internal
consistence of charge systems occurs, due to which the
stability of ionized channel is ensured.

The model based on new experimental data allows
describing of all processes associated with growth and
formation of the streamer both in a strong external
field and in a weak one. From the model, a structure of
the streamer and a cause of its stability follow; the
mechanisms of emergence of seed electrons and an
ionization wave, as well as the cause of fast heating of
the ionized channel, are clarified. The model also
makes it possible to elucidate mechanisms of proceed�
ing of the phenomena that have been detected recently
in lightning discharges, e.g., production of neutrons
and coherent radiation.

Below it is shown how the pressing problems of a
lightning discharge can be solved from the viewpoint
of the presented model.

3.1. Avalanche�to�Streamer 
and Streamer�to�Leader Transitions

Dynamics of the streamer formation has been
shown in section 3; therefore, we will now proceed to
discussion of a streamer�to�leader transition. If each
“long streamer” located inside the cone of the
streamer zone of a leader is considered as an element
of the current, then a total current of streamers will
create a magnetic pressure. Because the streamers do
not form a unified plasma medium, a total pressure
created by each of them will cause pinching of stream�
ers to the cone axis.

In photographs (Fig. 17) made at the JINR DLNP
using the Tesla facility, almost identical filaments of
many streamers can be seen, which is the confirmation
that an electron avalanche transforms to a streamer
only when the specific charge density is reached in it
[9–11]. The identity of streamers allows the conclu�
sion to be drawn that their wave properties are identi�
cal. Therefore the convergence of streamers may lead
either to formation of the dense channel consisting of
streamers (a radial field of ions will probably hinder this
merging) or to interference of the electromagnetic waves
created by electron layers oscillating with close phases in
the streamers. These waves will unite into the resulting
high�intensity wave, which will lead to its nonlinear inter�

(a) (b)

Fig. 17. Discharge of the Tesla transformer at excitation energy of (a) 25 J and (b) 27 J with the exposure time 0.1 s.
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action with charge layers of the streamers. Under to the
impact of the formed wave, “long streamers” with close
phases of oscillating electron layers will merge, creating
the denser leader structure that is similar to streamers.

A streamer corona in the lightning discharge con�
tains roughly 105 streamers [10]. According to the data
given in [10, 48, 49], an electron avalanche transforms
in air to a streamer when the number of ions in it ni ≈
109. These values are reached owing to the presence of
water vapors amounting to 1.65% in the thunderstorm
atmosphere [31]. The water vapors play a role of the
electronegative impurity and ensure the avalanche
development at higher voltages. Here a density of the
avalanche and hence of all charge layers of the
streamer is ≈1014 cm–1. Let us assume that all electron
layers of streamers start to oscillate with the same
phases as a result of their interaction with an intense
wave. This will allow them to merge into the leader
channel during their pinching to the discharge axis
and will increase the number of ions in every layer up
to Ni ≈ 105ni ≈ 1014. A radius of leader channel of the
lightning Rl is ≈3 cm [11, 49]. Using these values, we
will estimate a value of double�layer capacitance C0

and values of the potentials (ϕ+, ϕ–) in the immediate
proximity from their surfaces. The estimation of a dis�
tance between the layers yields the value ≈3 × 10–1 cm.
Consequently, the capacitance of each double layer of

the leader channel is roughly C0 ≈  ≈ 8.34 ×
10–12 F. The potential created by the ionic layer near its
surface ϕ+ ≈ eNi/π2�0Rl ≈ 6 × 106 V. Since the number of
electrons is 30% less, the potential, created by the elec�
tron layer of the leader, will be equal to ϕ– ≈ –4.2 × 106 V.
The energy stored in the double charge layer of the leader
is defined by the expression w = C(ϕ+ – ϕ–)2/2 and is
≈867 J. The energy inserted to the lightning channel
with the length L = 3 km by a pulse of current will be
equal to W = wL/d ≈ 8.67 × 108 J. Precisely this energy
is spent for preserving the channel structure in time.
The leader energy is permanently sustained by the cur�
rent flowing into the leader from the channel base,
owing to a great difference in potentials across the
ends of the leader channel. From estimation of the
energy input into the lightning channel, it follows that
the leader channel, owing to its structure consisting of
double charge layers (“capacitors”), provides itself
with the larger linear capacitance than the capacitance
per unit length of the casing, which is created around
the ionized channel by positive charges of the died�out
streamers [12].

