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Abstract. The so-called explosive electron emission
observed as individual packets or avalanches of electrons
is shown to occur in microexplosions at the cathode. This
microexplosion of electrons is called an ecton. Electron
current in an ecton starts to flow as a result of the
overheating of metal because of the high energy density
(10* J g7, and the current stops owing to the cooling of
the emission zone. Ectons occur in electrical discharges in
vacuum, in cathode spots of a vacuum arc, in bulk
discharges in gases, in pseudo-spark discharges, in corona
discharges, etc.

1. Introduction

Electron emission from a metal occurs typically when an
electron acquires an additional energy from an outer source
or when the tunneling is provided for. In this review it is
shown how short-time avalanches and electron packets
occur under conditions suitable for an emission which
electrons themselves ensure. For this, microexplosions at
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the cathode are responsible. They are provoked by a high-
energy concentration and strong overheating of the metal. |
call these avalanches of charged particles ‘ectons’ [1], after
the first letters of the expression ‘explosive centre’. The ecton
owes its discovery to studies of explosive electron emission
(EEE) [4].

The explosive electron emission is the electron current
from a conductor, which is a cathode, as a result of the
explosion of a microscopic volume on its surface. The
explosion of a microvolume of metal and excitation of EEE
occur for various reasons, including the impact of a highly
accelerated bit of material on the cathode, or the exposure
of the cathode to a power pulse of laser radiation or a beam
of charged or neutral particles.

However, the most common way of exciting EEE is
rapid heating of microportions of the cathode by an electric
current of high density. The simplest example is the current
of field emission (FE) from cathode micropeaks, the density
of which reaches 10° A cm ™ and more for intensive electric
fields. It has long been believed that only the FE current
could excite the EEE. Now it is clear that some other
processes can also excite the EEE.

The author and his collaborators have conducted
systematic studies on the mechanism of this phenomenon
since the 1960s. The studies met with success in 1966 [2]
when it was established, by observations of cathode —anode
processes in vacuum for the pulse electric field of an average
strength 10° W ¢cm™' and for the time resolution up to
10" s, that an electron current occurs as the result of
explosions of micropoints at the cathode under the action of
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the FE current and the strength of the resultant current
exceeds that of the initial current by several orders of
magnitude.

In Ref. [3] the following conclusions are made: ‘“‘the
surface of a cathode is not ideal, it is rough”’; “peaks on the
cathode are sources of FE since the field is locally
intensified there’; ‘‘separate bright spots can be associated
with explosions of peaks’; ‘the glow at the cathode is
caused by processes triggered by the electron beam, which is
drawn from the plasma derived from the evaporated
material of the cathode”. Thus, it outlined the range of
phenomena which are now called the explosive electron
emission. In later works, the EEE conception was formu-
lated in the current form.

An ecton is accompanied by a series of very complicated
phenomena (plasma, melting of microparts at the cathode,
splashing of metallic droplets, etc.). For these processes, the
high density of plasma (over 10* cm™) in the cathode part
of the emission zone, strong inhomogeneity of plasma in
small volumes (10'2 cm™), short durations of processes
(1071°-107® ), high current density at the anode, and so
on, are typical.

In an ecton, electrons are emitted for 107°—107% s and
then the emission stops on its own since the explosive centre
cools down because of the heat conduction, decrease in the
current density, and slopping of metal. The energy con-
centration in a microvolume of the cathode must be greater
than the energy of sublimation (over 10* J g™') at a total
energy of 107" J, for an ecton to be excited. The ecton
superficially has much in common with an electron
avalanche in gas. In either case, electrons are produced
in abundance for a short time. The difference is that, in an
ecton, electrons are emitted from the cathode, and in an
electron avalanche they are generated by ionised multi-
plication. In either case, the growth of the number of
electrons starts to decelerate on its own within a short time
(107°-107% s). In an ecton, the reason is the cooling of the
emission zone, and in an avalanche in gas the reason is the
growth of the field of the positive space charge of ions
which drastically decreases the impact ionisation coeffi-
cient.

The explosive electron emission plays a fundamental
role in vacuum sparks and arcs, in low-pressure discharges,
in compressed and high-strength gases, in microgaps etc.,
that is, when there is a high electric field at the cathode. The
discovery and thorough investigation of FE and ectons, and
also advances in powerful nanosecond pulse equipment
made it possible to create pulse electron accelerators with
powers up to 10'> W and more for pulse duration 10710
107 s, electron current 1—10° A, and energy of electrons
10*=107 eV. Such beams are widely accepted for investiga-
tions in plasma physics, radiative physics, and chemistry; in
technology, for gas laser pumping, generation of high-
power UHF and x-ray pulses, etc. | am sure that ectons
underlie such processes as the electric-spark working of
metal, electric-spark doping, processes on contacts, in
switching equipment, etc.

What are the facts that prove the existence of an ecton?
These facts were obtained from studies of explosive electron
emission, vacuum discharges, and vacuum arcs (see Sec-
tion 6.1.3). The first most important evidence of the
existence of ectons is craters at the cathode [9] (Fig. 1).
Since a crater is formed with a finite velocity (between the
velocity of heat conduction and the velocity of sound),

Figure 1. A crater at a molybdenum cathode. It was produced by an
ecton for 10 ns.

Ver & 10 —10° cm s7', given the radius of the crater r,, the
lifetime of an ecton can be estimated as t, ~ r /v,,. Usually
re ~ 107* cm, therefore, ., ~ 107°—107%s.

The second argument in favour of the existence of
ectons is the time structure of the vacuum discharge
current. If, for example, there is a point cathode and a
plane anode, then the current builds up smoothly in vacuum
discharge. However, if the anode is punctured opposite the
point, then the current will increase 2—3 times behind the
opening for short times, in comparison with the mean
current. The duration of beams generated will be
107°—10"% s [4]. This means that charged particles appear
and disappear at the cathode.

The third important argument in favour of ectons is that
many specific parameters are independent of the discharge
current. For example, the velocity of scattering of plasma is
independent of the current until the pinch effect is triggered
[4—6]. The specific force (force per unit current) the cathode
experiences in a vacuum arc is independent of the current
[6]. The number of droplets per unit charge the cathode
emits in a vacuum arc is also independent of the current [7].
Finally, there exists a limit for the specific mass carried
away from the cathode in a vacuum arc, which depends
only on the material out of which the cathode is made and is
independent of the current. The mass is carried away as
positive ions moving against the electric field from the
cathode to the anode [8]. The model proposed explains all
these facts.

2. Electric explosion of metal and ectons

2.1 Electric explosion of conductors

When it comes to ectons, it is assumed that what occurs in
the microvolume of metal is approximately the same as in
the electric explosion of a conductor (EEC) [10]. Of interest
for the physics of EEC is the rapid heating of conductors
with the rate 10'? K s™'. This makes it possible to study
physical properties of metals and their phase changes in
rapid transitions through all states of matter —from a solid
state to plasma. Such studies are important for under-
standing the properties of metals regarding the critical
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point of nonideal plasma and also the high-temperature
metal—nonmetal phase transition [11].

The EEC process may be divided into two stages. The
initial stage involves the heating of metal in the solid state,
melting, and heating of metal up to a point at which it starts
to evaporate. At this stage, the metal density changes but
only slightly. Then the explosion itself occurs. It is
accompanied by an abrupt increase in the resistance of
the conductor by a factor of 10 or more. The reason is the
expansion and, consequently, the decrease in the density of
the conductor. The change in the metal density essentially
affects the electron spectrum of the metal and mechanisms
of its electric conduction. For example, the specific
resistance increases 10 times as the copper density
decreases 2 times [10]. The specific resistance k increases
10° times in comparison with that in the normal state, when
the specific energy w ~ 10% 1 gfl is delivered to a copper
conductor [10].

At the initial state of EEC, the physical state of the
metal can be described by one thermodynamic variable:
temperature or specific energy. For example, the formula

Kk =1 (1 + pw) (2.1)
is true for the specific resistance of a solid conductor [10].
Here x; is the initial specific resistance, w is the specific
energy, and f is the energy coefficient of resistance in the
solid state. For example, B, = 5.3 x 107> g kJ~' for Al and
B, =6.8x107° gkJ™' for Cu. The dependence k(w) is
approximated by another formula for the metal in a liquid
state up to the point at which the resistance starts to
increase abruptly [10]:

k=1 [1+ Bi(w—wq)] . 22
where xy; is the initial specific resistance of a liquid metal;
B, is a factor; wg is the specific internal energy at the
melting point.

The stage of the explosion itself is not so clear. At this
stage there are a series of phenomena which complicate the
physical pattern of EEC. These phenomena refer to
instability, shunting discharges, stratoformations, etc.
One of the peculiar features of this stage is that the ohmic
resistance is not unique for the specific energy delivered and
depends on the specific power [12].

