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Abstract. The feasibility of applying the similarity law to differ-
ent types of pulsed discharges is analyzed. The analysis is based
on the dependence pt = f(E/p), where 7 is the charge forma-
tion time, p is the gas pressure, and E is the pulsed field strength
at which the breakdown occurs. The law holds for the Townsend
and streamer breakdowns for a relatively long discharge gap d
(for atmospheric air, d > 1 cm). For millimeter gaps, this law
applies to many gases only in the case of the multielectron
breakdown initiation down to the picosecond range. In this
case, the time 7 is measured from the instant the voltage ampli-
tude sets in to the onset of current buildup and of the drop in
voltage across the gap during the simultaneous development of a
large number of electron avalanches. In the initiation by a small
number of electrons, the time 7 is longer than in the multielec-
tron initiation by nearly an order of magnitude; this is due to the
relatively low rate of free-electron accumulation in the gap, with
runaway electrons (REs) playing an important role in this
process. But the time 6 of the fast voltage drop and current
buildup obeys the similarity law pd = F (E/p) in both cases. It
is hypothesized that the source of REs is the field emission from
cathodic micropoints, which terminates at the onset of explosive
electron emission to limit the RE current pulse duration to
1071% . The similarity law pr = f(E/p) is shown to hold for a
pulsed microwave breakdown.
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1. Introduction

1.1 General information

In the pursuance of electric gas discharge research, it is
required to know the sort of gas, its pressure p and
temperature 7, the cathode—anode distance d (the gap
length), the electrode radii R, the initial voltage U across the
electrodes, etc. Measured in the course of investigations are
the discharge voltage U and current i, the current density j, the
electric intensity during discharge F, temporal characteristics
t, etc. Furthermore, it is necessary to specify the distribution
of all these quantities over the discharge space. When one
characteristic is changed, having complete information about
the discharge requires knowing how other characteristics
change in this case. Owing to the complexity of functional
connections between different parameters, a multitude of
dependences are required to describe the discharge. That is
why this approach to discharge research is practically
unacceptable.

A substantial simplification can be made by grouping the
quantities that characterize a discharge into certain combina-
tions that describe one discharge property or another in a
wide range of conditions. The significance of such grouping
was already emphasized by Paschen and Townsend, who
noted that the product of the electric field strength E and the
electron mean free path 4 expresses the energy gained by the
electron over its mean free path and that the pressure p times
the gap length d is proportional to the number of molecules
between the electrodes. Consequently, when E/ or E/p and pd
are maintained constant, the electron multiplication in the
gapis fixed. These and other parameter groups are required to
study the behavior of the so-called similar discharges [1—4].

One condition that must be satisfied by similar discharges
is that all linear dimensions be related as 1/a, where a is a
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constant quantity. This implies that the lengths d, and d, of
two discharge gaps are related as d; = ad,, the electrode radii
are related as R; = aR,, etc. Under these conditions,
geometrically similar discharges occur. By completely simi-
lar discharges, we mean those that, apart from geometric
similarity, are characterized by equal voltages U; = U, across
the discharge gaps, equal discharge currents i; = i, and equal
temperatures 77 = T>. Studying the behavior of geometri-
cally similar discharges and investigating the conditions
ensuring the complete similarity is of significance in design-
ing the prototypes of large-scale facilities or in predicting
discharge phenomena for very small dimensions, when direct
measurements are hindered. On the other hand, proceeding
from similarity laws allows drawing inferences about the
occurrence of one elementary process or another in the
discharge.

Proceeding from the definition of similar discharges, it is
easy to relate their parameters via the constant a. The
parameters used most frequently obey the relations given in
Table 1. These relations permit making combinations that are
invariant under the accepted transformation laws. This
implies that these combinations have the same values in
similar gaps and are, relative to other discharges, some
universal parameters facilitating the discharge description.
Among these combinations are Rp, E/p, pd, o/p, pt, j/p*, f/p,
and H/p. The current, the voltage, and the gas temperature
are independent similarity parameters. The above similarity
parameters are commonly employed for discharge character-
ization, and in many cases there exist unique relations
between them, which are referred to as similarity laws.

The similarity laws for d.c. and continuous microwave
discharges have been adequately studied [1 —5]. The situation
with pulsed discharges is much worse due to the diversity of
pulsed discharge types. Especially numerous are the problems
with nano- and picosecond discharges at high gas pressures,
when the validity of similarity laws, like the validity of the

Table 1.

Electrode surface area (e.g., discharge cross section) S| =d>S,
Volume Vi=adV,
Gas pressure p1=p/a
Electric field strength Ey=Ey/a
Surface density of charge carriers o1 =03/a
Volume density of charge carriers n =n/a
Velocity of charge carriers v =)
Mobility Wy = apy
Discharge current density Ji = ja)@®
Collisional ionization coefficient o) =o/a
Time interval dty = adn,
Collision frequency vi =wn/a
Mean free path of any particle Aol = adoy
Externally or current-produced magnetic field H, =Hy/a
Frequency fi=rfa/a
Wavelength Al = al

Townsend classical theory in general, is called into question.
In this review, we therefore briefly consider the origins of the
similarity laws developed for stationary discharges and then
investigate in greater detail the applicability of these laws to
the temporal characteristics of different types of pulsed gas
discharges.

1.2 Allowed and forbidden processes
Similarity laws are not necessarily obeyed; they are obeyed
only when a certain set of elementary processes, which are
termed allowed, occur in the discharge. The processes for
which the similarity laws are violated are called forbidden.
The violation of a similarity law signifies that some forbidden
processes play an important role in the discharge.

In completely similar discharges, the rate of charged-
particle production dn/dz in the gap volume is expressed in
terms of the constant a as

(@), (&), »

Consequently, for a volume elementary process to be allowed,
relation (1) must be satisfied. By the following examples, we
show which processes satisfy this relation and which do not,
i.e., we give examples of allowed and forbidden processes.

Tonization at single collisions. For equal electron energies,
the ionization rate dn/d¢ is proportional to the electron
density and the neutral particle density ng:

dn ny Ny 5 dn
=) =¢ —e22_ 320 2
( dt)1 it =¢m =4 dr /, (2)

Hence, the process under consideration is allowed.

Electron attachment and detachment. The attachment rate,
like the ionization rate at single collisions, is proportional to
the density of electrically negative particles and the electron
density. The attachment is therefore an allowed process.
When the detachment occurs in negative ion—molecule
collisions, this process is also allowed.

Drift and diffusion. The rate of charged-particle produc-
tion or loss at a given point due to the drift motion is
determined in terms of the flux as dn/d¢ = d(nv)/dx, where
v is the drift velocity. Hence, we obtain (dn/df), =
a=3(dn/dt),, i.e., the electron drift is allowed. From the
diffusion equation dn/dr = —D(d’*n/dx?) ~ jv;(d?n/dx?),
where D is the diffusion coefficient proportional to the mean
free path A and the random electron velocity vy, it is easy to
conclude that diffusion is also an allowed process.

Secondary processes at the electrodes. Apart from the
processes occurring in the gap volume, of great importance
are secondary processes at the electrodes. The electron
current densities due to the secondary processes should be
related as 1/a?. This allows showing that among the allowed
secondary processes are the secondary electron emission due
to ion and atom bombardment and photoemission from the
cathode.

Charge exchange. In the charge exchange, fast ions
exchange charges with neutral molecules in collisions with
them and in doing so do not lose their kinetic energy. Such a
collision gives rise to a slow ion and a fast neutral molecule.
The rate of production of such molecules is proportional to
the densities of the ions and gas molecules, i.e., to n,n, and is
therefore transformed with the factor 1/a*. Therefore, this
process is allowed.
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Recombination. The recombination between positive and
negative particles obeys the law

L pnn, ()
where f is the recombination rate coefficient. For high gas
pressures, f ~ 1/p and therefore this coefficient transforms
with the factor @, while each of n, and n transform with the
factor 1/a?, and therefore dn/dt scales with the factor 1/a?
and the process is allowed. For a low gas pressure,
recombination is a forbidden process because ff ~ p'/? or
f = const.

The Penning effect. When an excited molecule of one gas
collides with a neutral molecule of another gas and ionizes it,
this is an allowed process. This process, which may occur
when the ionization potential of one gas exceeds the
ionization potential of the other, is a kind of stepwise
ionization. Also among the allowed processes is secondary
emission from the electrodes caused by ions, electrons,
nonresonance photons, and metastable atoms, as well as fast
neutral particles.

Among the forbidden processes are all types of stepwise
ionization, collisions of the second kind except the Penning
effect, gas photoionization, the charge exchange between a
fast neutral particle and an ion, all kinds of recombination
(except for the recombination occurring for a high gas
pressure as discussed in Section 1.1), the thermal ionization
of gas, the photoeffect produced by diffusing resonance
photons, and thermoionic and field emission, as well as
explosive electron emission and the desorption of charged or
neutral particles.

Extreme caution must be exercised in resorting to
similarity laws. When these laws are obeyed, all forbidden
processes may be thought of as being eliminated. However, it
is invalid to assume that forbidden processes are necessarily
present when these laws are violated. If a discharge first obeys
the similarity laws and then departs from them when some
parameter, e.g., the current, changes, it is difficult to under-
stand what underlies the departure: the occurrence of
forbidden processes or a variation in the gas temperature.

We now address the notions of discharge and breakdown.
In the literature, these terms are sometimes considered
synonyms, but they are in fact different. A discharge
comprises three stages: a breakdown, a spark, and an arc.
However, in this review, as in other papers, we use these
words as synonymes.

2. Similarity laws for static
and microwave discharges

2.1 The Townsend mechanism

Any discharge commences with the emergence of free
electrons in the discharge gap. Those electrons that are close
to the cathode are highest in efficiency. We consider a gas
discharge between plane electrodes across which an electric
voltage is applied. The primary electron ionizes the atoms and
molecules of the gas. The number of new electrons produced
in transit through a 1 cm path is termed the collisional
ionization coefficient and is denoted by «. The current
flowing through the discharge gap is then given by

i=igexp(ad), (4)

where d is the gap length and iy is the initial electron current
from the cathode. Sometimes, in lieu of the coefficient o, use is
made of the coefficient  given by the number of new electrons
produced by the primary electron in its passage through a
potential difference of 1 V or of the ionizing collision
frequency v given by the number of collisions per 1 s. Clearly,

(5)

o
W*Ew
o

e

y =

(6)

where v is the electron drift velocity.

Apart from gas ionization with the production of new
electrons and ions, inelastic collisions also occur, with the
resultant production of excited molecules followed by the
emission of photons or the production of molecules in
metastable states. Subsequently, ions, photons, and meta-
stable atoms produce secondary electron emission from the
cathode. Moreover, gas photoionization may occur under
certain conditions.

We consider the classical case of a non-self-sustained
discharge, where the secondary electrons are produced due
to positive-ion bombardment of the cathode [1—5]. Let i be
the electron current arriving at the anode, iy be the initial
electron current emanating from the cathode under external
influence, e.g., under ultraviolet irradiation, i, be the electron
current emanating from the cathode due to positive-ion
bombardment, and y be the number of electrons ejected
from the cathode per one incident positive ion. Then

i= (i +i.)exp(ad), (7)

ip=yli—(io+ip)]. (8)
By eliminating i, from system of equations (7) and (8), we
obtain

exp(od)

1=l 1—y(exp(ad)—1) " ©)

The coefficient y obeys the similarity law y = f(E/p). A more
general meaning may be assigned to this coefficient if it is
assumed that y denotes the number of secondary electrons
from the cathode per one electron produced by collisional
ionization. Under this assumption, the coefficient y charac-
terizes the electron yield from the cathode due to ions and
photons.