Referring back to Fig. 17, we note that the magnetic
pressure due to a low current in streamers cannot com�
pletely compensate for the resistance of viscous atmo�
sphere, which leads to emergence of the resulting force
that causes the streamers to move along a spiral line.

�0πR0
2
/d

3.2. Gas Temperature in the Channel

Due to inertia of ionic layers, a distance between
them is almost unchanged, while electron layers near
their equilibrium are in the quasi�oscillating motion
with the varying period and amplitude (see Fig. 16).
Owing to these oscillations, the dynamic stability of
the streamer channel is ensured. In this system, the
energy transfer from the oscillating electrons to ions
must occur due to the strong Coulomb interaction
between the unlike layers [10, 45]. A rate of the energy
transfer to ions from electrons in the streamer, when
the electron temperature is much higher than the ion
temperature, is defined by Eq. (7) and equals d�/dt ×
107 eV/s.

For transferring the energy of the order of 0.5 eV to
ions, it will take the time of 5 × 10–8 s, which will make
it possible to rapidly increase the ion temperature up
to ≈5800°C, to destroy negative ions, to retard recom�
bination, and to create conditions for the associative
ionization: N + O → NO+ + e.

3.3. Conductivity and Heating of the Leader Channel

According to existing concepts [11], at the contact
with the ground, the leader head of lightning acquires
the ground potential and its charge almost instantly
drains into the earth. This “relaxation” occurs by
means of propagation of a wave of neutralization of the
leader charge along the channel from the ground to the
cloud (this wave is called the arrow�shaped leader). A
velocity of the arrow�shaped leader approaches the
speed of light and amounts to (0.3–0.5) × 108 m/s. The
motion is accompanied by a bright glow of the wave
front. Between the wave front and the ground, a heavy
current flows through the channel that carries away to
the ground the charge from the “relaxing” sections of
the channel. The amplitude of the current depends on
the initial potential distribution along the channel. On
average, it is close to 3 kA, while for the most powerful
lightnings, it reaches 100–200 kA. The transport of
such heavy current is accompanied by the intense
energy release. Owing to this, the gas in the channel is
heated rapidly and expands: a shock wave arises.

The lightning channel discharges at the velocity of
arrow�shaped leader var which is two to three orders of
magnitude higher than a velocity of growth of the
stepped leaders vL. Accordingly, the channel’s dis�
charge current is varr/vL ≈ 102–103 times higher than
the leader current IL ≈ τ0vL ≈ 100 A. The channel’s
resistance per length R0 should also reduce by roughly
the same factor during the transition from the leader
stage to the main one. The channel heating during the
passage of heavy current is suggested to be the cause of
reduction in the resistance [11].

However, the obvious contradiction follows from
the statements above. Indeed, before the contact of the
stepped leader with the ground, the channel had a high
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resistance capable of passing a current of no more than
100 A. The neutralization�wave propagation along the
channel from the ground to the cloud at the velocity
comparable with the speed of light (≈0.5 × 108 m/s)
does not mean that it is some electromagnetic pertur�
bation. As a matter of fact, it is a phase velocity of the
process [11]. However, as investigations indicate, a
high velocity of propagation of the return wave of cur�
rent is observed in the same channel. It is possible only
in the case when the specific resistance of the channel
behind the wave front of the lightning’s main stage in
the stationary state will be R ≈ 10–3–10–4 Ω/cm, while
the total ohmic resistance of the entire lightning chan�
nel with a length of a few kilometers has to be of the
order of 102 Ω [11]. In other words, we have mutually
exclusive requirements: in order to heat the channel
for the purpose of reducing its resistance, a large cur�
rent is needed, but in order to obtain a large current, it
is necessary to heat the channel. From here it follows
that just as the leader current flowed in the channel, so
it will flow in the stepped leader, inducing no sharp
changes. Consequently, a high temperature of the ion�
ized channel has to be ensured by the certain process
occurring simultaneously with the stepped�leader
channel of the lightning growing toward the ground.