Besides experimental research, there are three more
research approaches to EEC: numerical simulation, simpli-
fied calculations based on models, and similarity methods.
In calculating EEC by a similarity method, of importance is
the specific action integral (the specific action):

_ 1y
h :J jldr,
0

where j is the current density and ¢4 is the explosion delay
time.

This quantity remains constant for many metals on
change in the current density by a factor of 10 or more. This
fact can readily be explained. If the diameter of a circular
conductor d is much less than its length /(d < [), then the
specific energy released in the EEC is

r 2 r(w)dt = wp 2.3)

0
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Table 1.
Metal Al Ag Au Cu Ni Fe W
h/10° A*sem™ 0.9 1 1 2 08 06 08

where p is the density of metal. Considering Eqns (2.1) and
(2.2), Eqn (2.3) can be written in the form

14 Wex p
J _j2dt:J 2 dw,
0 wi(w)

wo

(2.4)

where wy is the initial specific energy, and w,, is the specific
energy in the explosion.

The quantity on the right-hand side of formula (2.4) is
the specific action. In Table 1 experimental data are listed
for the specific action / of various conductors at the initial
room temperature provided that the largest current density
is 10" A ecm™2 [13].

That /& depends but

weakly on ¢t and j for

j< 10" A em™ is shown in several other works. Some

of them are reviewed in Ref. [17]. The increase in the
current density to 10°A ¢cm™ or more results in an increase
of the specific action. For example, A~ 4 x 10° A® s cm™*
for copper when j > 10® A em™ [13].

Sometimes the classical approach is used for coarse
evaluations of the specific action: the explosion is supposed
to occur when a critical temperature 7T, is reached. Given
that

Tex
ﬁ:pj %dT,

Ty

and k = k7T, then

1y . T _
J Pdr=Pm e,
0 Ko To

2.5)

provided that the thermal conductivity ¢ is independent of
temperature. Here T is the initial density and p is the
density of the conductor.

Special attention should be paid to the fact that A is a
function of the initial temperature. In Table 1 all data are
listed for the room temperature. In Ref. [14] the quantity /2
was shown to increase 2 to 2.5 times on decrease of T to
4 K for metals such as W, Mo, Nb. Conversely, the greater
the temperature T, the lesser is the specific action /.

2.2 Microexplosions at the cathode and the ecton model

Let a microexplosion be excited at the tip of a conical
cathode through Joule heating by the current i(¢) in some
way. In the spherical system of coordinates, the thermal
balance equation at the cathode can be written in the form
dr 1(2 dr d2T> i*(1) k(T)

, 2.6
92}"2 ( )

pe dr "\ dr = dr?

where Q = 4nsin?(0/4) is the solid angle; @ is the cone
angle; r is the radius in the spherical system of coordinates;
A is the thermal conductivity. The other parameters were
mentioned earlier.

For a plane cathode 6 = 7, and therefore Q = 2. In the
study of ectons, of concern will be small times ¢ < 1078 s.
Therefore, the heat conduction can be neglected at the
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initial stage. Given that p and ¢ are independent of
temperature and x = k,7, we have

1y -1
T =Tyexp [KOJ i*(r) dt (1611:2;)cr4 sin* g) ] . @2
0

The radius r., may be found from Eqn (2.7). For it the
temperature is greater than the formal critical one in the
explosion:

” 0 T.\" 1/4
Tox = [KOJ izdt(l61c2pcsin4 —1In —) ] - @28
0 47T,

All the metal inside this radius is presumed to have
exploded.

In our pursuit to construct the simplest ecton model, the
first supposition will be that Eqn (2.5) may be employed in
formula (2.8), and the experimentally measured quantity &
may be used as the specific action. In this case, for-
mula (2.8) can be written in the form [1]:

/4
13 _ 0

Fox = “ i2dt<l6n2h sin* —> }
0 4

As was mentioned above, the ecton functions for a limited
time since the explosive centre rapidly cools down owing to
heat conduction, ejection of heated atoms and ions of
metal, and a decrease in the current density because of
increase in the radius of emission.

The second supposition will be that the ecton cools
down owing to the heat conduction and an increase in the
radius of the explosion zone. The ecton stops functioning
once r,, is equal to the heat path length r; because of heat
conduction. In this case

Foo = 1y = 2(at)'?, (2.10)

2.9)

where a = A/pc is the thermal diffusivity, and ¢ is time. Let
r, be the radius for which this condition is satisfied. Then it
follows from Eqns (2.9) and (2.10) for i = const that

_ g1~!
re= i[8n(ah)]/2 sin’ Z] , .11
and the time for which the ecton functions is
_ o\~!
fe =i (256n2a2h sin® Z) . (2.12)

The mass of metal carried away in a microexplosion is
me = (41/3)ripsin®(0/4). If r, is the same as in Eqn (2.11)
we have

. . 61"

m, = pi® [384n2(ah)3/2 sin* Z] (2.13)
The overall charge of electrons carried away by the ecton is
q. = it,. With consideration for Eqn (2.12), this matches
the number of electrons in the ecton

. 0\

ne =1i° (256n2a2eh sin? Z) , (2.14)
where e is the charge of an electron. The mass carried away
from the cathode per unit charge is y,, = m./q., or

_% gl/2
‘))171_3p /’; .

Consequently, in this model the specific mass carried away
depends solely on the properties of the material out of
which the cathode is made. In Table 2 [15] the thermal

(2.15)
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Table 2.
Metal Cu Ag Au Al Mo W Fe Ni
afem® s 16 12 14 1.0 15 16 15
p/g cm’ 89 105 193 27 102 193
diffusivity a and density p required in subsequent

estimations are listed for various metals.

Now I want to dwell briefly on the current density while
an ecton functions. In field emission initiation, the initial
current density is determined from the relationship for the
specific action:

o E 1/2
J= 1y s

where 7y is the explosion delay time. Since
h~10°A% s ecm™, the current density is about
10° A cm™ for t4 ~ 10™°s. The current density is
-~ 0
jer l6mahi™" sin? 7 (2.16)

at the final stage of the functioning of an ecton.

After the explosion the plasma starts to scatter. In
Ref. [4] the author proposed an adiabatic model for the
scattering of plasma. Let a specific energy w, be delivered to
a volume of the cathode. In the course of scattering, the
energy is transformed into the kinetic energy of the particles
of plasma. If the plasma radius becomes much greater than
the characteristic size of the initial volume, it follows from
the law of conservation of total energy in a volume of
particles that the velocity v, of the forward layers of plasma
is related to the specific energy w, by the equation:

4 1/2
Vp ~ ( L4 W0> s
y—1

where y is the adiabatic exponent. The adiabatic exponent
is y = 1.24 for the scattered plasma [16].

The velocity of scattering of plasma is (1—
2)x106 cm s~! for metals such as W, Mo, Cu, Al, Ni,
Pl, and others. Therefore the specific energy is
wo = (2—8) x 10 J ¢! before the explosion. In plasma
produced in microexplosions, there are singly, doubly,
and even triply charged ions. These ions have very high
energies. For example, singly charged ions of copper of the
velocity 1.5 x 10° em s™' are accelerated to 70 eV.

Let us consider now the cause of the cut-off of current in
the ecton. This issue is tightly linked to the mechanism of
electron emission from a metal. To all appearances, this is
the thermionic emission enhanced by the Schottky effect at
the expense of the electric field at the plasma—metal
interface. Within the framework of the classical thermal
model, the growth of the temperature is assumed to be
much higher than the boiling temperature within the time
107 s. Assuming that the Richardson —Schottky formula is
true under the cited conditions,

eqo—ocE]/2
kT ’

(2.17)

j=AT?exp (— (2.18)
where A = 1204, o = 3.79 x 1074; ¢ is the work function
(p = 4.4 eV for copper); k is Boltzmann’s constant; E is the
electric field on the emitting surface, V em™!; T is the
temperature at the cathode, (K); j is the electron current
density, A em™2. Simulation of processes in an ecton



Ecton or electron avalanche from metal

571

showed that the field E is not larger than 10° V em™'.
According to estimations for copper the current density is
10 A em™ when the energy delivered is equivalent to
10* K and is only 5 x 10° A ecm™ when 7 x 10° K, i.e. the
cooling of the ecton by 30% results in the decrease in the
current density by a factor of 20.

Thus the qualitative pattern of the break of current in an
ecton is as follows. Initially the current density in the ecton
is about 10° A cm™. Then the microvolume is rapidly
heated and exploded. The explosion results in efficient
thermionic emission. As the explosion proceeds, the
emission zone expands and the heat dissipates and is
carried away through evaporation and ejection of heated
liquid metal. All the above processes are responsible for
decreases in the temperature of the zone in which the ecton
functions and in the thermionic emission current density. In
its turn, the decrease in the emission current density causes
the emission zone to cool down more rapidly, as the Joule
heating decreases.