The quantity y (exp (ad) — 1) is very small for weak
electric fields E but increases with the field up to the value

p="y(exp(ad)—1)=1. (10)
In this case, the denominator in expression (9) vanishes and
the current i becomes infinitely large. Condition (10) signifies
that every primary electron that drifts from the cathode
produces one secondary electron due to secondary pro-
cesses. Because exp (ad) > 1, condition (10) is simplified to
yexp (xd) = 1. Formula (10) is the Townsend breakdown
criterion for a gas gap. However, using this criterion for
deriving the similarity law in a static discharge requires
considering the dependence of o on the field strength £ and
the gas pressure p in greater detail.
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According to Townsend, the character of the dependence
of a on the electric field strength £ may be determined from
the following simple argument. Let the energy gained by an
electron over its mean free path be equal to Eel. If Eed = eU;,
where Uj is the gas ionization potential, the electron ionizes
the gas. The number of collisional ionization events over a
unit path length is then equal to the total number of electrons
that begin to move times the probability that the mean free
path 2> 4; = U;/E. According to the kinetic theory, the
fraction of electrons N/N, whose free path exceeds some
fixed value 4; is

ELAY T e
No P\ ) TP\ T LE)

where / is the mean free path. With (11), we obtain

2= texp (- YU
RSP\ T LE)

and because the mean free path is inversely proportional to
the gas pressure, formula (12) can be rewritten as

o AUip Bp
-=A — =A -—— .
P eXp( E > exp( E

Experiments confirm that in a certain range of E/p values, the
dependence is of precisely this type. But the constant
coefficients 4 and B differ from the coefficients calculated
under crude approximations. In practice, use is made of
experimental o/p = f(E/p) curves or of approximations of
type (13) with 4 and B selected from the best fit to
measurement data. Quite frequently, other approximations
that allow simplifying mathematical calculations are used.
This issue is discussed in greater detail in Section 2.2.

(11)

(12)

(13)

2.2 The Paschen law

The Townsend gas breakdown theory permits explaining the
experimentally observed dependence known as the Paschen
law, which consists of the following. When the discharge gap
length d and the gas pressure p are varied in such a way that
their product remains constant, the static breakdown voltage
also remains constant. To derive the Paschen law in analytic
form, we use the Townsend self-sustained discharge condition
(10) and formula (13) for o/p = f(E/p). Hence, we obtain

o 1
d—=1In 1+—>.
P 4 ( Y

Upon substitution of o/p from expression (13), we obtain

U — Bpd
> In [Apd/In(1 + 1/y)]

(14)

(15)

for the static breakdown voltage. The function Us(pd) has a
minimum

Usmin = B(pd)min’ (]6)
where
_exp(l) 1
(pd) iy, = v In (ler . (17)

105
Us, V

Air
104

103

102 L1l
10—+ 10-3 102 10-! 100

pd, cm atm

Figure 1. Breakdown voltage versus the product pd for different gases
(Paschen curves).

Typical Paschen curves for several gases obtained by
generalizing the data from many papers are plotted in Fig. 1
[3]. For every gas, the breakdown voltage decreases with
decreasing pd to attain a minimum for some value (pd), ..
and then increases. Impurities in gases, as well as the cathode
material, may exert an effect on the magnitude of the
breakdown voltage because the o and y coefficients vary in
this case. We note that the y coefficient is not necessarily a
function of E/p, but it is nevertheless difficult to reveal
departures from the Paschen law because 7 is involved the
double logarithm. In the breakdown of air, y varies from 10~*
(for relatively low pressures) to 10~% (at atmospheric
pressure). In this case, InIn(1/y) changes by only 30%. This
is the reason why the theory under discussion was long
considered to apply to the breakdown for both low and high
pressures, because it yielded approximately correct values of
the breakdown voltages.

But it was discovered more recently that the breakdown
voltage is independent of the cathode material at pressures
around the atmospheric pressure. At present, the self-
sustained breakdown criterion in the form of Eqn (10) is
believed to apply only to gas breakdown at decreased
pressure. Also, it should be noted that Eqn (10) is a
simplification. The issue of current buildup in gas break-
down is more complicated. It is considered at length in
monograph [5]. In particular, electrons may be knocked out
of the cathode not only by ions but also by photons and the
excited atoms and molecules of gas in the resonance and
metastable states that diffuse to the cathode [6].

In some cases, departures from the Paschen law occur.
First, departures are observed for strong electric fields in the
gap, which takes place primarily in the right-hand side of the
Paschen curve at high gas pressures, as well as in the
breakdown of electrically strong gases, e.g., sulfur hexafluor-
ide. Second, the Paschen law is violated in the far left part of
the pd range, where the conditions in the gap approach
vacuum conditions. Third, the Paschen law is sometimes
violated for short gaps in the neighborhood of the minimum
of Us(pd). As shown in Ref. [3], these departures are
attributable to the occurrence of field and explosive
electron emissions, which are forbidden processes as noted
in Section 1.2. Strong departures from the Paschen curve,
which depend on the distance d, are observed in the right-
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Table 2.
Gas E/p,V A, B,V
(cm Torr)™! (cm Torr)™! (cm Torr)™!
Nitrogen 27-200 8.8 275
100-600 12 342
Air 36-180 8.6 254
100-800 15 365
Hydrogen 22-1000 5 139
Oxygen 70-300 7.7 203.5
Carbon dioxide 44-150 4.75 182.5
500—1000 20 466
Methane 40-125 7 192.1
Acetone 74-400 14.3 360.8
Benzene 160650 26 601.3
Helium 3-10 3 25
20-150 3 34
Neon 100-400 4 100
Argon 100-600 12 180
Krypton 100—-1000 17 240
Xenon 200800 26 350
Mercury 200-600 20 370

hand side of the dependence Us(pd) for sulfur hexafluor-
ide [7].

Apart from these so-called electrofield departures from
the similarity law, other departures are also observed. For
instance, measurements in hydrogen for an interelectrode
distance d = 0.4—3 cm in the voltage range up to 30 kV
showed that U is a function of pd % rather than pd [8]. For
pd =~ 1.5 cmTorr in helium, the breakdown voltage is not
uniquely determinable [9]. For pd < (pd),;,. a specific form
of discharge may exist, which is referred to as a high-voltage
glow discharge, in which the ignition voltage is equal to the
discharge operating voltage [10, 11].

We now briefly reconsider the dependence of «/p on E/p.
According to the simplest Townsend theory, this dependence
is defined by formula (13). It is quite frequently used as an
empirical dependence in the analytic representation of the
experimental data on « measurements. The coefficients 4 and
B for different gases and E/p values are collected in Table 2
[12]. The experimental dependence of o./p on E/p for air in the
range 40 < E/p < 140 Vem~! Torr~! is approximated by the
Sanders formula [13]

E 2
z:AO{——BO] , (18)
P P

where 4g=1.17x10"*cm Torr V-2, By=32.2Vem ! Torr!.
In what follows, we use this formula to verify the validity of the
similarity law for pulsed discharges.

It is worth noting that the effect of electron attachment,
which is characterized by the coefficient #, is not included in
the above formulas for air. Because this coefficient usually
occurs in formulas as (¢ — #), it is implied that in all cases it is
included in the effective collisional ionization coefficient

Oleff = 00 — 1.

2.3 Similarity laws for microwave discharges

Discharges in which the wavelength 1 of the applied electric
field is comparable to the cathode —anode distance d are said
to be microwave discharges. Characteristic of a microwave
range is a small electron oscillation amplitude in comparison
with the dimensions of the discharge volume. There are
continuous and pulsed microwave discharges. In this sec-
tion, we consider continuous discharges, while pulsed ones
are discussed in Section 6. The similarity laws are equally
applicable to microwave discharges. For similarity para-
meters, use is commonly made of combinations such as p/,
EA, EA, E/p, pA, and A/A, where A is called the diffusion
length. For plane parallel electrodes, it is typically assumed
that A ~ d/n [14].

The approach developed by Townsend for constant
electric fields, which we considered in Section 2.1, was found
to be beneficial for the description of a microwave discharge.
In classical static discharges, new electrons are produced due
to the secondary electron emission and the ionization of gas,
and vanish on arrival at the anode. In microwave discharges,
electrons are produced by ionization of the atoms and
molecules of gas and disappear primarily due to diffusion.
We do not take the electron attachment and recombination
into account. If the electron production rate is equal to the
loss rate, a stationary state sets in. But if the electron
production rate is greater, even if only slightly greater than
the loss rate, the electron density rises steeply with the onset of
a breakdown.

We now determine how the diffusion rate enters the
equation that describes the increase in the electron density.
For this, we write the approximate equation for the ionization
rate as [4, 14]

dn D
E: V—F n,

where D//l2 is the diffusion rate, D is the diffusion coefficient,
v is the ionization frequency, and n is the electron plasma
density. The density variation rate is proportional to the
density and the difference between the electron production
rate due to ionization and the loss rate due to diffusion.
Although v and D/ A? are typically not constants, to estimate
the order of magnitude, we assume that they are independent
of our variables. We integrate Eqn (19) to obtain

ronen[(-2)]

Each of the terms appearing in the exponent is so large that
the electron density builds up rapidly even when v is only
slightly higher than D/A?, thereby confirming the Townsend
criterion, which is taken as the equality between the ioniza-
tion and loss rates, i.e.,

D

V= P .

When microwave frequencies are used, the electric field
oscillates fast, such that an electron does not manage to move
far away from its initial position during the period of the force
it experiences. This implies that the electron does not escape
from the discharge region, as is usually the case with lower-
frequency operation. The electrons leave the discharge region
only by way of diffusion and may be lost inside the discharge
region itself due to recombination and electron attachment.

(19)

(20)

(1)
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Only a relatively small number of electrons with a high energy
collide with the vessel walls. That is why there is no need to
consider the production of secondary electrons at the walls;
all electrons are produced by ionization inside the discharge
gap.

We consider this process in greater detail; for this, we
consider the motion of an individual electron whose initial
energy is assumed to be zero. The electric field accelerates the
electron during a short time interval until either the field
changes its sign or the electron collides with an atom. The
collision, generally speaking, changes the direction of electron
motion, but the loss of speed is insignificant. The atom is
imparted only a part of the energy, equal to 2m/M on
average, where m and M are the respective masses of the
electron and the atom. Upon collision, the electron is once
again accelerated by the electric field during the next short
time interval. The electron energy increases and decreases in
small portions, the energy gain depending on the applied
electric field strength and, generally speaking, exceeding the
energy decrease.

When the kinetic electron energy attains a value exceeding
the lower atomic excitation potential, there is a finite
probability for the next collision to be inelastic. Such a
collision then results in the internal energy of the atom being
changed and the electron losing the major part of its energy.
When the thus excited atomic state is not metastable, the
atom practically instantly returns to the initial state upon
emitting the characteristic radiation. When the electric field is
strong enough, some electrons acquire an energy that exceeds
the ionization energy without experiencing an inelastic
collision. In this case, a collision may give rise to a secondary
electron and a positive ion. In a sufficiently strong field, such
collisions occur so frequently that the electron production
rate exceeds the loss rate, with the consequential onset of
breakdown. With the diffusion coefficient D = yv/3 =
v?/3v, where v is the electron drift velocity, criterion (21)
becomes

o 1

This is the microwave breakdown criterion, whence it
follows that the quantity E/p is a single-valued function of
pA, because o/p depends only on E/p. Dependence (22)
therefore obeys the similarity law. But for similarity para-
meters in the case of a microwave breakdown, the combina-
tions EA and pA are typically used. In this case, for a given
wavelength A of the microwave voltage, it is possible to
determine the simple dependences of E on p. Shown in
Fig. 2, for instance, are the E-versus-p curves for the
continuous-regime breakdown in air, oxygen, and nitrogen.