According to the stated above, a leader by its struc�
ture is a system of double charge layers—“capacitors”
connected in series—which may be called “energy�
storage capacitors”. At each step of the leader growth,
the current inflow from the thundercloud to the
“energy�storage capacitors” provides them with
energy. A part of this energy goes to sustaining the
oscillating electron layers, i.e., the channel structure.

Since the only limitation for a current of the leader
during its growth is its conductivity, the “energy�stor�
age capacitors” with a gap between the “plates”
amounting to ≈3 × 10–1 cm are charged up to break�
down. Therefore the ionized channel of lightning is
always in the discharge mode until the completion of
the lightning’s main stage. This mode of operation is
implemented due to high power of the thundercloud
(100–1000 MW [3]). We note that namely the break�
down of “energy�storage capacitors” is the main
source of glowing of steps of the leader channel during
the current inflow into them. In the case of multi�
component lightning, all processes are repeated. Dur�
ing the breakdown, streamers are created that close the
“plates” of the “energy�storage capacitors,” which are
distributed over the cylindrical surface along the chan�
nel of the stepped leader. The closed streamers with
the inductivity L = nL0 = n(μ0/2π)ln(d/r0) = n ⋅ 2 ×
10–7 H/m (L0 is the inductivity of a single closed
streamer, r0 = 10–1 cm is the radius of the closed
streamer, n is the number of closed streamers),
together with the “capacitors,” create parallel oscillat�
ing loops. A sequence of these oscillating loops forms
the ionized channel of the descending leader (Fig. 18).
An arc drawn above the inductive�capacitive system
(see Fig. 18) reflects the “capacitive” coupling of the
channel with the thundercloud charges.

The energy, spent by “capacitors” during their
breakdown for heating of the downward leader and
conservation of its structure, will be constantly replen�
ished with the thundercloud current, which is the
leader current Il over the period of the leader growing
toward the ground. Let us note that while the leader is
not earthed, the energy exchange between the induc�
tance and the “capacitor” will occur permanently in
parallel loops. The duration of every such cycle is

equal to t =  = 5.7 × 10–9 s. Owing to the cur�
rent closure in each oscillating loop (see Fig. 18), the
energy in them is accumulated by turns: either in the
form of the electric field energy of the charged capac�
itor, or in the form of the magnetic field energy of the
inductance. In this case, the natural loop current Il. c

flows in the oscillating loops, which is Q times higher
than the supply current of the growing leader Il ≈ 100 A
(Q is the Q�factor of the oscillating loop). Thus, during
the time of leader growing toward the ground, a heavy
closed current circulates in each oscillating loop that
produces the permanent heating of the corresponding
sector of closed streamers. The leader earthing will
lead to the uniform distribution of the existing differ�
ence in potentials of opposite sign between the ground
and the cloud on the similar double charge layers—
“capacitors”. The ionized channel of the negative
downward leader will not simply lose its negative
charge in this case but also will acquire the positive
charge, i.e., it is not only discharged but also
recharged. When the “capacitors” are recharged, their
energy does not drop down to zero since a new differ�

π CL⋅

Fig. 18. Equivalent circuit of the structure of a leader that
grows toward the ground. Arrows indicate the alternate
change in the current direction in oscillating loops.
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ence in potentials is set on them which is determined
by the “cloud–earth” voltage.

The distribution of the new potential difference (or
the neutralization wave [@30]) occurs at a velocity of
≈(0.3–0.5) × 1010 cm/s. In this case, the “capacitors,”
in accordance with this velocity, are discharged onto
the heated closed streamers, and the heavy current
instantly drains into earth via them (Fig. 19).