3. Surface of electrodes

3.1 Microgeometry of electrodes.
[t is impossible to produce a cathode with an absolutely
smooth and pure surface. For the excitation of an ecton,
three types of imperfections are responsible: micropeaks on
the surface; gas adsorbed at the surface; and also dielectric
films and embedments. Let us consider them in more detail.
The surface of a cathode has microirregularities due to
various causes. For example, when machined, the grains of
the crystal structure are destroyed and an amorphous layer
is formed. Usually such an electrode is put through electric
polishing. Then the upper layer is removed and the
crystalline structure of the metal is revealed. As a result
of such a procedure, the projecting parts are substantially
dissolved. However, electric polishing does not ensure that
peaks the radius of the tip of which is a fraction of a
micron will be totally removed. Their presence was verified
by direct observations with an electronic microscope [17].
The microrelief of the metallic surface is changed
significantly under heating. The surface energy of metal
decreases since faces of crystals with lesser surface tension
appear. The appearance of microirregularities at electrodes
is favoured by evaporation and condensation, recrystallisa-
tion, phase changes, etc., which manifest themselves even
before the metal is heated to the melting temperature. The
fast cooling of metallic specimens heated previously
produces peaks on the surface which are similar to
compound spicular patterns [19]. Under prolonged ten-
sion, the surface microrelief is distorted significantly.
Processes such as surface diffusion, rearrangement in
electric field, evaporation, desorption by the field, migra-
tion of impurities, etc., can proceed [20—22]. The
irregularities on the metallic surface are especially large
when there are filamentary crystals [23, 24]. In such crystals,
the ratio of the height to the radius can exceed 1000. They
are formed when supersaturated vapours are condensed at
electrodes (Fig. 2). The microrelief of a cathode in vacuum
is significantly changed in electric discharges. The discharge
current causes the electrode to erode owing to thermal
processes. The erosion is accompanied by the formation of
craters, micropeaks, and ejection of microdroplets of metal
onto the surface.

Figure 2. Filamentary crystals at a cathode of gold.

The notion of the electric field gain B is introduced to
provide a quantitative characteristic for the surface of a
cathode. This is the ratio of the true value of the electric
field at the top of a micropeak to its mean microscopic
value. Given fi; > 1, the approximate relationship f; = h/r
can be used [22, 25].

The quantity fz may be determined by measuring the
autoelectronic current in vacuum as a function of the
electric field strength. The current from the point is
described by the Fowler—Nordheim equation:

2 2 3/2
E
i=A ﬁE Scm exp (_B(P ) ,
%4 BeE

where E is the electric field at the tip of the peak; S, is the
emission area; ¢ is the work function; A and B are
quantities from the Fowler —Nordheim formula. It follows
from Eqn (3.1) that the curve log(i/E*) =f(1/E) is a
straight line. In this case given the work function ¢, the
electric field gain By may be evaluated from the slope of the
straight line, and the emission area S, from the length of
the gap the straight line intercepts the abscissa axis.

Of special interest are studies which enable the param-
eters of peaks to be evaluated directly. In Refs [17, 18] the
emission centres were sought with the aid of a luminescent
anode which glowed at the points where electrons were
incident. In the overwhelming majority of cases, micropeaks
were detected at centres of emission. Then the profiles of
these micropeaks were viewed through a shadow electron
microscope. The electric field increases by a factor of 100 or
more according to the authors of Refs [17, 18]. Similar
peaks were detected on electrodes made of copper, nickel,
tungsten, aluminium, tantalum, and stainless steel.

In Refs [26—28] emission centres were detected by the
method of probing anode opening and then were examined
with an x-ray microanalyser; and the energy spectrum of
emitted electrodes was also recorded [26]. The spectrum of
centres detected on the faces of the grains of the crystal
lattice was the same as that of electrons, with the peak
shifted to low energies which are typical of semiconductor
emitters. The x-ray analysis showed a submicroscopic
region on the face of a grain. The region contained lines
of impurities Al and Fe entering into the composition of the
metal, the oxides of which are used to produce the
electrodes. Upon an electron bombardment the lines of

3.1
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impurities disappeared and the emission centre disappeared
with them. The cited analysis shows that f; can vary over a
wide range (from 10 to 1000). However, many researchers
believe values of the order of 1000 to be too large, though
points with such f; were observed experimentally. There-
fore, additional research should be performed to explain
this contradiction. Erroneous evaluations could be made at
least for the following reasons.

First, the dimensional effect: at room temperature the
free path length of an electron is about 5 X 107% cm in metal
and it drops inversely proportionally to temperature.
Hence, the dimensional effects can influence the processes
of release and dispersion of energy in an emitter. Second,
probably the Fowler—Nordheim equation, as applied to
very sharp micropoints, should itself be refined fundamen-
tally. It was deduced for an infinite plane that micropoints
are very inhomogeneous configurations the radii of which
are of order of tens to hundreds of the atomic radius. Third,
the value of the parameter f; depends on the gas adsorbed
at the cathode [4, 17] and also on the dielectric film.

3.2 Gas adsorbed at electrodes

The surface adsorption is the adsorption of gas or vapours
of a fluid onto the surface of a solid body [24]. Chemically
the adsorbent has atoms with unsaturated valency on its
surface. This means that on the surface of a solid body
there are parts which provide for chemical bonds with
adsorbed particles. The surface energy lowers as a result of
adsorption. The concentration of free chemical bonds
decreases as the number of adsorbed particles increases.
Particles in number sufficient to saturate all surface bonds
form a monolayer. This typically occurs when there is one
adsorbed atom for four surface atoms [30], which
corresponds to the density of adsorbed atoms of 10" cm™2.

For bonds of adsorbed particles in a monolayer, the
chemical forces are responsible. Therefore an adsorption of
this type is called chemical adsorption or chemisorption.
Here an adsorbed molecule gives away an electron to or
receives it from the surface. [t may be split into atoms or
radicals which form bonds with the surface. This is typical
of molecules of oxygen, nitrogen, hydrogen, and others.
New bonds between radicals are possible in the adsorbed
layer. In chemical adsorption, the bond energy is high
enough and amounts to several electron volts per particle.

Adsorption should be considered as a dynamic process
in which at equilibrium the number of atoms leaving the
surface in a unit time owing to thermal motion is equal to
the number of newly adsorbed atoms. At equilibrium, nv/4
molecules drop in a unit time onto the surface bordering the
gas. Here n is the gas density and v is the mean velocity of
molecules. At room temperature and the pressure of 1 mm
Hg n~3.7x10° cm™ and v~4.5x 10* cm s~ Given
the probability of adhesion to the surface to be equal to 0.5,
the rate of adsorption is 2.5 X 10% particles em 2 s
Thus, the monoatomic layer forms approximately in
10° s at the pressure | mm Hg. Hence, in a gas a surface
is always coated with at least one film of atoms or
molecules.

A solid body at the surface of which there is a
monolayer of adsorbed atoms has no free valences. There-
fore the formation of new layers is caused solely by the
van der Waals polarisation forces. This is a physical
adsorption since there is no exchange of valence electrons
between atoms of gas and metal. In physical adsorption, the

bond energy is well below that in chemical adsorption, and
it is of the order of fractions of an electron volt per atom.
One and the same gas adsorbs onto different metals
differently. In this respect oxygen is the most active gas.
It adsorbs virtually onto all metals.

The work function of electrons is different when atoms
are adsorbed onto a metallic surface. When adsorbing,
electronegative atoms capture a free electron. As a result,
the intensity of the double electric layer near the metal
increases, which hinders the escape of an electron and
results in growth of the work function. Conversely, the
presence of electropositive atoms on the surface results in a
drop in the work function for the cathode material.

3.3 Dielectric films and embedments on surfaces of
metals

In atmospheres capable of oxidising electrodes, the cathode
is coated in a layer of oxides. In addition, impurities and
dielectric embedments could be left after the polishing at
the cathode, and so too could diclectric embedments of the
material itself which appear upon the removal of the
surface layer by electrochemical polishing or ionic etching
[27].

Clearly, it is difficult to control such impurities at the
cathode in the gas discharge directly. Therefore the special
term ‘uncontrolled dielectric embedments at the cathode’ is
sometimes used in the literature. However, these embed-
ments are of importance for many types of discharge. It is
common knowledge that autoemission currents build up
when ions are deposited onto a dielectric film (the Malter
effect).

The dielectric film can be broken down when electric
fields which the electric charges of ions are responsible for
are high enough. If there is a dielectric film at the cathode,
then its outer surface is charged by the flow of positive ions
to the cathode when the specific resistance of the film is
large. Once the field reaches the breakdown value, the film
is broken down and the cathode is eroded locally at the site
of breakdown.