As regards physical processes, an optical gas breakdown
is similar to the microwave breakdown. Breakdown of a gas
at optical frequencies requires fields of 10°—10” V cm~! in
the light wave. For this, focused ruby-, neodymium-, or
COx»-laser beams are commonly used. The dependences E( p)
for the optical breakdown also have a minimum, as in the
cases of a constant field or a microwave field. However, as is
evident from Fig. 3, this minimum is in the pressure range
10 —10% atm [15]. For nitrogen, for instance, ppin ~ 10 Torr
for the frequency 9.4 x 10° Hz; for the ruby laser frequency
4.3 x 10! Hz, pmin = 10° Torr, i.e., four orders of magnitude
higher. The ruby laser frequency is higher by equally many
orders of magnitude. This is consistent with the similarity law

10*

A Oxygen
Nitrogen

103

E,Vcm™!

1 02 1
10! 10° 10! 10?
p, Torr
Figure 2. Continuous-mode breakdown in air, oxygen, and nitrogen at the
frequency 9.4 GHz for 4 = 0.4 cm.

20

—_
(=]

E, x10° Vem™!
N

p, atm

Figure 3. Thresholds for the Ar, N», and He breakdown by a ruby laser in a
wide pressure range. The pulse duration is 50 ns, the at-focus diameter is
0.1 mm.

because (pd), = (p); or (p/f), = (p/f): where f is the
alternating field frequency. We emphasize that the optical

breakdown normally occurs for a pulsed voltage with the
duration #; = 1072~ 10~% s. But the oscillation period of laser
radiation T < f, and therefore this discharge should be
placed among stationary discharges.

3. Similarity law for the time of pulsed discharge
formation

3.1 Breakdown delay time

In the first experiments to investigate the pulsed breakdown
of a gas gap [16], it was already shown that the instant at
which the static breakdown voltage Us is reached and the
instant of gap breakdown are separated in time by some
interval ¢4, which is termed the breakdown delay. Generally,
the number of breakdowns 7, with a time delay ¢ or longer
depends on the time delay as

t+7
n,=npexp | — p. ,

where o is the statistically averaged delay time, ny is the total
number of breakdowns, and 7 the shortest time for the
breakdown delay time under given conditions. The time
delay 74 is the sum of the statistical time delay ¢ and the
discharge formation time, which is the quantity 7 in
formula (23), i.e.,

(23)

lg=0+T. (24)
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The value of ¢ is determined by the electron current iy from
the cathode and is statistical in character. The dependence of i
on gy has the form [16]

e
i =— wywy, (25)

a0

where e is the electron charge, w is the probability that an
initiating electron emerges from the cathode in the domain
where it may lead to a breakdown, and w; is the probability
that this electron leads to the breakdown. The value of g is
determined from the slope of the straight line | In(n,/ng)| =
(t+7)/00. For gaps with a length of the order of several
millimeters, in the absence of external irradiation sources and
a voltage nearly twice as high as the static breakdown
(Paschen) voltage, w = w; w, ~ 1 [16]. Consequently, the
electron current from the cathode is then given by

o=~ . (26)

a0

This formula is widely used in measurements of the
electron current emitted from the cathode on application of
a pulsed voltage across the gap. The magnitude of this current
allows estimating the cathode surface finish. It follows from
(26) that g is nothing but the mean time interval between the
emergence of two initiating electrons. There is a limiting value
of the current iy above which it cannot be measured from the
slope of the straight line |In(n,/ny)| = (¢ + 7)/00. This is the
case for gy < 7.

To measure the discharge formation time t, it is normally
desirable to make gy < 7. Only in this case is it possible to
accurately measure this quantity and use it to judge the
discharge mechanism. To shorten g, ultraviolet radiation
sources are used to illuminate the cathode surface and
increase ip. As a rule, these are mercury lamps or spark
sources. It should be borne in mind that the total intensity
of external radiation (for instance, of cosmic rays) is usually
negligible: about 10 electrons per s per cm? of the air volume.
When there are no special auxiliary electron sources, the
discharge is initiated due to the electrons emitted by the
cathode itself. Among the mechanisms responsible for this
are the following [3].

1. Electron emission caused by dielectric films and
cathode surface inclusions due to the Malter effect (the
anomalous emission through dielectric films on the cathode)
and due to the Pactow effect (the field emission enhanced by
the charging of dielectric films and inclusions on the cathode
surface).

2. Exoelectron emission. For electrodes fabricated with-
out special processing, the exoelectron current from the
cathode normally does not exceed 100—1000 electrons per
cm? per s. This current may influence the breakdown caused
only by millisecond pulses.

3. Field emission. For an average field E, = 10° -
10°V cm™!, this kind of emission plays the main role in the
delivery of initiating electrons. To obtain a field-emission
current of 107! A, whereby the statistical delay time is
around 107 s, a tungsten cathode surface of 1 cm? requires
the electric field strength about 2 x 10’ V.em™!. Our concern
is with a pulsed electric gas discharge for the field strength
10°-10° Vem™!.

Numerous investigations of the prebreakdown conduc-
tion in a vacuum gap for E=10°-10° V cm™! reveal the
occurrence of the electron current 1073 —1073 A and show
that the dependence of this current on the average field

strength in the gap is in qualitative agreement with the
Fowler—Nordheim formula for the field emission. This is
attributable to the existence of micropoints on the electrode
surface, which have a field strength Ej far greater than the
average field E = U/d. The quantity Ey/E is termed the
electric field enhancement factor.

3.2 Townsend breakdown

As is well known, a gas-discharge gap is not broken down for
some time when a pulsed voltage U exceeds the static
breakdown voltage Us, i.e., the Paschen one. The quantity

U- U

3
0 U

(27)

which is termed the overvoltage, determines the mechanism of
a gas discharge. For small 6, the Townsend mechanism
occurs, whereby each electron that starts from the cathode
gives rise to an electron avalanche due to collisional
ionization of atoms or molecules in the gas, as discussed in
Section 2.1. The number of electrons in such an avalanche
grows exponentially, N = exp(ax). Apart from the number of
electrons, the number of ions and excited atoms or molecules
of the gas grow in accordance with the same exponential law.
They are deexcited with the emission of photons. When
arriving at the cathode, ions and photons give rise to the
emission of secondary electrons. The number of secondary
electrons u is determined from formula (10). In the static
breakdown, ¢ = 1 and, as shown in Section 2.1, we obtain the
Paschen law. For a pulsed breakdown, u > 1. A distinguish-
ing feature of the Townsend mechanism is that the space
charge of the primary isolated avalanche does not distort the
electric field in the gap, and the number of electrons in the
avalanche is always less than some critical N,,

exp (ad) < Ne. (28)

When the number of electrons and ions in the avalanche
reaches N, the field of the space charge becomes comparable
to the external field £y and the discharge mechanism changes
from the Townsend to the streamer one. Because the over-
voltage coefficient increases with E, its magnitude plays the
decisive role in passing from the Townsend discharge
mechanism to the streamer one. Figure 4 shows the curve
dividing the values of pd and of the overvoltage coefficient J in
the air discharge into two domains [17]. When the discharge
conditions correspond to the domain above the curve, the

0.24
0
0.16
0.08
0 1 1 1 1
250 850 1425 2050 2650
pd, Torr cm

Figure 4. The curve that separates the domains of air discharge develop-
ment according to the Townsend and streamer (above the curve) mechan-
isms.
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streamer discharge mechanism occurs; the Townsend
mechanism occurs in the lower domain. Hence, the Town-
send discharge at atmospheric and higher pressures for
d =1 cm occurs only for 6 < 0.1. For higher overvoltages, a
streamer discharge occurs.

The breakdown formation time 7 for a pulsed Townsend
breakdown was determined by Schade [18, 5]. Let iy be the
initial current from the cathode; i(7) be the total electron
current from the cathode at an instant ¢; i,(z) be the total
electron current at the anode at ¢; i, (¢) be the positive-ion
current at the cathode at 7; i, () be the ion current at the
anode at £; and 7, be the anode-to-cathode ion traveling time.
Then, assuming that the principal secondary process is the
ion-driven ejection of electrons from the cathode, we can
write the relations

i= o+ iy, (29)

I =lag (1 = 14), (30)

A — (31)

Iy = iexp(ad), (32)
whence it follows that

i(t):io+y(exp(ocd)—1)[i(t)—r+ dig)] (33)

We introduce the notation y (exp(ad) — 1) = u, integrate
Eqn (33), and assume that the discharge formation time t is
reached for i/iy = const to obtain

u—1 U

(34)

Because o strongly depends on the field strength, the time t
shortens rapidly with increasing the overvoltage. Indeed, for a
small increase in the field strength from Ej, to E = E5 + AE,
we have o = og + Aa, from with an increment Ax. We use
formula (13) for « to obtain [5]

ABp*AE Bp
Ao = Tg €X (— f s (35)
where FE; is the statistical electric breakdown strength. We
then have

,u:y{exp[(ocs—i-Aoc)d]—1}z1+dAfx, (36)

because it is assumed that y [exp(ad ) — 1] = 1and y < 1. The
quantity o is the magnitude of the collisional ionization
coefficient in the static gap breakdown. By substituting
expressions (35) and (36) in formula (34), we obtain the time
T as

— E52T+ ex @
T uBpAEd P\ E
ABp*AEd Bp\ i
x In [1 +Texp(—f> ] .

N

i

(37)

Because i/ip > 1 in the breakdown, the logarithmic term
can be considered constant, to be denoted as InI" in what

follows. Relation (37) implies that

_ (Ey/p)’ exp(Bp/E)
ABv_ (E/p)(Es/p — E/p)

Inl",

pt (38)

where v, is the ion drift velocity. It is easily seen that

E/])—ES/[): U-Us _
Es/p Us

0,

which is the overvoltage. If it is assumed that v, = cEs/p,
then it follows from formula (38) that
_ exp(Bp/E)

pT_TCélnF.

Because the values of the voltages Us and E;/p in the static
breakdown are functions of pd, in accordance with the
Paschen law, it follows from formula (39) that the similarity
law applies to the Townsend pulsed discharge. In this case, the
value of pr depends on two combinations, E/p and pd. The
experimental data in Refs [16, 19] for decreased gas pressures
confirm the validity of formula (38) for air for centimeter-
long gaps pd < 200 Torr.

Above this limit, however, the time 7 is many times shorter
than the value that follows from formula (37). Many authors
have endeavored to resolve these contradictions. These works
are outlined in monographs [16, 19]. The streamer discharge
mechanism was developed on their basis.

(39)

3.3 The streamer discharge mechanism

When the number of charged particles (electrons and ions) in
an avalanche reaches some value N, a streamer discharge sets
in. The space charge of the avalanche consists of an electron
cloud in its head and an ion cloud in its tail (Fig. 5). Due to
this charge, the electric field is enhanced in front of and
behind the avalanche and weakened inside it. Furthermore,
conditions for the emergence of secondary electrons in the
enhanced-field regions occur in the gas due to the photo-
ionization of easily ionizable gas impurities [20, 21] and the
extrusion of electrons at the front of the avalanche head by
Coulomb forces [22] or runaway electrons due to the high

E’

N/
/N

Figure 5. Schematic drawing of an individual avalanche and the field lines:
E is the external field and E’ is the space charge field of the avalanche
electrons and ions. The centers of opposite space charges are convention-
ally shown by circles.
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total electric field in the avalanche head [24]. The secondary
electrons produce new avalanches, whose ion component is
drawn into the electron head of the primary avalanche to
produce a conducting plasma — a streamer with a velocity
several orders of magnitude higher than the electron drift
velocity v. If the number N, of electrons is attained in the
avalanche over the path traveled by the avalanche, x. < d,
then the streamer is directed from the cathode to the anode. It
is then called the anode-directed streamer. But if x. ~ d, then
an a cathod-directed streamer is formed. The speed with
which the streamer propagates is much larger than the speed v
of the electron drift.