The recharging of capacitors at the moment when
the “earth–cloud” potential is distributed over them is
accompanied by their discharge, which is the cause of
glowing of the wave front—arrow�shaped leader.
Since the discharge current of “capacitors” is localized
in plasma filaments residing on the cylindrical surface
beyond the leader channel, effects related to heavy cur�
rents (heating and a shock wave) do not touch upon the
leader channel and it remains intact for subsequent com�
ponents of the lightning discharge. A powerful pulse of
the current flowing along the channel will also lead to
phasing of electrons of the plasma filament and the
electron layers, which additionally will reduce the
channel resistance and allow passing of pulses of the
current with the amplitude up to 200 kA. The return
arrow�shaped leader travelling from the cloud to the
ground at the velocity of ≈107 m/s [11] will rapidly
charge the discharged “capacitors” of the leader chan�
nel. A contact of the current with the ground again will
lead to polarity reversal of potentials on double layers
and to their subsequent discharge. For multi�compo�
nent lightnings, the processes described above recur
repeatedly. We note that owing to the proposed struc�
ture and heating mechanism of the leader channel, the
energy loss for heating of the ambient cold air reduces
to a minimum.

Specific features of charging and discharge of
“energy�storage capacitors” whose “plates” consist of
electron and ionic layers should be also stressed. Since
a charge of layers is unchanged, charging of the
“capacitor” is expressed in increasing distance
between the “plates,” due to which the potential dif�
ference grows on them; hence, the “capacitor” energy
also increases. A discharge of these “capacitors” (with
recharging to smaller potentials) is accompanied by
reduction in the gap between the layers.

As regards lightning, the charging of “energy�stor�
age capacitors” is accompanied by an increase in the
effective length of the lightning and the speed of its
growing toward the ground. The recharging of the
“capacitors” and their subsequent discharge lead to a
decrease in the length of the lightning, due to which its
contact with the ground is broken. This, in turn, will
make it possible to maximally charge the capacitive
system of ionized channel and to heat the channel for
the next lightning component.

The discussed mechanism of forming a high con�
ductivity of leader channel allows one to consider an
alternative interpretation of the mechanism of spark
breakdown. A pulse discharge of energy�storage

capacitors forming the structure of a streamer or a
leader, rather than a voltage supply, is the source of
heavy current during a spark discharge. In confirma�
tion of the above, the streamer discharges obtained at
the Tesla transformer of the JINR DLNP can be given.
If a discharge propagates in air in the direction of the
grounded conducting plane with an area of 110 × 110 cm
but does not reach it, then the streamer channels have
a weak luminosity and the total current created by
them in the shunt at the earth end does not exceed
5 mA. If the streamers come into contact with the
earthed plane, then they flare up brightly and a pulse
current of 300–350 A passes through the shunt
installed at the point of grounding of the conducting
plane. It is evident that the Tesla transformer with a
power of 5 kW and an output voltage of ≈106 V cannot
be a source of such heavy currents.

3.4. Streamer Growth in a Weak Field

A potential of the vanguard ionic layer of the
streamer (streamer head) in the lightning discharge
near its surface is roughly ϕ+ = σ+R0/π�0 = eNi/π2�0R0 ≈
1.8 × 104 V, where R0 ≈ 10–1 cm is the streamer radius,
and Ni ≈ 109 is the number of ions [10]. This potential,
together with the distributed potential from a source of
external field, is needed above all for creating a poten�
tial jump on the positive surface of the streamer head
(see Fig. 6) in order for the ionic layer under exposure
to the emerged driving force (3) to begin its motion
toward the cathode. Let us note that the similar mech�
anism of the potential jump in the streamer head must
be implemented in the flat spark gap due, to which the
electric field in the region of streamer growth becomes
inhomogeneous.

A potential of electron layer in the streamer head
will be ϕ– = 0.7σ+R0/π�0 = –eNi/π2�0R0 ≈ 1.2 × 104 V.

Fig. 19. Discharge of energy�storage capacitors at the con�
tact of a leader with the ground.
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Consequently, a potential difference between layers
will be Δϕ ≈ 3 × 104 V. An electric field strength and a
distance between the electron and ionic layers are E =
σ/�0 = 5.75 × 104 V/cm and h = Δϕ/E = 0.52 cm,
respectively. According to [51], the effective coeffi�
cient of ionization αeff = (α – a), where a is the coef�
ficient of adhesion of electrons to oxygen, with E/p =
75.65 V/(cm Torr) is 90 cm–1 [12].