Most of the results from which numeric dependences
can be reproduced were obtained for specially prepared
dielectric films. A metallic layer is first deposited onto a
base and then it is overlayed by any method (thermal
cooling, chemical precipitation from gas phase, diffusion)
with a layer of dielectric: Al,O3, SiO,, Si3;Oy4, etc. The upper
electrode is often coated too. The structure of the metal -
dielectric—metal type (MDM) is often used in thin-film
capacitors, in nonincandescent cathodes, and in micro-
electronic devices.

In the production of MDM structures, all procedures
are aimed at obtaining a dielectric film of electric strength
as large as possible. Therefore, special attention is paid to
spray coating in which the geometric inhomogeneity of the
base is minimal and the dielectric material has no through
and closed pores. However, this pattern is an ideal one.

The density of pores per unit area is 0.3-0.4 mm ™ for
films SiO, and SiOy4, prepared by thermal oxidation, the
typical thickness of which is 0.5 um. Because of this, the
breakdown intensities of thin films vary widely. The
breakdown intensity is Ey, = Up/d, where d is the film
width; E, is a mean value characterising the state of
electrodes as well as ionisation.

The actual breakdown intensities E, > 10° V cm™'
suggest that electron field emission inward from micro-
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peaks at the cathode contributes to the mechanism of
breakdown. In several models [34], the breakdown is
assumed to have occurred once a critical current density
of field emission is reached. This current heats up micro-
peaks and adjacent areas. As a result of evaporation of
metal and dielectric and also because of ionisation, the
current builds up and the electrodes are eroded. In essence,
the process in question is the excitation of an ecton on the
surface of metal.

4. Excitation of ectons

4.1 Explosions of micropeaks
According to results on explosions of cylindrical conduc-
tors, the explosion delay time is 107° s for the current
density 10° A cm™2. There are many ways in which such
high current densities can be reached. The simplest one is
the field emission (FE) from points of small radii
(micropeaks). It has long been believed that FE and its
different modifications is the only factor responsible for an
EEE. However, this is not necessarily so. The concentra-
tion of energy in microvolumes of conducting media and
excitation of ectons can owe their origin to the presence of
a dielectric medium in the cathode area; interaction of
plasma with the cathode, and plasma with dielectric and
metal simultaneously; gas desorption from cathode; laser
radiation to cathode; and impact of an accelerated
microparticle on the cathode, etc.

The FE current density may be found from the Fowler —
Nordheim formula (FN):

E2 3/2

j=155%10"° ForeT P08 X 107 (”T 00|, @1
where ¢ is the work function in electron volts; j is the
current density in amperes per square centimetre; E is the
electric field strength in volts per centimetre; #(y) and 6(y)
are functions of

y=3.62x%x10*Ep~" | 4.2)

In practical calculations it can be assumed that 7(y) = 1,
6(y) = 0.95 — 1.03y%

It follows formally from Eqn (4.1) that the electron
current of density up to 10" A ¢cm™ or more is possible.
However, the dependence j(E) diverges from the Fowler—
Nordheim law even for the current density about
108 A em™%. This manifests itself in a slower growth of
emission current (Fig. 3) [41]. It turned out that this effect
was typical of all metals studied (W, Mo, Ta, Re, etc.). The
higher the current density and the lower the work function,
the higher is the deviation. This effect is due to two reasons:
the influence of the space charge of emitted electrons and
the progressive contribution of the potential in the region
near the surface as the electric field grows owing to
quantum-mechanical effects. The influence of the space
charge on the trend of j(E) is predominant when the electric
field and current density are large.

When the influence of the space charge is essential, the
dependence j(E) is described by the Child —Langmuir law
which has the form [35, 36]:
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i=5 @ (E> E vonrn”

5 4.3)

where the coefficient v, is a function of the shape and size
of the emitter and is of the order of unity; r,, is the radius
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Figure 3. The comparison between the experimental data and the FE
theory with consideration for space charge. Given for various values of
the work function ¢ (e¢V) of metal: (1) 4.50; (2) 3.19; (3) 2.80; (4)
2.44; (5) the Child —Langmuir curve.

of the emitting area; g is the dielectric constant. Curve 5 in
Fig. 3 is the dependence [Eqn (4.3)]. In many studies it was
shown that the current density up to 10° A em™ can be
reached in a tungsten emitter under pulse voltage when the
pulse duration is 107°-10"% s [35, 37]. Microemitters
explode when the current density becomes large.

The limiting FE current density depends also on the
geometry of the emitting point. The limiting current density
is 0.4x10%, 0.6x10%, 0.7 x10% and 1.0x10* A em™? for
the opening of a cone 3°, 5°, 6°, and 16°, respectively, when
tungsten points are cones, the pulse duration is 1 ps, and
the radius of the emitter is 0.15—0.3 pm. A larger current
density for larger angles can be explained by better
conditions for withdrawing the heat from the top of the
emitter. As is shown in Section 3, there are micropeaks on
any surface which is believed to be smooth. Therefore,
ectons are excited not only by explosions of specially
prepared micropoints, but also by explosions of microparts
on a flat surface owing to the FE current.

If a cathode is a liquid metal, then the surface structure
is changed under the action of electrostatic forces. Tonks
considered the balance of forces of surface tension, gravity,
and electrostatics [38]. The instability condition for a
horizontal plane of liquid metal has the form:

2
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where p is the density of material; a is the surface tension
coefficient; g is the acceleration of the force of gravity; r is
the radius of the liquid surface. The smallest value of the
field E under which the fluid surface is disturbed
corresponds to the optimal value r=r, for which both
sides in Eqn (4.4) are equal. For example, the field strength
for which the surface is disturbed is E =53 kV em™' for
mercury, and ry = 0.37 cm [39].

Once inequality (4.4) holds on the surface of liquid
metal, a hunch appears and begins to grow. The electric
field strength increases on its surface, which results in
extension of fluid at this site. Initially the hunch is shaped
almost like a ball segment (Fig. 4) but is then transformed
into a tapering cone, where the height

o

N —. 4.5
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Figure 4. The growth of a micropeak at the surface of mercury for
different electric fields between electrodes. The field in case (a) is less
than that in case (b) [39].

Note that the radius of the tip does not decrease. Such a
peak can explode under the action of FE current or it can
break off and fly to the opposite electrode.

The capability of a liquid metal to concentrate energy in
a microvolume at the cathode, in the presence of an electric
field, suggests another view of the melting of metal at the
cathode. The metal can be melted by beams of ions, plasma,
laser radiation, etc. Experiments testify that micropeaks can
form as a result of melting of metal in an electric field [40].
A copper flat plate was exposed to plasma radiation in the
presence of an electric field 100 kV cm™'. On an abrupt
reduction of bombardment, the surface solidified fast so that
an uneven microrelief remained. As will be shown later,
such a peak, when placed in plasma, can bring about an
increase in the current density at the site of contact of the
peak and another metal. This favours the explosion of the
peak.

Numerous experimental data cited in [4] show that the
following two criteria are true for explosions of points:

Jj = const; (4.6)
in a steady regime, and
1q
J j?dt = const, 4.7)
0

in an unsteady regime. Here j is the current density at the
contact of the point, #4 is the explosion duration, and the
constants characterise the material out of which the
cathode is made and the shape of the micropoint.

One of the principal issues in the theoretical description
of initiation of an ecton by the FE current is to explain the
dependences given by Eqns (4.6) and (4.7). It turns out that
the simplest explanation may be given within the frame-
work of the Joule model for the heating of a point. The
limiting current density

o1 /aNA

i=3(5)
when a cylindrical point cathode is heated by the FE
current in a steady state. Here & is the height of the peak
and A is thermal conductivity. For example, j =2 X 108,
0.5 x 10%, and 0.25 x 10 A em™ for copper, tungsten, and
nickel when the height /4 of the peak is 1 pm.

For short pulses the limiting FE current density exceeds
that in steady state. If the pulse duration is much less than
the time for which the system goes into steady state, then
the inequality

(4.8)

K pe
tp<ﬂ

5 (4.9)

is true. Here t, is the pulse duration. For example, if
h=0.6pm for tungsten, then Eqn (4.9) holds even for
t, =10 ns.

If inequality (4.9) holds and the initial current density j
does not change in time, then the temperature of a
cylindrical emitter grows exponentially in time in accor-
dance with the law

J Kot

T =Tyexp (4.10)

If the point is conditionally assumed to explode when a
critical temperature T, is reached, then the explosion delay
time may be determined from Eqn (2.6), which is
analogous to Eqn (4.7).