If it is assumed that the discharge was formed after the
streamer bridged the anode-—cathode gap, the following
relation applies to the streamer discharge formation time:

_InN.
o

T

(40)

If N, is independent of E, d, and p, it follows from formula
(40) that the streamer discharge mechanism obeys the
similarity law pt = F(E/p).

Proceeding from the experimental data on electron
avalanches in a Wilson chamber, Raether [25, 26] arrived at
the following conclusion: in gaps with a length of the order of
1 cm, the streamer discharge mechanism operates and the
discharge formation time t is determined by the time an
avalanche, even if caused by one electron, takes to grow to
dimensions for which the avalanche transforms into a
streamer. The streamer develops much faster than the
avalanche, and its buildup time may be neglected. It was
assumed that the avalanche turns into a streamer in air when
the number of electrons in the avalanche is exp20, i.e., when
ax = 20, where o is the collisional ionization coefficient and x
is the path length over which the avalanche accumulates the
required number of electrons. Because x = vz, we have

20

v(a/p)

Experimental data were shown to be in good agreement
with formula (41) for air and other gaps with a length of the
order of several centimeters [19]. In the discharges discussed
below, the pressure is about 1 atm or higher, and the electric
field strength amounts to 10° V cm ™! and above. Under these
conditions, the electron avalanche development timeis 10~° s
or shorter. This brings up the question of how much similarity
law is violated under these conditions. The situation is
facilitated by the fact that the main parameters that
determine the electron avalanche development, «/p, v, and
the electron energy ¢, depend only on the ratio E£/p and not on
E and p separately [16].

To calculate the time 7, it is vital to know the electron drift
velocity. Summarized data for high E/p show that

(2

The corresponding data for ¢ and » for several gases are
collected in Table 3 [12].

Among the points at issue is the statement that the electric
field has no effect on the value of N, for gaps d > 1 cm.
Several attempts have been made to take this effect into
account. For instance, Fletcher [27] solved the equations
describing the development of an electron avalanche with
the inclusion of diffusion electron expansion, as well as the

(41)

(42)

Table 3.

Gas E/p,V ¢ P
(cm Torr)™!

N> 120-3000 3.3 x10° 0.5
300-4000 — —

(0)) 1008000 3.75 x10° 0.5
200-2000 — —

CO, 150-2000 1.58 x10° 0.59
50005000 — —
45-220 — —

CHy4 1201000 5.80 x10° 0.76
300-5000 — —
50-200 — —

Air 130-300 3.3x10° 0.5
10-130 3.3 x10° 1

spatial electron and ion charge distribution in an atmospheric
air discharge. But he eventually arrived at the conclusion that
the available experimental data for fields below 10° V cm™!
agree well with the theory if it is assumed that N, = 103,
independently of E. This is attributable to the fact that the
time 7 depends only slightly on N, because the latter occurs in
the logarithm. Consequently, the numerator in formula (41)
should be 18.4 and not 20. This difference is normally within
the experimental error.

However, this issue invites further consideration, because
the question of whether N, depends on E and p is central to
the statement that the breakdown formation time obeys the
similarity law in the streamer discharge mechanism. Simple
estimates show that the external electric field is severely
distorted by the avalanche space charge when N = N, [26],
and for definiteness it is commonly assumed that the change-
over condition is that the field inside the avalanche is equal to
the external field, i.e., that the total field vanishes inside the
avalanche. However, this condition makes no mention of the
possibility that secondary electrons emerge in front of the
propagating streamer. Most often considered as a mechanism
that provides the secondary electrons is photoionization, with
the implicit assumption that its intensity is high enough when
N = N..

It is pertinent to note that although this criterion is
empirical, it was introduced not on the basis of measure-
ments of the number of electrons in the avalanche or, even
more so, of the fields inside the avalanche and its head, but
starting from the experimental fact that the initial speed of
avalanche head propagation is equal to the electron drift
velocity and then increases steeply. Experimentally, it is
easiest to measure either x. or 7. and then calculate N.. It is
easily seen that N, is only crudely estimated owing to the
exponential dependence of N on awt.

Therefore, although the avalanche-to-streamer change-
over is objectively observed in experiments, the quantitative
criterion N = N, reflects nothing more than the idea of an
external field distortion by the space charge. That is why a
detailed consideration of the physical processes that accom-
pany the avalanche-to-streamer change-over is significant.
Special emphasis is placed on matters such as the description
of the spatial structure of electron and ion clouds, the
description of the spatial field distribution at different time
instants, and the elucidation of the physical mechanisms
responsible for the secondary processes.
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As shown in Ref. [23], the diffusion broadening of an
electron cloud in the avalanche proceeds until the number of
electrons in it reaches a value N ~ 10° (for N,, O, CH,).
Then, on exceeding this value, electrostatic electron repulsion
sets in, the electrons in the avalanche head having a speed
higher than v. The growth in the number of electrons in the
avalanche then begins to depart from the exponential growth
and moderates. This effect, referred to as avalanche self-
breaking [23], is interpreted by the theory [12] and is recorded
experimentally [26], but has no effect of any significance on
the applicability of the similarity law for the time t. (These
issues are discussed in greater detail in Refs [12, 23].)

One of the main streamer development problems is
explaining the mechanism of the emergence of secondary
electron avalanches ahead of the main avalanche. Doing this
requires knowing the mechanism of the emergence of
secondary electrons. This mechanism is commonly related to
either the photoionization of gas, as was initially assumed by
the originators of the streamer discharge theory [16, 19, 26], or
to electrons that have velocities higher than v and escape from
the avalanche head to ionize neutral gas particles [22, 24]. We
consider each of these mechanisms in greater detail.

The photons emitted by excited molecules from the
avalanches in a gas have a marked effect on the mechanism
of gas discharge. The avalanche radiation results in the
photoionization of the gas and the photoeffect at the
cathode, thereby producing secondary electrons. Direct
measurements of the avalanche emission spectra with the aid
of a vacuum spectrograph [28] showed that intense lines in
oxygen have wavelengths 2 = 988, 880, and 835 A. Lines with
wavelengths below 1000 A were recorded in nitrogen.

The emission of ionizing radiation is characterized by the
following parameters: w [cm~'], the number of gas-ionizing
photons produced by an electron over a path of 1 cm;
5 [em~!], the total number of photons produced by an
electron over a path of 1 cm; and w/a, the number of ionizing
photons per electron in the avalanche.

The parameters of ionizing radiation were measured in
Refs [20, 21]. For a radiation source, an incomplete discharge
in a homogeneous field was used. This permitted tracing the
E/p-dependence of different radiation parameters in the gas
discharge. In pure oxygen, w/p was found to increase with
E/p, which is attributable to the shortening of the radiation
wavelength with increasing E/p.

In air, the ionization potential of oxygenis ~ 3.5 eV lower
than that of nitrogen, and therefore the photons emitted by
nitrogen ionize oxygen. With increasing E/p, the collisional
ionization coefficient « for air increases faster than the w
coefficient, and therefore the magnitude of w/a decreases
with increasing E/p [21].

It follows from Ref. [29] that every avalanche electron in
air produces on average 0.4 photons at the pressure
pd =20—120 cm Torr (d = 1 cm), wavelength 4 > 2000 A,
and E/p=50-80 V cm~! Torr~!. Excited gas molecules
emit photons in a time #, on average. With increasing the
gas pressure, the value of 7., shortens owing to excitation-
quenching collisions. According to the data in Ref. [30],

-1
fex =1 |:1 +£:|
Po

for nitrogen, where 7o = 36 + 3 ns and py = 60 4 6 Torr.
The authors of Refs [31, 22] pointed to the probable
participation of the electrons of the primary electron

avalanche in the formation of secondary avalanches. This
applied to the electrons in the avalanche head that were forced
out by the electrostatic field of electrons. This effect was used
to interpret the mechanism of air discharge in ultrastrong
electric fields (up to 10 Vecm™!). In Ref. [32], an attempt was
made to construct the streamer theory by invoking the idea of
runaway electrons, which were discovered in Ref. [33] earlier.
The electrons in the low-temperature weakly ionized plasma
of a gas discharge acquire the energy of ordered motion from
the electric field and spend it primarily for ionizing and
exciting neutral particles. For a high electric field strength—
pressure ratio, the energy gained by the electron over a unit
path length may exceed the energy imparted in inelastic
collisions, and the electron therefore moves to the regime of
continuous acceleration.

Reference [32] involved the following qualitative reason-
ing. Because the electrons in the avalanche head have
different energies, including those significantly higher than
the average energy &,y, these electrons can escape from the
avalanche towards the anode to find themselves in the
enhanced-field domain. Part of the electrons that have
insufficiently high initial energy slow down in the gas, while
higher-energy electrons can gain even higher energy of
ordered motion in the enhanced-field domain and travel in
the regime of continuous acceleration, even though the field
becomes weaker. We return to the issue about the role of
runaway electrons in Section 5.2.

4. Temporal characteristics
in multielectron initiation

4.1 Breakdown formation time 7 and the similarity law
Fletcher [27] has experimentally measured the breakdown
formation time 7 at atmospheric pressure in air with the use of
nanosecond pulses. He showed that the time t for gaps
belonging to the millimeter range in the field E > 50 kV
cm™! depends only on the value of E and not on the voltage
U and the gap length d separately. These data therefore
corroborate the validity of the similarity law. The t(E)
dependence for atmospheric air pressure obtained in
Ref. [27] is described by formula (40) with N. = 10® (Fig. 6),
i.e., asin a conventional streamer discharge in atmospheric air
for d ~ 1 cm. It was just what the author of Ref. [27]
supposed: that the discharge is initiated by individual
electrons and the discharge is a streamer.

The experimental technique used in Ref. [27] was as
follows. A voltage pulse with the rise time 0.3 ns was fed via
a coaxial line. The cathode and the anode were located at the
boundaries of a cut on the inner conductor (Fig. 7a). Figure 7b
shows the equivalent circuit of the experimental facility. The
discharge formation time T was measured from the instant the
rising pulse voltage reached a value U, to the instant the
voltage across the gap was a few percent lower (Fig. 7c).
Consequently, the onset of a decrease in the voltage across the
gap and of current growth was taken for the breakdown
criterion. The cathode was illuminated with an ultraviolet
spark to produce initiating photoelectrons.

We enlarge on several contradictions in Ref. [27], which
refute the streamer nature of the discharge under investiga-
tion. First, the experiments by the author himself indicate that
the discharge is not a streamer [27]. For instance, the
distribution |In(n,/ng)| =f(¢) given by the author for
d=1.55mm and E=82kV cm~! (a double overvoltage)
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Figure 6. Discharge formation time 7 as a function of the field strength £
for an atmospheric air discharge; curve / was obtained for the pulse
amplitude 7.5 kV, curve 2 for 12.7 kV, and curve 3 for 18 kV.

Figure 7. (a) Diagrammatic representation of an experimental facility
in which a discharger with a gap d is built into a coaxial line.
(b) Equivalent electric circuit of the facility: 2U — voltage generator,
i = (Nev)/d exp(awvt) — current generator, z — wave impedance of the
coaxial line. (c) Oscillogram of the current discharge. (d) Schematic sketch
of the voltage across the gap during the discharge.

shows a wide scatter in the times T even when more than one
electron was certainly at the cathode. This scatter was
eliminated when the ultraviolet cathode-illuminating flash
was made 60 ns prior to the voltage pulse arrival and

produced the current 1.7 x 10~ A from the cathode, which
corresponds to about Ny = 10* electrons at the cathode prior
to the pulse arrival at the gap. Along with the widening of the
scatter with a decrease in the number of electrons at the
cathode, the shortest time in the distribution |In(n,/ng)| =
f(t) also changes, which is commonly taken as the discharge
formation time 7. The dependence of 7 on the number of
initial electrons at the cathode was also demonstrated in
Refs [31, 34], where the number of electrons N, was
controlled by varying the time between the ultraviolet spark
radiation flash and the arrival of the pulse. The dependence of
7 on the number of electrons from the cathode may also be
judged by the data in Ref. [35], where the values obtained for t
were approximately two times larger than in Ref. [27],
because it may be assumed from the description of the
technique in Ref. [35] that the value of Ny was lower than in
Ref. [27].