With this coefficient of ionization, the seed elec�
trons (in number of N0 = 3 × 108) will create as a result
of breeding the next double charge layer with the num�
ber of ions Ni = 109 on the length x. We will find the
ionization length x from the expression for the gas
gain—multiplication factor M = Ni/N0 = exp(αx),
i.e., x = ln(N/N0)/α = 0.0366 cm. Consequently, a
single branch of the growing streamer in the lightning
discharge will contain h/x ≈ 14 double charge layers.

A work that the power supply or the thundercloud
performs against electrical forces while ions travel a
distance h is completely consumed for increment of
the “capacitor” field energy. The work value is defined
by Eq. (7) and equals A = ΔW = 2.4 × 10–6 J = 1.5 ×
1013 eV. The energy in the double charge layer received
from the power supply will be spent on the energy sup�
ply of electrons. They will produce the gas ionization
inside the “capacitor” during their motion to the van�
guard ionic layer. The stored energy is quite sufficient
for creating 14 double charge layers in the process of
ionization.

Thus, propagation of the ionization wave (streamer
growing) depends only upon the power supply capacity,
which provides the sufficient current for the rapid charg�
ing of “energy�storage capacitors” of the ionized channel
and is independent of the external field. A strong external
field (≥30 kV/cm) has to be present in the thundercloud
only in the region of development the very first electron
avalanches which are the beginning of the lightning dis�
charge formation.

3.5. Generation of Coherent Super�High�Frequency 
Radiation of a Leader

As has been shown in [51–53], the intense coher�
ent radiation may arise in the electron bunches when
their sizes are less than a wavelength of the radiation
itself. A radiation power must be proportional to a
square of the number of particles in the bunch. The
induced radiation in these spatially�localized excited
ensembles with a large lifetime of electrons arises as a
result of their self�organization when phasing of elec�
trons occurs with the subsequent coherent release of
the stored energy (as light). This phenomenon is called
superradiance.

As has been noted above, the streamer and leader
structures completely satisfy the conditions of emer�
gence of the coherent radiation: electrons and ions of
the streamer channel are grouped into the narrow lay�
ers ≈3 × 10–4 cm thick with a density of 1014 cm–3 [22];

a thickness of the leader layer with the same density is
≈180 × 10–4 cm. For ensuring the dynamic stability of
the ionized channel, electron layers must be in the
quasi�oscillating state. Closing of the external poten�
tial difference by the ionized channel will lead to the
uniform distribution of potentials on the identical
double layers (“capacitors”) and will recharge the
capacitive system of the ionized channel. In the pro�
cess of recharging of “energy�storage capacitors”,
their discharge will happen. A current of the leader
channel will rise abruptly up to a few tens of kiloam�
peres, which will ensure a powerful energy inflow to
the lightning channel. Owing to a pulse of the very
heavy current, the electrons will transfer from the
quasi�oscillating movement to the ordered oscillating
motion with the same amplitude, i.e., phasing of oscil�
lations of electron layers will occur along the entire
channel length. The emerged system will try to main�
tain the stable state; therefore, any energy excess in the
channel will be emitted into the environment. As a
result, a part of energy of the ordered motion of elec�
trons will transfer to the energy of the coherent elec�
tromagnetic radiation.

3.6. Neutron Production in a Lightning Discharge

To deny the possibility of proceeding of a fusion
reaction in lightning discharges is the main fallacy,
since in the structure of the lightning channel, there is
a mechanism of energy transfer from the oscillating
electron layers to ions. According to experimental
data, the production of neutrons occurs at the instant
of development of the main return shock, which is
accompanied by a return wave of the current with the
amplitude of up to 200 kA. This current provides the
energy for the inductive�capacitive system distributed
in the channel. The stored energy in the storage ele�
ments can be transferred to ions in the process of oscil�
lations. This mechanism owing to the high frequency
and rate of the energy transfer allows a fusion reaction
to be triggered at lower energy in a lightning discharge.
This is an advantageous distinction of this mechanism
of fusion reaction from the one used in tokamaks.