Thus, the simple Joule model of heating of a point
explains the basic experimental criteria, given by Eqns (4.6)
and (4.7), correctly. However, many researchers found that
the ‘Nottingham’ effect plays an important part in the
energy balance at the tip of an emitter [41]. When the
electric field strength at the cathode is large, the potential
barrier at the metal—vacuum interface is narrow and the
probability of electron tunneling through the barrier is
nonzero. Since conduction electrons in the cathode metal
exist predominantly at energy levels that are below the
Fermi level for low temperatures, the emission into vacuum
occurs predominantly from them. Hot electrons are accu-
mulated near the emitting surface. Therefore the electron
gas temperature grows, i.e. the Nottingham effect is a
heating one. As the temperature of the emitter grows, a
progressively larger number of electrons acquire energies
exceeding the Fermi energy and its release ceases. The
temperature for which the release ceases is called the
inversion temperature and is denoted by T7;. At this
point, this effect becomes a cooling one.

[t is interesting that equalities (4.6) and (4.7) are
qualitatively the same even though the Nottingham effect
comes into play. Only the constants are somewhat changed.
Therefore, I shall not consider the theory of initiation of
ectons by the FE current taking account of this effect. The
relevant information may be found in Refs [35, 42].

4.2 The role of dielectrics

As is shown in Section 3.3, there are dielectric films on the
metallic surface. Films of thickness 100 A significantly
affect the electron tunneling from metals. In these
conditions the scattering of electrons within the film can
be neglected. However, the theoretical consideration of the
problem is made difficult by the fact that the energy
distribution of surface states is unknown at the metal—
dielectric—vacuum interface.

The formula

. 2heE’ VvQ?
I= wma’Q? xp <_ 4E > '
was proposed in Ref. [41] for the emission current density
under the assumption that the dielectric is homogeneous
and ideal. Surface states and contact potential difference
were not considered. Here /4 is the Planck constant; e is the
charge of an electron; « is the dielectric lattice constant; Q
is the width of the energy gap of the dielectric; m is the
mass of an electron, and v = (n/h)(e/ma)"/>.

It was assumed in deriving formula (4.11) that the field
is homogeneous within the film and all the electrons emitted
by the metal pass into vacuum unimpeded. In terms of the

@.11)
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F —N variables, the plot of Eqn (4.11) is a straight line.
Evaluations shows that f; can amount to several tens of
units. Latham states in Ref. [43] that in these conditions a
high-density FE may be obtained when there are no peaks
at the cathode. He showed that the energy spectrum of
emitted electrons is displaced from the base Fermi level of
the principal material, out of which the cathode is made, to
low energies and the displacement is a function of voltage
applied to the vacuum gap.

The breakdown of a thick dielectric film when it is
charged by ions plays an important part in initiating an
ecton. The film is broken down once the electric field
becomes high enough. The breakdown current initiates an
ecton. This process will be discussed in detail in Section 4.3,
where the role of plasma in the initiation of ectons is
discussed.

One of the most common ways of exciting an ecton is
the discharge over the surface of a dielectric in vacuum
when it comes in contact with metal. The metal —dielectric—
vacuum contact point is called a triple point (TP). This
effect is well illustrated by the example of the excitation of
an ecton at the tip of a metallic needle in vacuum when the
needle rests against a dielectric plate. The opposite side of
the plate is metallised (Fig. 5) [44]. Here needle / is the
cathode, plate 3 is the anode, and metallic electrode 4
sprayed upon dielectric 2 is a trigger. Let the cathode be
grounded and let a voltage insufficient to excite an ecton be
applied to the anode. Now if a voltage pulse is applied to
the trigger electrode, then a discharge over the dielectric
starts from the electrode K. Moreover, this discharge stops
at the micropoint of the cathode resting against the
dielectric (Fig. 5). If this current is large enough, the
micropoint explodes and an ecton occurs from the metallic

i/A

1 1 1
0 1 2 3

Uy [kV

Figure 5. In the upper part, the scheme of excitation of an ecton at the
triple point is shown: (/) cathode; (2) dielectric; (3) anode; (4)
trigger. In the lower part, the discharge current is plotted as a function
of the voltage amplitude for dielectrics of barium titanate of a width
2 mm in cases: clectrode / is a cathode to clectrode 4 (hollow circles)
and clectrode 7 is an anode (full circles).

emitter / to the flat anode 3. The discharge current over the
surface of the dielectric owes its existence to the dynamic
capacity. The dynamic capacitor is the gap between the
plasma on the surface of the dielectric and the metallic layer
on the opposite side of the dielectric.

This is a very efficient and simple way of exciting an
ecton. It is used in developing various types of vacuum gaps
and metal—dielectric cathodes with explosive electron
emission. In this case a metallic net is spread over the
dielectric surface [45] or metallic bars are seared [46].
Dielectrics with large dielectric permeability & (for exam-
ple, ferroelectrics) are used to increase the performance of
such cathodes [45].

Let us consider in more detail when an ecton occurs at a
TP [47]. The current about a TP is determined from the
relationship i = Uy dC/dt, where C is the dynamic capacity.
The plasma velocity over the surface of a dielectric is
VD ~AU6, where A is a function of the kind of dielectric
and its thickness [44].

If tvp €6, then C = 4gyevpt, where g, and & are the
absolute and relative dielectric permeabilities. Conse-
quently, the current is i:4808AU(2). This current will
flow in the metal—dielectric contact through the area
S, =mnr? (Fig. 6). Therefore, the current density through
this contact is j, = 4&,eA U3 /mrl.

The metallic contact will explode within time t4 = l;/if,
where i is the specific action. The time #4 is determined
from the relation

nlhrd

= ¢ 4.12
16626’A2 U} (4.12)

fq
An ecton occurs at the TP when the time ¢4 is less than the
start pulse duration r,, that is, when t4 <f,. Then the
inequality
16636*A %1, UG\
r. < (70 _P 0)
n’h
follows from Eqn (4.12) for the radius r.. For silver contact
h=08x10" A*sem™. If 1, =107" s, e~ 10°, U, = 10°
V,A =5x10* cm s~' V7!, then it follows from Eqn (4.13)
that r, <2 X 1075 cm. It follows that all triple points the
radii of contact of which are less than 107> cm will

explode, and ectons will occur when the pulse duration is
t,=10""s.
p

(4.13)
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Figure 6. Scheme of the contact between metal (/) and dielectric (2).
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Figure 7. Configurations of inhomogeneities for determining the current density gain at the cathode: (a) cylinder; (b) cone; (c) sphere.

4.3 The role of plasma

It has long been known that a vacuum discharge may be
excited by the action of plasma on the cathode. As is shown
in Ref. [4], ectons occur at the vacuum discharge stage when
the current builds up in the cathode—anode gap. There are
two types of ectons at the cathode: when dielectric films
and embedments are present and when they are absent.

In Ref. [4] the formation of an ecton is described when
the cathode is bombarded by plasma from a plasma gun.
Plasma runs onto the near cathode. Ectons occurred at a
cathode at which dielectric impurities were surely detected.
This shows that energy is concentrated in a microvolume of
the cathode. The probability of occurrence of an ecton was
the largest over distances <100 um. The nearer the source
of plasma, the greater was the probability. The smallest
plasma concentration was 10'© cm™. Ectons were not
observed at thoroughly purified and degasified cathodes.

In Ref. [48] an ecton was observed at the cathode, the
surface of which was thoroughly purified from oxides and
impurities, when the plasma source was placed at a very
small distance (5 pum) from the cathode. The plasma
concentration was 10°° em™ and the density of current
to the cathode was 10’ A em™2. New ectons were detected
over short distances (of the order of several microns) from
the current oscillogram, and microcraters were seen at the
cathode. How can these effects be explained?

The current density builds up at micropeaks on the
cathode when plasma flows about the cathode in the
presence of an electric field. Let us consider three config-
urations of micropeaks on a flat cathode: a cylinder, a cone,
and a sphere (Fig. 7). The ion current §; = j;S flows over the
surface of the micropeak when plasma flows about such a
micropeak (j; is the ion current density and S is the area of
the peak). However, when the current enters the cathode, it
goes in any case through the area . Consequently, its
density at the cathode is

.. S
J=Ji—5 - 414

Tr

The area S is 2nrh, wrl, and 4nR? for a cylinder, a cone, and
a sphere, respectively. The current density gain f; is 2h4/r
for a cylinder, //r for a cone, and 4R2/r2 for a sphere (/ is
the cone generatrix length).

That the current density builds up is true not only of the
ion current but also of any current emitted or adsorbed by
the surface. For example, the surface of a micropeak ejects a
thermionic emission current when the cathode is heated to a
high temperature. The current density will be larger by a
factor of B; at the cathode than the average over the surface.
This conclusion is also true for the inverse electron current
from plasma to the cathode.