Second, the formation time 7 in Ref. [27] was determined
from the oscilloscope traces of the current, whose amplitude
was in the range of several hundred amperes. Considering
that the onset of current growth in the gap, up to which the
time T was measured, may be fixed for the current through the
gap about 1A, the number of electrons in the avalanche for
the drift velocity v = 10”7 cm s~! should amount to ~ 10'! and
not 108, which follows from the streamer theory.

Third, the existence of a one-avalanche streamer dis-
charge is not corroborated by direct observations of the
discharge structure with the aid of high-speed photography
in the nanosecond range [36, 12]: in this case, the entire gap
volume is observed to glow from the instant of voltage
application for a time 7 and in the stage of fast current
buildup, and there is no local radiating object characteristic
of a streamer [19]. The fact of the volume glowing is also
directly confirmed by gap photographs recorded during the
discharge on application of a single nanosecond pulse [12].

To interpret the t(E) curve plotted in Fig. 6, Dickey [37]
calculated the transient process in the discharge circuit
(Fig. 7b) for a single initiating electron under the assumption
that the number of electrons in the avalanche may be
arbitrarily large. In this case, he obtained the time interval
from the onset of voltage application to the onset of current
buildup and voltage decrease, which was taken as the time 7 in
Ref. [27], and this time interval turned out to be longer than
that obtained in Ref. [27]. What is most important, he showed
that the steepness of the voltage decrease and, accordingly, of
the current increase agrees nicely with that measured from the
oscilloscope traces in Ref. [27] (Fig. 8).

But this explanation is incorrect because in a space void of
charges, the current in the gap must be closed due to the
displacement current. In this case, the experimentally
observed ~ 10? A current may be due to either the large
capacitance of the gap or the high growth rate of the
capacitance in the course of avalanche motion.

The intrinsic gap capacitance is normally of the order of
several picofarads, which is insufficient to transmit a current
of 10% A even for the growth rate 10'! A s~!. For the pressure
p =760 Torr and E/p =150 V cm~! Torr™!, the quantity
o/p = 1.6. For the number of electrons in the avalanche to
become as high as ~ 10'3, it should therefore traverse a path
x ~ 0.26 mm, and therefore this capacitance would remain
almost invariable for d > 3 mm.

Furthermore, as shown in Section 3.3, for some number N
of electrons in an avalanche (for E/p =40V cm~! Torr™!
N =~ 10%), the effect of the space charge field is so strong that
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Figure 8. Oscilloscope trace of the voltage across the gap (solid curve) and
voltage calculated in the framework of the avalanche electron multi-
plication model (dashed curve) for Ny = 1. The gap length d = 1.37 mm,
E=1044kVcem™'.

neglecting it leads to even greater errors. Moreover, the
avalanche completely ceases developing due to the slowing-
down by the space charge [26]. That is why the physical
interpretation of the data in Ref. [27] given in Ref. [37] is
unconvincing. However, it is amazing that the time depen-
dences of the voltage during the voltage decrease obtained in
Ref. [37] are in good agreement with the oscilloscope traces in
Refs [27, 31]. The reason why this contradiction occurs is
explained in Section 4.3.

Felsenthal and Proud [38] investigated a nanosecond
pulsed discharge in different gases using a technique similar
to that in Ref. [27]. In this case, the initial number of initiating
electrons was also of the order of 10*. These experiments were
carried out under the following conditions: the voltage
E =4-30 kV, the gas pressure p = 1—-760 Torr, the inter-
electrode gap d = 0.05—6 cm, and the discharge formation
time 7 = 0.3—30 ns. The validity of the similarity law under
these conditions was proven for nine gases (Fig. 9).

An explanation why the similarity law applies to the
pulsed gas breakdown with multielectron initiation was
provided by Mesyats [31] and his collaborators [12, 39]. For
a large number N, of initial electrons, the current builds up
due to the simultaneous development of a large number of
electron avalanches. To calculate the dependence of pt on
E/p, we use the equivalent circuit of the discharge circuit

10*
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=
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Figure 9. Breakdown formation time as a function of the electric field
strength E and pressure p for different gases. / — freon-S318; 2 — freon-
114; 3 — freon-12; 4 — SF¢; 5 — Np; 6 — air; 7— O,; 8§ — Ar; 9 — He.

(Fig. 7b) in the experiments in Refs [27, 38, 39]. The spark gap
is replaced with a current generator, which depends on the
way of producing the initiating electrons. When these
electrons are produced at the cathode and their number is
Ny, we have

N t
j = YOV exp (J owdt) ,
d 0

where e is the electron charge, d is the gap length, and v the
electron drift velocity. When the initiating electrons are
produced throughout the cathode and the anode, we have

t
i = npevS exp (J owdt) ,
0

where Sis the surface area of the electrodes and #y is the initial
electron density between the electrodes. On the other hand, if
the gap capacitance is neglected, the current can be deter-
mined from the Kirchhoff equation
U, —-U d
j=—=

(43)

(44)

(Ea —E), (45)

z zZ

where U, and FE, are the respective amplitudes of the voltage
and the field intensity and z is the wave impedance of the
coaxial line. Formula (45) takes into consideration that the
generator voltage in the equivalent circuit (Fig. 7b) is equal to
2z and the total resistance is 2U. We assume that the pulse has
a perfectly rectangular front.

The discharge formation time 7 in this case is determined
by the time interval between the instant of voltage application
and the onset of a decrease in the voltage across the gap and of
the buildup of current through the gap. We fix this instant as
the moment the current attains a value i, < U,/z. From
formula (43), we then obtain

1 id

T=—In——.

av  eNyv

(46)

If it is assumed thati; =1 A, d=1cm, v = 10" cm s~ !,

and Ny = 10%, the quantity in the logarithm is ~ 10%, which is
equal to the value of N, obtained in Ref. [27] under the
assumption that the streamer discharge mechanism occurs.
The quantity appearing in the logarithm in formula (46) has
only a weak effect on the time 7, and therefore the similarity
law may be considered applicable in the case of multielectron
initiation of the pulsed discharge. One more contradiction of
Refs [27] and [37] is explained. Because the number of
initiating electrons is Ny = 10* and it was assumed in
Ref. [37] that Ny = 1, this is precisely the circumstance that
underlies the difference between the curves in Fig. 8.

However, as is evident from Fig. 6, the t(E) dependence in
atmospheric air for relatively low fields departs from the
similarity law. This is attributable to the fact that the total
current of the avalanches that reach the anode is lower than
the current i, taken to determine the time t. The condition
that determines when such departures are to be expected is
written as d < tv, and hence, in view of formula (46), it
follows that

1 id
-1 : .
d<oc n<eNov>

(47)
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For ease of comparing condition (47) with experimental data,
we multiply the left- and right-hand sides by E,. We then
obtain

E, id
2 < — 1 .
Ua < P (er)

Substituting o given by formula (18) in inequality (48), we
obtain the expression for the E/p value below which the
similarity law is violated,

E M M M2\Y?
Z_ Bl Z
p [ +2Ua+(Ua+4UaZ> :|’

(48)

(49)

where M = (1/A4¢By) In(i.d/eNyv). The violation of the E(7)
dependences in the experiments in Ref. [27] was observed for
U, = 12.7 and 7.5 kV. We substitute these values in formula
(49) to obtain the respective electric field strengths 42 and
51 kV em~!. The respective experimental values of these
quantities in [27] are 42 and 50 kV cm~!. This testifies to a
satisfactory theoretical explanation of the departure of the
7(E) dependence from the similarity law. We recall that this
occurs in short gaps (d ~ 1.5—3 mm).

Therefore, the similarity law for the time 7 in multi-
electron initiation may be considered valid in the 10710
10-7 s range. One more confirmation of this statement is
provided by Ref. [40], where the dependence of the time 7 on
the pressure of argon is investigated for p = 0.5—-600 Torr.
The 7(p) curve was shown to have a minimum, 7y,;, = 250 ns,
for the pressure pmin = 100 Torr. The existence of such a
minimum was earlier indicated in Ref. [41]. We show that the
occurrence of this minimum is, according to our theory, in
complete agreement with the similarity law. For argon, in a
wide range of E/p, we have the dependence [42]

7= ()

where 4 = 33 (cm Torr)™! and B = 22.7 V!/2 (cm Torr)~1/2.
We write the electron drift velocity in the general form

)
v=c|l—] ,
P

where ¢ and » are parameters that depend on the sort of gas
and the E/p value range. Then, substituting formulas (50) and
(51) in formula (46) and assuming that the numerator
depends only slightly on E/p because it occurs in the
logarithm, we find the minimum from the relation

dt/dp = 0. We then obtain the pressure at which the time ©
is minimal as

(50)

(51)

E
ik

It follows from formula (52) that at the minimum point,
(E/D)in = B> =515V (cm Torr)~!. According to Fig. 9,
this value of E/p corresponds in argon to (p7)
2x 1078 Torr s. The experimental value is (pt),;, =
2.5 x 108 Torr s. Considering that the pulse in Ref. [40] is
not strictly rectangular, the theoretical value of ( pt),,;, may
be thought of as being in satisfactory agreement with the
experimental one. This supports the conclusion that the
similarity law for a gas discharge holds for times 7 < 1077 s,
i.e., for the picosecond range.

Pmin = (52)

min

4.2 Current buildup and voltage drop time 6

It is easily shown that in the multielectron initiation, the
current buildup time and, accordingly, the drop time for the
voltage across the gap, which is equal to the former, are
determined, like the time 7, by the ionization multiplication of
electrons and their drift velocity. Let the gap under investiga-
tion be connected in series with a coaxial line (Fig. 7a). This
circuit corresponds to the equivalent circuit depicted in
Fig. 7b. Then, according to the Kirchhoff law, the relation
between the current i and the voltage U is described by
Eqn (45). We simultaneously solve Eqns (43) and (45) to
obtain [31]

dU——(1—£) U (53)

dr U,
Equation (53) may be written in the framework of the

similarity law as
E/p) E «
1- — —v(E/p).
> (E/p)

d(E/p) _ _(
d(pt) E./p

(54)

Consequently, in the multielectron initiation, the similarity
law applies not only to the discharge formation time 7 but also
to the time during which the drop in voltage across the gap
and, accordingly, the buildup of current through the gap
occur. It is evident from formula (54) that the field E () is
independent of the initial number N, of initiating electrons.
This explains why the calculations performed in Ref. [37] for
Ny = 1 yielded the same U () decreasing-voltage dependence
as for Ny = 10* in Ref. [27, 31] (see Fig. 8).

We now estimate the time of the current growth and the
voltage drop across the gap. The collisional ionization
coefficient o/p is approximated by formula (18) and the
electron drift velocity is defined by formula (42) for » = 1
and ¢ =3.3 x 10° cm? Torr V~! s7'; it then follows from
Eqns (45) and (53) that

- B)x,
where x = i/(U,/z)=1-U/U, =1 —y, B=1-27.5/(E/p),
T=t/ty, to=42p ' (E./p)°, and y = U/U,. The time
dependences of the relative discharge current x = i/i, for
different E/p, which were calculated in our work [31], are
plotted in Fig. 10. It follows from these dependences that the
curve x(¢) initially rises steeply and then its growth is strongly
moderated. The fast-to-slow growth transition is attributable
to the fact that the voltage drop across the resistance increases
with an increase in the current, which results in a lowering of
the field strength in the gap and a decrease in the collisional
ionization coefficient o and the electron drift velocity v. The
last-mentioned circumstance lowers the rate of current
growth.