It has been shown above that owing to long�range
action of Coulomb forces, a fast heating of the ionized
channel occurs to the temperatures at which a capture
of electrons by oxygen comes to an end. However, in
phasing of electrons, during the return shock, it is eas�
ier to use a more efficient mechanism of energy trans�
fer from the oscillating electron layers to the ionic lay�
ers. According to the theory of oscillations, in the sys�
tem consisting of two elastically coupled pendula, the
time of half�energy transfer from an oscillating pendu�
lum to an immobile pendulum is defined by the
expression [45]

(10)t π
ωγ2

�������,=
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where for our case, ω is the oscillation frequency of
electron layers; γ2 is the value of the elastic coupling
forces between electron and ionic layers (see Eq. (4)).
According to measurements performed in [27, 28], a
radiation frequency during the main stage of lightning
(return shock) is 30 GHz with a total duration of
coherent radiation of electrons amounting to 60 μs. A
return shock is accompanied by a powerful current
pulse with the amplitude of up to 100–200 kA, which
will ensure the phasing of electrons and increase their
oscillation amplitudes in the vicinity of points of static
equilibrium. The increase in the oscillation amplitude
of electrons will lead to the growth in forces of binding
γ2 in Eqs. (10) and (4), which will decrease the time of
energy transfer to ions. According to [10, 49], the tem�
perature of ionized channel during the return shock
reaches ≈20000–30000°C (≈1.7–2.6 eV). A value of
the coefficient γ2 is roughly 10–2, and the transfer of
1 eV to ions, according to Eq. (10), takes the time of
the order of 1.6 × 10–10 s. For the time of exposure to
the main shock equal to 60 μs [27, 28], the energy of
electrons will be sustained by a powerful current pulse,
and the electrons can transfer approximately 4 × 105 eV
to ions over this period of time. This pumping results
in the intense electromagnetic radiation of the light�
ning within a broad wavelength range from fractions of
micrometer to a few meters (it is not connected with
bremsstrahlung of fast electrons) [4].

According to [32], a relative water vapor concen�
tration in the gas atmosphere is 1.65%, while a con�
centration of deuterium molecules in the natural water
is 0.015%. Consequently, the number of deuterium
ions contained in each ionic layer of the lightning
channel will be ≈2.5 × 108. The deuterium ions reside
in the leader’s ionic layers and are located between the
oscillating electron layers, which are coupled with ions
by means of strong electric fields. With phasing of
oscillations of the electron layers during the return
shock, the electrons with a frequency of 30 GHz [27]
will transfer the energy of up to 400 keV to the ions. If
1000 pairs out of 250 million deuterium ions find
themselves in the immediate proximity to each other,
then they with a great probability will be able to over�
come the electric repulsion and to approach each
other within a distance of action of nuclear forces, i.e.,
enter the reaction of fusion. With the number of dou�
ble charge layers amounting to ≈106 and the lightning
length to be 3 km, the number of neutrons will be ≈109,
which agrees well with the result obtained in [29].

3.7. Lightning Protection

Photographs given in Fig. 1 demonstrate how the
Eiffel and Ostankinskaya Towers were found to be
unprotected. The situation can be explained, strangely
enough, by the presence of pointed spires at them.
Lightning, as has been shown in section 3.3, represents
the energy system of “energy�storage capacitors”, in

which the electric field energy is concentrated (see
section 3.3). The energy is supplied from the thunder�
cloud, the electric power of which is 100–1000 MW.
Let us note that a part of this energy goes to the growth
and sustaining of the leader channel. It is shown in
section 3 that in the front of the growing ionized chan�
nel, there is a layer of positive ions that creates in its
vicinity the potential of the order of eNi/π2�0Rl ≈ 6 ×
106 V. On the lightning�protection rod, a positive
charge is also induced, a value of which depends on the
rod height. The lightning transfers the energy, stored in
capacitors, to the lightning�protection rod. However
the rod, separated by the earthing�bus inductance and
the ground�loop impedance from the ground capaci�
tance, is often unable to receive and transmit the light�
ning energy.