This effect plays an important part in self-maintaining
microexplosive processes, i.e., in the occurrence of secondary
ectons. In addition, if inhomogeneities are in the immediate
vicinity of the explosive centre, then the ionic current density
can be large enough for a microexplosion at the cathode to
occur when the gain is taken into account. In fact, the ion
current density is

1

Ji =g aimivi s (4.15)
where ¢; is the mean charge of an ion; n; is their
concentration; v; is the velocity of ions. Since the
concentration n; lowers away from the centre as

n; « 1/x2, where x is the distance from the centre, it is
natural to expect that the current density gain has an effect
largely near the emission centre. This effect was observed in
Ref. [48].

Plasma affects the concentration of energy much more if
there is a dielectric film or a dielectric embedment at the
cathode [49]. Let a cathode be coated in a dielectric film
under which there is a metallic micropeak. If this system is
placed in an electric field and plasma is conveyed to the
dielectric, then the dielectric film is charged by incoming
ions.

The electric field strength in the film is

_ A

E s

4.16
-~ (4.16)

where ¢ is the dielectric permeability of the film and 7 is
time. The film is broken down when the field E reaches a
certain value. The breakdown current excites an ecton.
Thus, we showed that there are two ways in which
ectons may be excited by plasma. One way is to charge
dielectric films and embedments at the cathode by ions of
plasma, and the other owes its origin to the current density
gain at micropeaks on the cathode. If an ecton is initiated
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when the electric field is E >10°V em™' inside the 4.5 Laser-excited ectons
dielectric, then it is necessary for the film to be charged The excitation of an ecton is often identical to the

and broken down in r < 107 s, so that [1]
nv; > 102 em ™2 57!, 4.17)

Here v; is the velocity of ions and #; is their concentration.
If v, ~ 10° cm s_', then the occurence of ectons can be
expected under the action of inflowing plasma when
ny ~ 10" cm™3.

If the current density is 10> A em™ in the second
method mentioned above, then the inequality

nv; > ]028 ﬁ/_]

2

(4.18)

must hold. Here B; is the current density gain. Given
B~ 10? — 10°, the concentration of plasma must be 2 to 3
orders of magnitude greater with the same velocity of ions
for an ecton to be excited [1]. This explains why it is so easy
to excite an ecton by plasma at an impure cathode and why
an ecton is excited only for a high plasma density
(~10% ¢cm™) at a purified cathode.

4.4 The role of adsorbed gas

Absorbed gas plays a twofold part in the excitation of an
ecton. On the one hand, it affects the work function of the
metal and thus contributes to the excitation of an ecton by
the FE current. On the other hand, its effect on the metal is
similar to that of the plasma on desorption and ionisation.

[f the electric field strength is E > 107 v cm_], then field
desorption occurs. If all atoms are desorbed, then the gas
density near the cathode is n, = N/v,t, where N, is the
number of adsorbed atoms per wunit area, and
V, R 10° cm s~ is the velocity of atoms in desorption.
The gas layer of a thickness 107" cm  with
n, ~ 10" em™  builds up for Ny~ 10" em™?  within
t~ 107" s after the voltage has been applied. This gas
can initiate a breakdown when it is ionised by electrons
through impact ionisation. To this end it is required that
(n,0)~" < vyt or Ngo > 1, where ¢ is the ionisation cross-
section.

The inequality Ny > 1 holds, for example, when there
are several monolayers of adsorbed gas. However, the field
at the cathode will not build up when the field current
density is small since the gas is not ionised. For example, the
electric field is E ~ 6.5 x 107 V cm ™' for a tungsten cathode
when j= 10° A em™2. This field is insufficient for the
explosion of a point to occur. If there is a gas layer
with Ny = 10" cm™ at the cathode, then the ion concen-
tration will be 10%° ¢cm™ near the cathode within 107 s. It
corresponds to E ~ 108 v cmfl, which is sufficient for the
explosion of a point within 4 ~ 1077 s.

Thus, the presence of an adsorbed gas at the cathode
can be equivalent in effect to a double or triple electric field
gain. This is the case when the outer field strength is close to
a breakdown one, and the autoemission current density is
large. I draw the reader’s attention to the fact that the
efficient gas desorption occurs even though the metal is
heated to a temperature as low as several hundreds of
degrees. Therefore, the production of a desorbed gas and its
ionisation can result in generation of plasma at the cathode
even though the thermal flux is relatively small. In its turn,
the plasma stimulates the occurrence of an ecton.

excitation of a vacuum discharge. Therefore, let us
consider an experiment on the vacuum discharge excited
by a laser beam directed at a cathode. Lasers operated in
the modulated quality mode with the duration 107 s and
less are typically used [22, 50].

The laser radiation is focused at the cathode to a spot
of several millimeters in diameter. The production of
plasma is observed when the specific radiation energy is
0.01—10 J cm~2. This energy is insufficient for the direct
explosion of metal at the cathode but it is sufficient for the
production of a coagulate of plasma at the cathode. Such an
action leads to the heating of the surface of the cathode,
desorption of gas, evaporation of metal, and also to
thermionic emission.

The presence of an electric field provides for ionisation
of the vapour by electrons. In addition, the gas is ionised by
constant laser radiation. For example, the thermionic
emission was observed from a tungsten cathode when
the radiation intensity exceeded 2.5 X 10" W em™ and
the laser pulse duration was 50 ns. The thermionic emission
current was 0.5 A cm~2. This emission was 30 s behind the
laser pulse since it took time for the metal to heat up.

The mass-spectrum analysis of the ionic composition of
plasma as a function of the radiation intensity showed that
jons KT, Na*, HT, C™, H20+, Cco*, COZ, etc., were
present in plasma when tungsten was exposed to the
intensive laser radiation the power of which was
2 x 107 W em™2. It shows that ions of surface impurities,
adsorbed gases, and vapours are predominant in the
spectrum. The material out of which the cathode is
made is predominant in the spectrum when the radiation
power exceeds 10° W cm™2.

In experiments on laser radiation with the wavelength
0.69 pum and pulse duration 30 ns, the minimal specific
radiation energy for which a vacuum discharge occurred
was 0.014 J cm™? when the electric field was about
70 kV em™! in the vacuum gap, the cathode was made
of the alloy, and the area exposed to radiation was 0.1 mm?.
When the specific energy increased 100 times, the vacuum
discharge delay was 120 ns. The time characteristics were
revealed to depend neither on the total ignition energy nor
on its density at the site where it is supplied to the surface of
the cathode.

Thus, these data demonstrate that the plasma the laser
beam produces at the cathode initiates an ecton and causes
the vacuum breakdown to occur.

In Ref. [51] ectons were excited at the cathode by a
picosecond laser beam with a wavelength 266 nm. When a
high-frequency voltage pulse with a frequency 3 x 10° s~
was applied between the cathode and anode (3 ps), the laser
radiation power density was 10° W cm™ and it was
10" W ecm™ for a fixed voltage.

4.6 Other methods of initiation of an ecton

Another way in which an ecton can be excited is by closing
a cathode and anode in a microconductor which carries a
large pulse current. The explosion of the conductor
provides conditions for the excitation of an ecton at the
cathode. It should be stressed that such microconductors
appear naturally when contacts are broken. They are fluid
metallic bridges which appear when electrodes melt as a
result of the current constriction in the narrow electrode
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zone [5, 52]. Therefore, in my opinion, ectons play an
important part in the functioning of contacts. Similar
effects take place in the electro-machining of metals and in
electric-spark alloying.

Ectons also appear when a highly accelerated micro-
scopic particle hits the cathode. In this case, an ecton can be
excited in three qualitatively different ways. If the velocity
of the particle is relatively moderate, then, when it hits the
cathode, a microarea of the cathode heats up, gas desorbs,
the cathode and the particle itself evaporate, gas and
vapour are ionised, and an ecton occurs owing to the
interaction between the plasma and cathode. If the particle
velocity is high, it can excite a microexplosion and trigger
an ecton in the direct interaction with the cathode. Finally,
if the particle is a charged one, then even before the particle
hits the cathode, an FE current can start to flow between
the cathode and the particle, a micropart of the cathode
explodes, and an ecton occurs. The interaction between
accelerated microparticles and the cathode was discussed in
detail in a variety of reviews and also in Ref. [22].

5. Mathematical modeling of an ecton

5.1 Erosion-emission model

The first step towards mathematical modeling of processes
in an ecton is the erosion-emission model which, in essence,
is the classical thermal model [53]. It allows a significant
excess of temperature over the boiling temperature. This
model gives a better description of processes in a crater
than the simple Joule model. It takes into account the Joule
heating, thermal conduction, evaporation of metal,
thermionic emission with consideration of the Schottky
effect owing to the electric field at the metal—plasma
interface, and also the ion current to the cathode. The
calculations were performed for flat and point copper
cathodes and for current growth rates
di/dt=>5x10° As7".