In the steep part of the x(7) curve, the slope x = dx/dr s
steepest for x = xpmax. The value of xpayx is determined from
the condition d*x/dT? = 0:

(55)

Xmax = 0.1 [3(B+ 1)—\/9(B+1)* - 203} . (56)

By calculating the values of Xm.x(B), it is possible to
determine the dependence of the time 0 = i,(di/d¢).} on

max

E,/p. The quantity xpmax(B) and the corresponding depen-

dence of the derivative Xmax = (dx/dt),,, on Bare plotted in
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Figure 10. Time dependences of the current in atmospheric air for different
E/p values calculated in the framework of multiavalanche electron
multiplication.

Figure 12. Experimental (/) and calculated (2) oscilloscope traces of
decreasing voltage in the multielectron initiation of nitrogen breakdown
(p = 760 Torr,d = 0.44 cm, E = 68.5 kV cm~") and experimental oscillo-
scope trace of the voltage decrease in the one-electron initiation (3).

Fig. 11. Using the curve Xmax(B), it is possible to find the
dependence of H:ia(di/dt);lix on E,/p. It is easy to
demonstrate that the similarity law holds for the conven-
tional time 0 of voltage drop and the increase in the current

(see Fig. 7c)

024
o = 0.0

= 3 , (57)
(Ea/p)"(dx/dT ) pyax
because Xmax = (dx/dT),,, =f(Ea/p). The measured values
of 0 for three gap lengths d = 1, 2, and 4 mm for multielectron

and one-electron initiation fit well into this curve [31].

In the one-electron discharge initiation, there are also two
parts in the curve of voltage decrease: a fast and a slow
decrease. Figure 12 shows the experimental dependences
U/ U, (1) for the multielectron and one-electron initiation, as
well as the theoretical curve. It is pertinent to note that by
determining the time 0, we have characterized only the initial,
steep portion of the voltage decrease curve. But a second
portion also exists with a relatively slow voltage decrease,
which is recorded in the oscilloscope trace as a ‘footstep.’ This
permits naming it the residual voltage or the operating

y
10 F 0.7
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Figure 11. p0 for multielectron and one-electron initiation and the relative
voltage ys for which the steepness of voltage decrease is one fifth the
maximum steepness, as functions of £/p for different air gaps of lengths 1,
2, and 4 mm. Solid curves show the theoretical data and the dashed curve
corresponds to the experimental data obtained for air at p = 760 Torr.

voltage, Uy, of a volume discharge. This footstep occurs
because as the current increases, the average field E in the
gap decreases and, accordingly, the values of o and v decrease,
resulting in a strong moderation of the decrease in the voltage
across the gap. We assume that

dUy, < dU
b PN B
dr dt /)

and that the voltage Uy, is attained when dU/d(pt) = hy,
where /i is some quantity that is small in comparison with the
maximum steepness. As is easy to show, with the electron
velocity v = ¢(E/p), it follows from Eqn (53) that

2
-2

pd

As is evident from formula (58), the discharge operating
voltage is independent of the wave impedance z of the
generator. With this definition of the operating voltage Uy,
the similarity law U, = ¢(pd) is upheld according to
formula (58). For U, > Uy, the dependence of U, on U, is
weak, i.e., Up remains practically the same for different initial
voltages. Figure 11 gives the experimental and theoretical
dependences of y = Uy /U, on E,/p for atmospheric air for
the steepness dU/d¢ five time smaller than the maximum
steepness. This discharge stage is commonly used for
pumping gas lasers and in plasmotrons.

(58)

5. One-electron initiation

5.1 Breakdown formation time 7 and the current-buildup
and voltage-drop time 6 in the one-electron initiation

In air gaps of length ¢ < 1 mm, in the initiation of discharge
by single electrons (one-electron initiation), the similarity law
is violated and the time t becomes one or two orders of
magnitude longer than expected from the data for discharges
with the multielectron initiation.

It was proven in Ref. [39] that the time 7 depends on the
number N of initial electrons. Voltage pulses up to 30 kV in
height with the rise time 0.3 ns were used. The discharge
chamber was filled with air at atmospheric pressure. There
was an opening in the anode, which was covered with a copper
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mesh. The gap length d =2 mm remained invariable. The
ultraviolet cathode was illuminated with a miniature spark
source; its radiation was incident on the cathode at 90° via a
quartz lens, an aperture stop, and the anode mesh. The
aperture stop enabled changing the irradiation area by a
factor of 103, the lens transmitted radiation with wavelengths
no shorter than 2000 A to the cathode, which ruled out the
photoionization of gas. The facility enabled realizing both
one-electron and multielectron initiation. The multielectron
initiation was realized when the ultraviolet radiation arrived
significantly earlier than the main voltage pulse. The one-
electron initiation was effected when the radiation arrived
10 ns after the arrival of the main pulse at the gap. The
possibility that an initiating electron emerged during this
period was excluded because the delay time for a discharge
without illumination was always longer than 100 ns.

For each pulse amplitude, 100 oscilloscope traces were
recorded to plot the dependences | In(n,/ng)| = f(¢), where n,
is the number of breakdowns with the time delay ¢ or longer
and ng is the total number of breakdowns. For example,
Fig. 13 shows two of these distributions for £ = 100 kV cm™!
and E =90 kV cm~'. The shortest time in this distribution
was taken as the time 7. The cathode irradiation intensity was
chosen such that the time o was comparable to 7. This
practically excluded the simultaneous emergence of two
electrons whose avalanches might interfere with each other.

The dependence of the time 7 on the field Ey obtained for
one-electron initiation is shown in Fig. 14 (curve 3). Also
given in Fig. 14 are curve / obtained in Ref. [27] and the
results in Ref. [39] for multielectron initiation (the data points
in curve /). In the latter case, the illumination commenced
100 ns earlier than the pulse and the intensity of ultraviolet
cathode irradiation was approximately 100 times higher than
the intensity when recording the curves given in Fig. 13. The
number of electrons accumulated at the cathode was there-
fore ~ 10*, asin Ref. [27]. The values of the time T measured in
this case coincide with the data in Ref. [27]. Curve 2 was
obtained in Ref. [35] under conditions close to one-electron
initiation.

It can be seen from Fig. 14 that the discharge formation
time substantially depends on the number of breakdown-

ny

o
2.0

I o 2

1.6 -

0.8 -

04 -

1 ol 1 1
0 2 4 6 8 10

14, S

Figure 13. The distribution |In(n,/ng)| = f (). Curve I — E =100 kV
em ™, d=2mm,curve 2— E=90 kVem ™', d =2 mm.
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Figure 14. The formation time t versus the field E. Curve / was plotted
using the data in Ref. [27]: the points were obtained for the multielectron
breakdown initiation [31]; curve 2 corresponds to the data in Ref. [35] for
the one-electron initiation; curve 3 is the dependence obtained for the one-
electron initiation [31].

initiating electrons. All known experimental facts can be
explained by assuming that the onset of the fast current
growth and the decrease in the voltage across the gap, which
is commonly recorded as the instant of breakdown, are due to
the development of electron avalanches initiated by free
electrons in the gap. For a large number Ny of initiating
electrons during the time 7 that is commonly taken as the
discharge formation time, the current of these avalanches
builds up to some value i, that can be recorded with an
oscilloscope. When the number Ny of electrons is small, e.g.,
Ny = 1, free electrons are accumulated in the gap during the
discharge formation stage due to secondary processes.

An investigation of a nanosecond pulsed atmospheric air
breakdown for the one-electron initiation in gaps of length
d < 1 mm was carried out in Ref. [34]. The electric field in the
breakdown amounted to 10 V. cm~!. No ultraviolet cathode
illumination was effected, and the initiating electrons were
produced due to the field emission current. As shown in
Ref. [34], in the case of a careful cleaning and polishing of the
electrodes, for the gap length d = 0.1 mm and the electric
field E = 1.4 x 10 Vcm™!, the time t ~ 1 ns. Scratching the
cathode surface had the effect that the time 7 shortened to
values T < 107!% s. This is attributable to the fact that the
discharge went over into the multielectron initiation mode
initially due to the field emission current and subsequently
due to explosive electron emission from the micropoints on
the cathode surface, which emerged at the edges of the
scratch.

The relatively long 7 in the discharge initiation by a small
number of electrons may have several possible causes, all due
to the deficiency of the number of electrons in the gap, which
prevents the discharge current from rapidly attaining a value
perceived as a discharge. First, because of the good cathode
processing, the number of initiating electrons is small: on the
cathode, there are few micropoints at which the electric field is
enhanced to increase the field emission current. Second, for
fields E > 10° V cm™', the effect of electron avalanche self-
braking becomes much stronger. That is, the growth rate of
the number of electrons in the avalanche decreases sharply for
the number of electrons N~ 10° in the path x. <d.
Naturally, few excited neutral particles are produced in such
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Figure 15. Electron velocities at the front (solid curve) and at the tail
(dashed) of an avalanche as functions of the number of charges in the
avalanche; v — the current electron drift velocity, vy — the initial electron
velocity.

an avalanche, and it emits few photons or runaway electrons
(REs). That is why a streamer cannot arise in the gap. Third,
owing to the small number of photons emitted by the
avalanche, few photoelectrons are produced at the cathode.
All this is responsible for a sharp decrease in the growth rate
for the number of free electrons in the discharge gap.

For fields E > 10° V cm™~', the avalanche itself exhibits
significant distinctive features: it experiences strong distor-
tion. The velocity of electron motion at the avalanche front is
substantially higher than at its tail [23] (Fig. 15), i.e., the
electrons are ejected from the avalanche front. Together with
REs, these electrons produce a new avalanche ahead of the
front of the primary avalanche. A plasma object termed the
avalanche chain thus emerges [22]. On bridging the gap, the
avalanche chain does not give rise to a sharp increase in the
current owing to its very low conductivity. But it emits
photons, which produce new electrons at the cathode and in
the gas due to photoemission from the cathode and thereby
produce new avalanche chains. This mechanism resembles the
Townsend mechanism, with the difference that the role of a
separate avalanche is played by an avalanche chain. In this
situation, the time 7 depends on the de-excitation time of
excited atoms and molecules. In particular, for nitrogen at
p = 760 Torr, as shown in Section 3.3, this time is equal to
2.5ns. Naturally, the similarity law for the time t does not hold
for the one-electron initiation under these conditions.

The field emission, the avalanche chain development, the
emergence of REs, and the production of photoelectrons are
responsible for the accumulation of the number of electrons
in the gap such that the increase in the discharge plasma
conductivity and the decrease in voltage across the gap occur
during one avalanche generation time. Interestingly, the
initial stage of this decrease is the same as in the multielectron
initiation. This is attested by curve 3 plotted in Fig. 12, which
shows the decrease in the voltage across the gap in the one-
electron initiation. It can be seen from Fig. 12 that the time 0 is
independent of the number of initiating electrons.

The structures of plasma glow in the gap in multi- and
one-electron initiation are substantially different. While the
entire gap glows in the former case, numerous diffuse

channels linked to different points on the cathode are
observed against the weak volume glow in the latter case.
This structure of atmospheric air discharge was first dis-
covered by the authors of Refs [31, 43] and more recently by
other authors [24, 44]. These points on the cathode are the
sites of field emission enhancement.

The volume glow is due to the photoemission from the
cathode and the photoionization of gas by the photons
emanating from diffuse channels. The diffuse channels are
produced due to the field emission (FE) current from the
micropoints on the cathode, at which the electric field may be
enhanced by factors of several dozen or even several
hundreds [3]. This enhancement becomes even stronger due
to the space charge of positive ions. When the electron current
density attains a high value, explosive electron emission (EEE)
from these micropoints occurs [31, 46], which gives rise to
cathode spots and subsequently to brightly glowing discharge
channels. The explosive processes at the cathode in a gas
discharge were predicted in Ref. [23] and first discovered and
investigated in Refs [3, 41, 46, 47]. Their occurrence is directly
confirmed by microcraters on the cathode. These are similar
to the microcraters that emerge in a vacuum discharge, for
which the fundamental role of EEE has been unambiguously
proven [48]. There is no question that precisely FE or EEE is
responsible for the emergence of REs in a gas discharge gap.