Assuming the described above structure of leader
channel consisting of a sequence of “energy�storage
capacitors” in which the energy is concentrated, the
simplest way for lightning to release the stored energy
is to give it to another capacitor. Since the “energy�
storage capacitors” of the ionized channel are con�
nected in series, then their total capacitance is very
small. Therefore, if the rod is replaced with the special
design capacitor of roughly 100–200 pF, then the
lightning, created in the zone of the lightning�protec�
tion coverage, must “see” it because the discharge
propagates in the direction of the larger capacitance
and higher conductivity. In capacitive systems, a cur�
rent leads a voltage by π/2 in phase; therefore, while
the capacitor is not charged, the distributed parame�
ters of earthing do not influence the capture of the
lightning by the lightning�protection.

In order to answer the question of whether this
lightning�protection system is suitable for large�scale
application, detailed studies are necessary. Moreover,
no other methods for increasing the efficiency of
action of lightning�conductors are offered now.

3.8. Ball Lightning

Ball lightning, as a rule, is observed during a thun�
derstorm and its appearance is related to linear light�
ning�discharges. A problem in comprehension of the
ball�lightning nature is determined, to a greater
degree, by lack of sufficient information concerning
properties of linear discharges.

It is known that numerous observations of ball�
lightning behavior made it possible to refine the ques�
tions which the proposed model of physical nature of
ball lightning must answer, e.g., the questions taken
from Internet:

1. Why is ball lightning a very rare phenomenon?

2. Why is ball lightning so stable?

3. After all, if it is a gaseous formation, then this gas
or plasma immediately will shuffle with the ambient
air. What hinders this mixing?
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4. Where does this stability of shape come from?
This must mean the presence of the fairly strong sur�
face tension on the border separating ball lightning
from the surrounding atmosphere. Why is it possible at
the interface of two gases?

5. Why does ball lightning not rise? After all, a hot
gas cloud should float up when exposed to the force of
Archimedes.

6. How can ball lightning exist over such a long
period of time? After all, if there is plasma inside it and
if there is no energy supply from outside, then why
does the plasma not recombine instantly? Maybe,
there is some external energy feeding that is sightless
with human eye?

7. From where do these energy reserves in ball
lightning come (after all, according to assessments, a
typical ball lightning contains tens and hundreds of
kilojoules)?

8. How can ball lightning go round an obstacle and
flow through small holes? After all, if it is simply a
charge, then it must be attracted to the surrounding
bodies. Why do simple laws of electrostatics not man�
ifest themselves here?

9. What is the reason for a strong electromagnetic
radiation in the extraordinarily wide wavelength range
from some fractions of millimeter to a few meters?

10. Why does ball lightning not radiate heat?
11. How is the ability of splitting�up of ball�light�

ning implemented?
12. Due to what processes can ball lightning

explode spontaneously or while touching a subject?

13. Why are mostly metallic parts of subjects dam�
aged and burned out during explosions (while dielec�
tric parts remain intact)?

14. How does ball lightning pass through glass by
burning a hole in it?

A photograph in Fig. 20a demonstrates a path of
lightning motion. The lightning behavior is really
unpredictable. The lightning orientation mainly
depends upon the direction of the external electric
field and the field of vanguard layer of positive ions.

It is known that at a height of ≥500 m, the different�
density clusters create from the water vapor with dust
impurity, on which the positive charge from the thun�
dercloud is induced. The presence of these formations
on the path of the growing discharge, in the front of
which is a layer of positive ions, may have a substantial
effect on its direction. This is clearly seen on the pre�
sented photograph. If a direction of resulting field
makes the zigzag lightning close on itself (which may
occur extremely seldomly), then the closed loop will
become neutral and tear away from the main channel.
While exposed to atmospheric pressure, the loop,
being warmer than the ambient air and having there�
fore the smaller pressure, will take a shape of a ball,
which we call “ball lightning” (Fig. 20b). Rolled into a
ball, a part of the linear lightning maintains its struc�
ture, i.e., consists of the same double charge layers. Its
dynamic stability is ensured by oscillating motion of
electron layers. A large lifetime of the ball lightning is
maintained owing to the significant store of energy
concentrated in double layers (capacitors) and to the
absence of the conduction current, i.e., there is no