In Fig. 8 the mass M carried away from the tip of a
molybdenum cathode is calculated as a function of the
angle 6 and the pulse duration. In the same figure,
experimental curves are presented [4]. On the basis of
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Figure 8. Mass carried away: experimental measurements (full lines)
and theoretical predictions (broken lines).

the results given in Refs [4, 53], the following conclusions
can be drawn. The cathode heats up to a temperature of
about several tens of thousands of degrees for about 107 s.
Thermionic emission occurs for such temperatures when the
current density is 10 A cm™. As the radius of the cathode
increases, the density of the current through the point drops
and the temperature of the cathode lowers. Therefore, at
one point, the thermionic emission stops.

In Fig. 9 the temperature distribution within the
cathode is presented at different instances in time when
the initial radius is ry=2pum, 6=20°, and
di/dt =10° A s7'. It is seen from Fig. 9 that the tem-
perature can be lower on the surface of the cathode than
inside the metal.
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Figure 9. Temperature distribution inside a point cathode at different
times.

Calculations showed that the resultant explosive emis-
sion is cyclic in nature. This is explained by the fact that,
after the explosion of a microvolume in the cathode, the
cathode cools down, in parallel with the Joule heating of the
emission zone, owing to heat conduction, evaporation of
atoms, and emission cooling. This results in drops in
temperature and electric field and in the termination of
emission.

Certain characteristics of an ecton at a flat copper
cathode are presented at its final stage in Table 3.
According to experimental data, specific erosion in the
ionic phase is independent of the current, to within the error
of the measurement, and is about 40 pg Cc™! for copper [4].
Here r, is the emission radius.

According to calculations, the emission zone is smaller
than the melt zone. A melted depression forms mainly as a
result of heat removal from hotter surface layers. The
pressure of the evaporation products on the liquid metallic
surface squeezes the metal to splash out of the depression.
As a result, a microcrater is formed. The velocity of

displacement, evaluated by the pressure, is about
Table 3.
i/A tcm/ns rcm/um T/lO3 K j/lOK)Acm’2 ym/ung
20 1 0.33 10.0 3.0 34
50 4 0.8 8.0 1.2 38
100 12 1.5 7.8 0.7 45
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10* cm s™'. The same value was obtained from the

experimental data on the velocity of droplets escaping
from the cathode during the discharge.

5.2 Magnetohydrodynamic calculation of the explosion of
a point

The next step in the mathematical modeling was the one-
fluid MHD model. As a result of the explosion, energy of
large density is released in a microvolume of the cathode.
The erosion products go through several phase states: the
substance with density similar to the density of a solid body
and with specific energy exceeding the bond energy; the
mixture of gas and fluid phases; and, finally, the state
corresponding to nonideal plasma with the concentration
of particles 10%°°-10% ¢m™ and less. Therefore, a method
is necessary for the calculation of the explosion of points
such that it describes all these stages subsequently.

In Ref. [54] the author used the MHD approach which
was earlier developed in Ref. [10] for studying electric
explosions of conductors. In this approach, the mass of
the metal carried away, the temperature and velocity of
plasma scattering, and its pressure at the cathode were
correctly evaluated. It gave an estimate of the plasma
concentration distribution, etc.

The fundamental tenets of the computational techniques
are as follows [10].

(1) Processes in a material during the electric explosion
of a conductor (EEC) are described by the system of one-
dimensional MHD equations.

(2) The equation of state takes account of evaporation,
the mixture of vapour and liquid, and also nonideal plasma.

(3) The specific resistance is a function of density and
specific thermal energy. This function was found in the
region of nonideal plasma by calculations and experiments
(n> 10%! cm_3). The specific resistance was determined
from tables for classical and weakly nonideal plasma.
The tables were composed by means of numerical solutions
to the Boltzmann equations and Saha relations.

Calculations were performed for copper points with a
radius 7y = 2 x 107> ¢cm. The cone angle varied in the range
12—-40°. At t =0 the density of material corresponded to
that of a solid body, and the internal energy corresponded
to the room temperature. The time dependence for the EEE
current was taken in the form i = a + bt. The parameter «
was chosen to be such that the current density at the point
was 10° A ecm™? at the initial instant. The parameter b was,
respectively, 10° and 10" A s~

Calculations for b=10"" A s7' and the angle in the
range from 12 to 40° showed that the point exploded by the
time ¢t+=0.5 s, irrespective of the angle. The specific
internal energy was not uniformly distributed across the
exploded material and amounted to 20—50 J gfl.

In Fig. 10a the specific energy and material density are
plotted against the axial coordinate z for » = 0 and against
the radius in a fixed layer at f{ =1 s and t, =2 s. The plots
are drawn for 6 =12°. It is seen from Fig. 10 that the
material is intensively heated up in a narrow layer adjacent
to the unexploded metal.

The high release of energy is associated with the abrupt
jump of the specific resistance of material in metal —plasma
transitions. This may be seen from Fig. 10b, where the
specific thermal energy w, density p, and specific resistance
Kk are presented as functions of time in one of the
computational cells at the point.

The specific resistance increases drastically as w
increases to 20 J g~'. Then its growth rate decelerates
and the energy release lowers since the current density
drops when the plasma scatters. In calculations of plasma
heating, the concentration was bounded from below by the
value n =~ 10" em™. The plasma is a two temperature one
for n < 10" cm73, which was not taken into account.

The temperature and ionisation rate were found for
n < 10*" em™ by evaluating specific thermal energies and
densities from tables of thermodynamic functions of plasma
[10]. Their values fall in the ranges: T =3-5¢eV and
ne/n; =1-3. In calculations, the velocity of plasma scatter-
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Figure 10. (a) Density and specific thermal energy distributions, p and w,

(b) Density and thermal energies as functions of time.
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ing was (2—3) x10° cm s~'. Calculations showed that the
point exploded somewhat later for b = 10° A s7! than for
b=10" A s_', namely, at + = 15 s. The pattern of explo-
sion and parameters of the plasma differ but only slightly
from those for b=10"" A s7'.

Results of certain calculations may be verified by the
available experimental data. First, it was shown in several
methods that the velocity of cathode plasma scattering was
2x10% em s for copper. Second, measurements of
various authors yield a plasma temperature of about
several electronvolts in accordance with calculations. The
agreement of results should be accepted to be satisfactory to
within the experimental and computational errors for which
difficulties of measuring parameters of plasma in small
volumes for 10™° s and approximate calculations are
responsible.

The cited method was developed further in Ref. [56],
where the explosion of an aluminium point was simulated.
In Ref. [56] results were presented of two-dimensional
mathematical simulation of unsteady hydrodynamic proc-
esses going on in the explosion of a micropoint at the
aluminium cathode. Semiempirical wide-range models were
invoked to describe thermodynamics, electric conduction,
and thermal conduction in a dense plasma.

The mathematical description of the destruction of a
cathode micropoint in the EEE is based on a system of two-
dimensional equations of hydrodynamics which express the
laws of conservation of mass, momentum, and energy with
account being taken of electron and radiant thermal
conductivity in the differential form.

The thermal and electric conductivity were calculated
using semiempirical formulas and data from tables [57, 58].
To close the system of equations of continuum dynamics,
the wide-range equation of state of aluminium was used
[59]. It accounts for melting, evaporation, and ionisation.

The equation of state adequately describes all the data
on shockwave compression of solid and porous species in
the megabar range of pressure, results of experiments on
isentropic relief of shock-compressed aluminium, and
experimental information on thermophysical properties of
metals at low pressure. The semiempirical equation of state
also invokes results of quantum-mechanical calculations by
the zone method and has correct asymptotics to the data of
theoretical models of Thomas and Fermi, and Debye and
Huckel for pressures and temperatures typical in experi-
ments.

The system of equations was solved in the cylindrical
system of coordinates on a uniform Euler mesh by the
method of large particles [60]. The computational method is
accurate to the first order with artificial viscosity. It is
reasonably accurate and stable for large deformation flows.
It was modified to compute the motion of a medium with a
free surface; the computational technique and the boundary
conditions are very similar to those in Ref. [61].

The heat conduction equation was solved by the local
iteration method [62]. The electric explosion of an alumin-
ium point was calculated. In calculations, the radius was
assumed to be ro=2x 107> cm, the cone angle was
0 =12°, and the height was h=1.6 x 107% em. It was
presumed that the joint current increased in accordance
with the linear law i=a+bt, with a=1.25A and
b=10"" A s7! in the explosion of the point.

Despite the simplifications made, the results of calcula-
tions satisfactorily reflect the basic physical quantities

describing the electric explosion of a micropoint. The
comparison of computed and experimental data verifies
that the process of interest is well described in the cited
approach. For example, the rate of destruction of the point
is 10° cm s™', the velocity of the plasma scattering is
10% cm s™!, the pressure of plasma in the crater is 10* at
the point, and the plasma temperature is 3.5 eV.