It is interesting to note the effect of channels and bulk
plasma in the gap on the discharge. The main current after the
onset of the voltage decrease is due to diffuse glow because the
initial voltage decrease and current growth time are the same
in the cases of multi- and one-electron initiation (see Fig. 12).
The subsequent voltage decrease and current growth are
governed by processes in the channels. That is why the
current increases much faster in the multielectron initiation.
This is related to the nonuniformity of electron emission from
the cathode surface arising from the large number of
micropoints on it. It is the enhanced FE current from the
micropoints that leads to the production of diffuse channels.
Subsequently, these micropoints explode under the action of
the EEE current and discharge channels arise.

5.2 Runaway electrons

In Section 5.1, we investigated the dynamics of air discharge
without external preionization sources under electric fields
E > 10° Vcm™'. Normally observed under these conditions
are runaway electrons, as mentioned in Section 5.1. We have
already discussed the possible role of REs in the avalanche-to-
streamer transition (see Section 3.3) and the production of
diffuse channels (see Section 4.2). We now enlarge on the
nature of REs and their possible role in the discharges under
consideration [3].

Electrons in the low-temperature weakly ionized plasma
of a gas discharge acquire the energy of ordered motion from
the electric field and spend it primarily to ionize and excite
neutral particles. For a large ratio E/p of the electric field
strength to pressure, the energy gained by an electron over a
unit path length may exceed the energy it loses in inelastic
collisions, and the electron can then transit to the continuous
acceleration regime.

For a nonrelativistic electron, inelastic energy losses are
determined by the well-known formula [49]

4 .
Fle) = 2neng z ln%

g I’ (59)
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Figure 16. Qualitative form of the energy dependence of the fast-electron
braking force in a gas.

where ng is the density of gas molecules, z is the number of
electrons in the molecule, ¢ = mv2/2, Iis the so-called average
energy of inelastic losses, and ¢ is the thermal electron energy.
The value of Iis known from experiments. For nitrogen and
air, I = 75—80 eV, and I = 44 ¢V for helium.

If elastic scattering is disregarded, the electron energy
balance for ¢ > /2 is written as

de 2netngz | 2
a = (E — B 1117 . (60)

The loss function F(g) has a peak Fnax at the energy
¢~ 272 1/2 (Fig. 16). Hence, it follows that there exists
some critical field E, = Fy.x/e: when the field is above this
critical field, electrons with energies ¢ > I/2 travel in the
regime of continuous acceleration rather than the drift
regime. The critical field is given by

4ne’ngz
E.=——. 61

¢ 2721 (61)
Substitution of the corresponding numerical constants in
expression (61) gives the condition whereby the electrons in
a gas discharge participate in accelerated motion:

E. 3 Z
—=3. 10° -. 2
» 3.38 x 10 7 (62)

For instance, z = 14, I = 80 eV, E./p ~ 590 V cm~! Torr™!
fornitrogenandz = 2,1 =44 eV, E./p = 154 Vcm ™! Torr™!
for helium. Similar E/p values are achieved with relative ease
at the delay stage of nanosecond pulsed discharges, and
continuous electron acceleration should therefore occur in
the plasma column of such discharges.

For an electron to move with acceleration in a field Ey, the
condition Ey > E. need not be satisfied. Referring to Fig. 16,
when an electron has an ordered-motion energy ¢ > ¢ for a
field Ep, de/dx <0 and the condition for continuous
acceleration is also satisfied.

Runaway electrons in atmospheric air discharges were
first observed by Stankevich and Kalinin [33], who carried out
several experiments to prove the existence of fast electrons in
the initial stage of a pulsed discharge in air at atmospheric
pressure. The experiments are schematized in Fig. 17. A
voltage pulse 23 ns long with the rise time about 2 ns was
imposed across the discharge gap between electrodes 5 and 6.
The bremsstrahlung was incident on organic scintillator 2 via
electrode 5 and absorber 4. The light flash of the scintillator
was recorded by a photomultiplier. The photomultiplier
together with its power source was enclosed in a metal

Figure 17. Schematic of the experiment to identify runaway electrons: / —
photomultiplier; 2 — scintillator; 3 — damper; 4 — absorber; 5 — anode;
6 — cathode.

casing, which shielded the circuit from electromagnetic
interference. Test experiments were conducted to confirm
that external fields, illumination, and the shock wave had no
effect on the circuit.

For the pulse amplitude 46 kV and the positive polarity of
electrode 5, the hardness and intensity of the bremsstrahlung
were sufficient to pass through the 2 mm thick aluminum
layer (with a 1 mm thick aluminum anode) with a several-fold
attenuation; for the amplitude 58 kV, the bremsstrahlung was
able to pass through a 0.3 mm thick nickel layer (with a nickel
anode). It was not possible to measure the duration of the
radiation pulse because it was shorter than the temporal
resolution of the setup, equal to approximately 5 ns.

Estimating the radiation intensity showed that the
radiation energy about 4 x 10~* roentgen is liberated per
pulse, which corresponds to approximately 6 x 10* photons
(for the average photon energy 6 keV). In the view of the
authors of Ref. [33], the experiments conducted suggest that
electrons in the initial stage of a spark discharge can gain
energies comparable to the applied voltage by an order of
magnitude.

Noggle et al. [50] observed X-ray radiation in a helium
discharge. In these experiments, a Marx generator with the
voltage 240 kV and the voltage rise time 10 ns was used.
The gap measured 2—10 cm in length, and E/p =35-
140 V cm~! Torr~!. The average X-ray photon energy was
equal to 10—13 keV. In a series of experiments reviewed in
Refs [24, 44, 51], it was possible to directly observe the
electrons that emerged through a thin metal foil at the anode.

The experimental conditions in which X-rays were
observed were distinguished not only by a high field
strength —pressure ratio but also by a high field strength at
the cathode. In all old and recent experiments, advantage was
taken of a single-pointed cathode or a cylindrical cathode
with sharp edges, which in some cases was the end of a
helically rolled metal foil [44]. The electric field at the cathode,
enhanced due to its sharpness, is said to be the macrofield.
However, there are micropoints on the cathode surface that
additionally enhance this macrofield by factors of several
dozen or even hundred [3]. The electric field at the micro-
points is said to be the microfield. The high fields at the
cathode surface suffice to give rise to field emission and
subsequently explosive electron emission [3]. The existence
of this high macrofield is required to satisfy criterion (62),
whereby REs emerge. Visual integral photographs show the
explosive plasma at the cathode surface. It is therefore invalid
to say that we are dealing with REs from discharge streamers
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whenever REs are observed. The number of REs in the
presence of FE and EEE is always much larger than in the
case of a pure gas-discharge effect. The occurrence of
explosive processes at the cathode is also attested by spectro-
scopic investigations of the near-cathode plasma. Observed in
air discharges [3, 50] are, as a rule, the spectral lines of
nitrogen and of the cathode metal, the latter appearing
~ 107 s later than the former.

Important information on the nature of REs was gained
in the investigation of the beam structure of REs at the anode.
The number of diffuse channels [31, 43], as discussed in
Section 5.1, was always equal to the number of RE beams
[24] recorded at the anode. The investigations revealed that
the RE source was either the cathode or the plasma of the
cathode flame resulting from EEE. This is evidenced by the
following experiment with helium at the pressure 22 Torr [51].
Notches were made on a planar cathode, and the imprints on
the anode produced by RE beams corresponded to the notch
pattern on the working surface of the cathode. Hence, the
REs are caused by the emission due to the existence of
micropoints on the notch edges. The spatial distribution of
REs in atmospheric air is strongly affected by their scattering
by molecules. But experiments with a sharp conic cathode
reveal a clear-cut relation between the cathode—anode
distance d and the RE beam diameter. For instance, the
beam diameter is equal to ~ 6 mm for d =5 mm and to
30 mm for =15 mm. It is pertinent to note that the
appearance of the image of structural cathode irregularities
on the anode is physically similar to the field emission Miiller
projector. The flux structure corresponded to the emitting
center distribution on the cathode, which is an indication that
FE is the decisive factor in the emergence of REs in atmo-
spheric air.

The number of REs varied in the range Ny, =10% —10'? per
pulse, depending on the sort of gas, its pressure p, the
overvoltage J, the cathode geometry, the steepness of the
pulse front, and the gap length 4. For the pressure
p = 760 Torr, the gases under investigation can be listed in
the order of decreasing Ny : He, Ne, H», air, Ar, Xe, and SFg
[24]. The runaway electrons are emitted in the form of short
pulses, which are much shorter than the voltage pulse.
According to new, more reliable data, the duration of RE
current pulses in atmospheric air is equal to 0.1—0.5 ns [52].
However, these durations are at the resolution limit of
oscilloscopes. Conceivably, this quantity might therefore be
shorter than 10719 s. For the above number of REs, the 1 —
100 A amplitudes of current pulses measured in Refs [44, 52]
appear to be realistic. This current depends only on the
number of emitting centers on the cathode, all other factors
being the same. It is therefore unreasonable to compare the
RE current for cathodes made in the form of a single point, a
metal blade, or a rolled foil.

The most probable source of REs is the FE from the
micropoints on the cathode due to the microfield, which lasts
from the instant of voltage application to the instant of their
explosion. This time is determined by the formula ;¢ = A,
where ¢ is the duration of the electron current pulse and 7 is
the action integral, whose value is equal to ~ 10° A%s cm™>
for many metals [48]. For f; = 107! s, the electron current
density must therefore be equal to ~ 10° A cm~2. This is
achieved for electric field strengths ~ 108 V cm™' at the
micropoints, which is quite realistic [3]. Hence, the duration
of RE current pulses is equal to the time delay of micropoint
explosions by the FE current.

REs have a rather broad energy spectrum, sometimes
having an energy ¢ > eU,, where U, is the pulse amplitude.
These electrons were termed anomalous-energy REs. For the
air pressure p = 70 Torr, &max ~ 200 keV; for p = 760 Torr,
émax ~ 300 keV. With increasing the pressure, the energy
spectrum maximum shifts towards higher energies [24].

Therefore, the occurrence of REs in gas discharges has
been amply corroborated. We now have to see how they affect
the main gas discharge characteristics, which were discussed
in Section 4. We first note that all T values given in Section 4
were measured for a uniform electric field, while all RE
measurements were carried out for a strongly nonuniform
electric field occurring due to the use of pointed cathodes.
Nevertheless, even though the REs may emerge under a
uniform electric field, they have no effect of any significance
on the value of t for a multielectron discharge initiation,
because the number Ny of initiating electrons in formula (46)
is in the logarithm. As for the magnitude of 6, which
determines the decrease time for the voltage across the gap,
the number of discharge-initiating electrons does enter
Eqn (54) whatsoever. That is why the REs should have little
or no effect on the dependences of pt and p0 on E/p.

In the case of one-electron initiation, REs undoubtedly
participate in the accumulation of free electrons for a time 7.
They are responsible for the emergence of diffuse, weakly
conducting channels between the cathode and the anode, part
of which transform into high-conductivity channels. These
channels determine the eventual spark-to-arc transformation
if the voltage is applied for a long time, which underlies the
faster decrease in the voltage across the gap in the case of one-
electron initiation (see Fig. 12).

6. Pulsed microwave breakdown

In Section 2.3, we discussed a microwave breakdown under
continuous voltage application, assuming that the gas being
ionized is in a stationary state and that during measurements,
the ionization rate follows the electric amplitude, which
gradually increases in a quasistationary manner until the
production of new electrons slightly exceeds their loss. Then
there occur a rapid increase in the electron density and the
onset of a breakdown. For a pulsed microwave electric field,
no breakdown occurs if the electron density does not reach
the critical value prior to pulse cessation. For a pulse
generator operation, the breakdown microwave fields would
therefore be expected to be higher than for continuous
operation, and the breakdown field should depend on the
pulse duration and the pulse repetition rate.