(a) (b)

Fig. 20. (a) Unpredictability of the lightning path. (b) Origination of ball lightning.
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Joule heat loss of the stored energy. For example, if a
length of the separated part of a linear lightning is l =
50 m, then the energy of the order of W50 = wl/d = 107

J will be concentrated in the ball. Relying on the struc�
ture and properties of a linear lightning, it is easy to
continue the explanation of ball�lightning properties,
but due to the limited scope of the article, we note that
the proposed model of ball lightning is the only model
which gives the simple explanation not only for the
ball lightning origin but also for almost every property
which it manifests in a free state.

4. CONCLUSIONS

We will give some conclusions that play, in our
opinion, a great role in spark discharge, including
lightning.

Based on experimental data obtained while study�
ing in detail a domain of avalanche�to�streamer tran�
sition, a model of the structure of a streamer is devel�
oped with which the characteristic phenomena
accompanying a lightning discharge are well agreed. A
general picture of development of an ionized channel
is described, and a model of the structure of a leader is
presented which, as well as a streamer, consists of
alternate double charge layers: electron and ionic lay�
ers. It is shown how the dynamic stability of ionized
channel is provided. It is possible owing to the fact that
electron layers execute quasi�oscillations in the self�
consistent electric field that opposes to any changes in
the ionized channel.

As compared with the model of plasma streamer,
the proposed model [24, 25] with alternate charge lay�
ers is a more stable system, in which a plasma forma�
tion has transformed and changed to a new, more sta�
ble state with a large store of interval energy, and from
which the external electric field is excluded.

The discussed process of heating the gas of the ion�
ization channel owing to oscillations of electron layers
allows the gas temperature to be elevated up to 5000–
6000°C during ≈5 × 10–8 s. Eventually, negative ions
collapse, recombination decelerates, and the opportu�
nity appears to implement the mechanism of associa�
tive ionization (N + O → NO+ + e).

It is shown that the mechanism responsible for
propagation of the ionization wave, whose profile is
equal to a thickness of the electron layer (while a width
of front is equal to a transverse size of the created ion�
ized channel), does not depend on the external field
magnitude and is completely determined by the
energy stored in the initial double layer that plays a role
of “energy�storage capacitor.” Electrons, residing in
the front of electron layer and amounting to 30% their
total number in the avalanche, serve as the seed elec�
trons appearing before the front of ionization wave.

The proposed mechanism of transformation of a
leader channel to a sequence of parallel oscillatory
loops makes it possible to explain the heating of the

ionized channel, the reduction in its impedance, and
thus the creation of conditions for implementation of
processes occurring in the main stage of lightning.

It is obvious that all observed processes revealing
themselves at different stages of development of a
lightning discharge cannot be taken into account in a
single work. However, if the given above models of the
structure of a streamer and a leader are taken as a basis,
then the opportunity appears to answer the questions
of how the majority of them proceed. For example,
why the ionized channel does not emit light between
the pulses, or why in the subsequent components of
lightning, a reduction in their radii is observed.

Additionally, the proposed model of the structure
of a leader channel (considered as an inductive–
capacitive system) makes it possible, on the basis of its
parameters, to determine the duration of implementa�
tion of processes and the time of transition between
the processes and to derive equations of a long line
with distributed parameters, which will make it possi�
ble (i) to analyze in detail the processes occurring in
the line, (ii) to determine their main parameters at dif�
ferent points of the leader, and (iii) eventually to
obtain a clear picture of dynamics of transformation of
the leader channel for the main stage of lightning.

The experimental data presented in the work such
as the photograph of streamer burst showing a nature
of streamer growth (see Fig. 13), a tendency of stream�
ers to merge (see Fig. 17), a value of discharge current
at the Tesla transformer (see section 3.3), as well as the
explanation of mechanisms of coherent radiation and
neutron production in a lightning discharge, are in a
full agreement with the stated ideas on the mechanism
of spark breakdown and undoubtedly indicate that the
chosen field of research is promising.
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