It is also evident that a complete analysis of breakdown in
the pulsed regime is more complicated than in the continuous
regime because the ionization growth rate should be taken
into account. However, even without the complete analysis, it
is clear that the breakdown fields should be extremely high for
very short pulses and that the breakdown field should
approach its value in the continuous mode of microwave
generators as the pulse duration is increased.

When the microwave generator operates in a pulsed
mode, it is more difficult to find a stringent criterion for
determining the instant of the onset of a breakdown. In the
majority of cases, it is assumed that the breakdown occurs
when the electron density in the resonator reaches a value
such that an opaque plasma is produced in a time of the order
of 5% of the pulse duration [14]. This is attested by a sharp
decrease in the energy transmitted through the resonator.
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Figure 18. Pulsed air discharge at the frequency 24.1 GHz for A=0.09 cm,
pulse durations from 0.17 to 2.35 ps, and the pulse repetition rate 200 Hz.

A pulsed microwave discharge can be of two types: a
single-pulse regime and a periodic-pulse regime. They are
distinct only when there are no residual effects (produced by
previous pulses) in the plasma or on the chamber walls during
the interpulse interval. Figure 18 shows the pressure depen-
dence of the breakdown field strength for atmospheric air at
the frequency 24.1 GHz for A = 0.09 cm and the repetition
rate 200 Hz for pulses of different lengths [14]. It follows from
Fig. 18 that the shorter the pulse, the higher the breakdown
electric field strength. With an increase in the pulse repetition
rate and pulse duration, the breakdown field strength
approaches its values for the continuous regime [14].

We thus see that the similarity law is obeyed in the
periodic-pulse regime of the microwave breakdown and the
pressure dependence of the breakdown electric intensity has a
minimum, as in the stationary regime (see Section 2.3). These
dependences are theoretically interpreted in Ref. [53]. But our
main concern is whether the similarity law applies to the
formation time 7 in a single-pulse microwave breakdown.
Figure 19 shows the dependence of E/p on pt for a microwave
breakdown in atmospheric air for different pulse durations. It
can be seen that the relation between t, E, and p for single
pulses obeys the similarity law, i.e., E/p is a function of pr.
This fact is explicable on the basis of the simplest theory of
microwave breakdown, which assumes that the electron
plasma density is determined, on the one hand, by the

B~ wn W
W (= w

E/p,V (cm Torr)~!
~
[}

35
30
25 1 | 1 | 1
10-3 5x1073 10~4 5x1074 1073 5x1073 1072
pt, Torr s

Figure 19. Dependence of the ratio E£/p on pr for a pulsed microwave air
discharge for pulse lengths 0.8 ps (+), 2 ps (e), and 4 ps (o).

increase in the number of electrons due to the collisional
ionization of neutral particles and, on the other, by the
electron loss due to electron attachment and diffusion.
When an air breakdown is under discussion, an effective
quantity o is commonly used that takes both ionization and
attachment into account. In this case, it follows from formula
(20) that

n D
In—=1¢ v——|.
ny ( A)

If it is assumed that the ionization frequency v = aw and the
breakdown sets in at = 7, when the plasma density reaches
some critical value n. that characterizes the breakdown, it
follows formula (63) that

~In(nc/ng)
~ow— (D] A?)

(63)

: (64)

where v is the electron drift velocity, D is the diffusion
coefficient, and ng the initial electron density. According to
the electron diffusion theory based on the Maxwellian
electron distribution, Dp = Me, where ¢ is the thermal
electron velocity and M is a constant factor. According to
various approximate calculations, this factor is equal to
(3—5) x 10° for air [14]. The electron energy ¢ is here taken
in Volts, [Torr] is the unit of measurement of pressure, and
[cm~! s7!] is the unit of measurement of the diffusion
coefficient D. It should be borne in mind that ¢ = f(E/p).

It follows from formula (64) that

In(nc/no)

(2/p)v — (Dp/p*A%)
In view of the aforesaid, formula (65) implies that there is a
one-to-one relation between pt and E/p for a fixed value of
pA, which is confirmed by an experimental curve (see Fig. 19)
[53]. We note that in the comparison of theory and
experiment, it is commonly assumed that n./ng = 108 [38].
This assumption is not substantiated theoretically in any way.
The simple fact is that the theoretical results are best fitted to
the experimental data for precisely this value.

Interestingly, if the electron diffusion is neglected, for-
mula (65) for n./ny = 10® transforms into formula (46). This

pT= (65)
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Figure 20. Duration of the voltage pulse versus the breakdown electric field
strength: /, 2, 5— microwave pulses of the 38 GHz frequency range; 3,4 —
unipolar voltage pulses without microwave filling.
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caused the authors of Ref. [38] to come up with the diffusion
theory of pulsed gas breakdown under the action of
videopulses, although diffusion plays no significant part in
such a discharge.

The breakdown field strength for atmospheric air as a
function of the pulse length is shown in Fig. 20 for pulse
lengths down to 200 ps [54]. Experimental points are given
both for videopulses and for radio pulses with the frequency
37 GHz. Also shown is the E(t) curve for air at p = 760 Torr
borrowed from Ref. [27], which confirmed the validity of the
similarity law for air in the nanosecond range. It can be seen
that the breakdown times for video and radio pulses coincide.
This is because only several periods of the microwave
oscillations fall within the pulse length, its period being
28 ps. In this case, the electron diffusion is insignificant.

7. Conclusion

Similarity laws play an important role in the physics of
electric gas discharges. These laws for breakdown at constant
voltage were already established by Paschen and theoretically
substantiated in the classical Townsend theory. Similarly,
based on the same principles, the similarity law was obtained
for a stationary microwave breakdown. The main distinction
between these breakdowns is that charged particles (electrons
and ions) are eliminated from the gap due to their arrival at
the electrodes in the former case and due to diffusion in the
latter. The main process is collisional electron ionization of
atoms and molecules for both discharges.

The similarity laws are also obeyed for pulsed gas
discharges, for both Townsend and streamer discharges. The
former occurs for overvoltages not exceeding 10%, the latter
for higher overvoltages. For the streamer mechanism, the
discharge formation time 7 obeys the similarity law of the
form pt = f(E/p), but for the Townsend mechanism the
product pt is a function not only of E/p but also of pd. In
this case, it is well to bear in mind that the nature of the
discharge depends on the gap length and the number of
initiating electrons. For air at atmospheric pressure, for
instance, the discharge through centimeter-long gaps is of
the streamer type for single initiating electrons. In this case,
the time 7 is determined by the time taken by an avalanche to
reach the critical size, when the space charge field becomes
comparable to the external field. The avalanche then trans-
forms into a streamer whose velocity exceeds the avalanche
electron drift velocity by 1 -2 orders of magnitude.

For the similarity law to be obeyed in millimeter-long
gaps, a large number N of initiating electrons are required,
because an avalanche does not reach the critical size over the
length d. The number N, of initiating electrons should be such
that during the electron drift through a gap of length d, the
current increases to the extent that a decrease in the voltage
across the cathode and the anode sets in. This discharge is
termed the discharge with multielectron initiation. Naturally,
this discharge may be realized for centimeter-long gaps as
well. An important feature of a discharge with multielectron
initiation is its volume character, unlike a streamer discharge.
The discharge plasma column normally rests upon an area on
the cathode where the initiating electrons are located. This is
widely used in the pumping of high-power gas lasers. For a
streamer discharge, when the streamer bridges the cathode —
anode gap, a localized discharge channel forms, which may
subsequently turn into an electric arc channel if there is
enough requisite energy in the primary source.

The time taken by discharge realization ranges into the
subnanoseconds. In this case, the similarity law continues to
be upheld for gases such as air, nitrogen, argon, helium,
oxygen, sulfur hexafluoride, and freon. The theoretical
dependence pt = f(E/p), which was obtained on the basis of
the classic Townsend notions of the exponential growth of the
number of electrons and their drift in the electric field, as well
as of the potential redistribution in the discharge circuit
according to the Kirchhoff law, agreed closely with the
experimental data of different authors. This disproves the
assertions by several authors that cast doubt on the applic-
ability of Townsend’s concept and the validity of using the
similarity law for the collisional ionization coefficient o./p as a
function of E/p for electric fields £ > 10° V cm™! in an air
breakdown.

When there is no external source of initial electrons in a
millimeter-long gap, they arrive only from the cathode,
primarily due to field emission. The FE current increases
due to the increase in the external electric field. In such a
discharge, which has been conventionally termed the dis-
charge with one-electron initiation, the similarity law for the
time 7 is not obeyed. In atmospheric air for E =~ 10° Vem™!,
for instance, the time 7 is one order of magnitude longer than
in the multielectron initiation. This is due to the deficiency of
electrons in the gap as a result of electron self-braking in the
avalanche, as well as of the relatively long de-excitation time
of excited atoms (~ 10~? s). The latter has the effect that
photons emerge late, which delays the arrival of secondary
photoelectrons from the cathode.

In suchlike discharges, the so-called runaway electrons
start playing an important role. For high E/p, the energy
gained by an electron per unit path length exceeds the energy
imparted in inelastic collisions, and the electron passes to the
regime of continuous acceleration. At the cathode, these
electrons are emitted from separate micropoints due to the
FE current when the electric field is around 10® V cm~!. In
particular, in atmospheric air discharges, these electrons
produce diffuse channels formed by jets of REs. Subse-
quently, as a result of the explosion of the micropoints and
the emergence of explosive electron emission, in their place
there emerge discharge channels with cathode spots.

Runaway electrons are detected by either the X-ray
radiation from the anode or directly by a Faraday cup if the
anode is made of a thin foil. For a cathode, use is made of a
point, a blade, or rolled foil, whose surfaces have micropoints.
In this case, the RE current may range from several to several
hundred Amperes. This current is inherently pulsed, with the
pulse duration of the order 10'° s or less. The most probable
source of REs is the FE current from the micropoints on the
cathode before the FE turns into the explosive electron
emission. The energy required for the manifestation of the
runaway effect is gained by the electrons in the cathode region
due to the high electric field arising from the electric field
nonuniformity in the cathode region. We referred to this
nonuniformity as the macrononuniformity, to distinguish it
from the micrononuniformity due to the micropoints.

After a lapse of time 7, the current in the gap begins to
increase and the voltage across the gap begins to decrease.
The instant of the onset of fast current increase and voltage
decreaseis believed to be the upper bound of the time interval z.
The voltage decrease has two stages: fast and slow. The fast
stage duration is characterized by a time 6 that obeys the
similarity law pf = F(E/p). The experimentally determined
time 0 was proven to be consistent with the estimates made in
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the framework of the avalanche electron multiplication
theory in the case of multielectron initiation. The stage of
slow decrease is then also described by the theory of multi-
avalanche electron multiplication and obeys the similarity
law. For one-electron initiation, the similarity law also applies
to the time 6, which is equal to the same time in the
multielectron initiation. This is an indication that during the
time 7, an accumulation of free electrons in the gap occurs, in
particular, due to the RE current and the photoemission from
the cathode, followed by an increase in the current during one
avalanche generation to a value such that a rapid voltage
decrease occurs. However, the slow decay stage in this case
proceeds much faster than for the multielectron initiation. It
is caused by the production of a large number of discharge
channels between the cathode and the anode.

There are two types of a microwave discharge: single-
pulse and periodic-pulse. In the former case, the discharge
formation time was shown to obey the similarity law, i.e., the
time t depends only on E/p. In the latter case, the breakdown
electric field intensities obey the similarity laws for pulse
repetition rates 100 Hz and higher.
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