5.3 Two-fluid hydrodynamic model

Microexplosions at points were considered above. There
was no model for an ecton on a flat surface for a long time
because of the difficulty of the problem. In this section,
processes at a flat cathode and near it will be considered.

The heating, ablation, and scattering of the material are
simulated with the unsteady hydrodynamics equations. The
conducting medium in the gap, from the metal to the ideal
plasma, is described by semiempirical equations of state of
the material.

The geometry of an emission centre is shown in Fig. 11.
It is a depression on a flat surface. The scattering of the
erosion products is assumed to be spherically symmetrical.
The plasma jet from the cathode scatters into a solid angle
matching the opening of the circular cone.

The spherical surfaces of radii ) and r, have equal
areas, and all parameters of material have the same values
on these surfaces. The radius of the erosion depression
increases owing to the destruction of the cathode. The
radius of the jet base r{ also increases.

The problem is one-dimensional. This facilitates calcu-
lations significantly. However, the applicability of such a
model is restricted. The system of equations of two-fluid
(electrons and ions with the charge Z) two-temperature
hydrodynamics is used. These equations are written in the
8-momentum approximation [63].

The particle fluxes and associated energy fluxes between
the side surface of the plasma jet and the cathode were
taken into account: electron emission from a hot cathode;
emission from the plasma to the cathode owing to the high
temperature of electrons in the jet and a relatively low
potential barrier between the side surface of the jet and the
cathode; and electron emission from plasma to cathode.
These fluxes were included in equations as sources of

Plasma

N

Cathode

Figure 11. Geometry of the emission centre at a flat cathode.
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particles and energy individually for the cathode and
plasma. lonisation losses in plasma were also taken into
account.

Interpolated equations of state [65] were used to
describe the material in the transient state from metal to
plasma in Ref. [64]. The model was used to describe the
one-phase as well as the two-phase (fluid plus vapour) states
of material.

In the transient metal—plasma state, the expressions of
Ref. [66] were used for the specific resistance xk and the
thermal conductivity A. First, processes at the metal—
plasma interface were considered. The problem was for-
mulated as follows.

At t =0 the prescribed current began to flow through
the crater of radius 107> c¢m. The surface of the cathode was
heated to a high temperature, the pressure increased to 10°
near the surface, the compression wave built up and
propagated from the cathode with the initial velocity close
to the velocity of sound (1-2) x 10° cm s™', and the erosion
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Figure 12. Distribution of potential in the transient metal—plasma
region at t =1 ns.

products scattered in the opposite direction. The point was
fixed to the cross-section in which the hydrodynamic
velocity of the heavy particles was zero, i.e. it was placed
at the front which separates the wave from the ongoing
rarefaction wave.

In Figs 12 and 13 certain parameters of material are
presented at time # =1 ns in the transient metal—plasma
state for a copper cathode. By this time ry = 1.5 X 10~* cm,
the current density is j ~ 3.5 x 108 A em™ (for the current
50 A).

An important result (Fig. 13) is the relatively low
10° v cm_]) average electric field in the transient
metal—plasma region. Therefore, an ecton is a thermionic
process enhanced by the electric field. Evaluations show
that this model is applicable only for the time ¢ < 1077 s.
For longer times the fluid begins to flow; this is not
considered in the model.

At the initial stage of the cycle, the erosion rate is high,
the ratio of the electron flux in the jet to the flux of heavy
particles is 1, whereas it is on average 10—20 over the cycle.
At the initial stage of the cycle, the dependence ry(r) agrees
well with that in the classical thermal model. When the flux
of heavy particles is small, the plasma near the cathode is
weakly heated; also the ionisation rate is 1 and the velocity
of ions is (8—10) x10° cm s~

The temperature of the plasma, its ionisation rate, and
its velocity of scattering increase as the flux of heavy
particles increases. The drop in potential does not exceed
30 V in the entire region between the cathode and plasma
jet in spite of the high current density (10° A cm™).

The analysis of the plasma jet yielded interesting results.
In the model, the jet was assumed to be isotropic (Fig. 13).
The processes in the jet were described by the system of
equations of unsteady multifluid hydrodynamics (electrons;
neutrals; single, double, triple, and quadruple ions).

lonisation and recombination were written in the Born
approximation; electron impact ionisation and triple
recombination were taken into account. The plasma was
considered to be quasineutral; the electric field and
potential were found from the equation of motion of
electrons (the generalised Ohm’s law).

T/ev v/105 cm s~
5 12
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Figure 13. The paramecters of copper in the transient metal—plasma region at r =1 ns: (a) electron and ion temperature distributions;

(b) electron and ion velocity distributions.
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One of the most interesting results is the existence of a
strong inverse current of thermal electrons at the periphery
of the ecton zone. The voltage dropped mainly across the
plasma near the cathode. The plasma potential cannot
increase stepwise according to the generalised Ohm’s
law. Therefore there exists a fairly extended region of
growth (a few micrometers) within which a relatively large
number of electrons with high thermal velocities overcome
the potential barrier and reach the cathode from the side
surface of the jet. This inverse current can be closed only
through the main emission zone at the cathode. Thus, it
generates ring (toroidal) currents in the neighbourhood of
the ecton. Only a part of the emission current reaches the
anode; the other part circulates at the periphery of the
ecton, as is shown schematically in Fig. 12.

The contribution of the cyclic current in the joint
emission current depends on the size of the jet base; the
electromotive force, related to the pressure gradient,
increases on a decrease in ry, and an increase in the cyclic
current results. The behaviour of the potential does not
change perceptibly near the cathode. The growth of the
cyclic current is mainly provided for by an increase in the
electron temperature near the cathode since the current
density increases there.

Ions are accelerated by the pressure gradient across the
plasma, for which electrons are mainly responsible. lons are
accelerated mainly within 107 ¢cm from the cathode. At the
initial stage of the cycle, the jet consists predominantly of
singly charged ions.

Towards the end of the cycle, the velocity of the jet and
the fraction of multiply charged ions increase also. The
velocity of the jet is 1.8 X 10® cm s™' at the distance 107>
cm. It was shown in Ref. [64] that the ion temperature in
the jet is well below the electron temperature. The electron
temperature does not exceed 5 eV near the cathode.

6. Role of ectons in electric charges

6.1 Discharge in vacuum

Ectons play an important part in electric discharges in
vacuum and gas. A vacuum discharge includes a vacuum
breakdown, a vacuum spark, and a vacuum arc. The study
of a vacuum breakdown, i.e. of loss of vacuum isolation,
illustrates the mechanism in which the ecton is initiated. The
vacuum spark shows the working of an ecton in unsteady
conditions and of the vacuum arc in steady conditions.

6.6.1 Vacuum breakdown

[ shall not discuss the diverse details of the vacuum
discharge. Their descriptions may be found in Refs [4, 5,
22]. I shall only point to some of the mechanisms
underlying the physical process.

(1) The FE current, flowing through a micropoint at the
cathode, causes the point to heat up rapidly and explode.
The associated explosive electron emission and ectons
trigger a vacuum discharge [4]. On the other hand, the
electrons of the FE accelerate in the vacuum gap and
transfer energy to a part on the anode causing its heating,
evaporation, and gas desorption from the anode.

(2) Metallic particles or impurities, bound weakly to
electrodes because of the voltage applied to the gap, provide
conditions for a breakdown when they hit the opposite
electrode (heating and evaporation of a particle, deforma-
tion of the electrode surface, gas desorption, etc.).

(3) The surface of an electrode can change its structure
under the action of the pondermotive forces of the electric
field: formation of micropoints, break-off of bits of
material, deformation of liquid metallic surface, etc.
Then either the first or the second mechanism comes
into play.

(4) Nonmetallic inclusions and films at the cathode can
become efficient emission centres owing to a drop in the
work function or their breakdown which plays the part of
an igniting discharge.

(5) Gas desorption from electrodes encourages the gas
discharge which initiates the breakdown of the vacuum gap.

Besides the cited mechanisms of initiation of a vacuum
breakdown which are realisable in the presence of an
applied electric field, there are methods in which electrodes
are acted upon by an outer force: initiation by a plasma
beam, impact of a microparticle on the cathode, auxiliary
discharge over the dielectric, rapid heating of the electrode,
laser radiation, etc.

In my opinion all these mechanisms, including stimu-
lated initiation, may eventually be reduced to the energy
concentration in a microvolume at the cathode, the
explosion of this microvolume, and the formation of an
ecton. Moreover, the mechanisms of initiation of an ecton
are the same as those considered in Section 3.

6.1.2 Vacuum spark

Properties of ectons and explosive electron emission (EEE)
in unsteady conditions are very pronounced in a vacuum
spark. The role of EEE in a vacuum spark was identified in
three series of experiments with the use of high-voltage
nanosecond pulses [4]. First, the study of electron current
at the initial stage of a vacuum arc. Second, the study of
the glow at the cathode and anode by an image converter
with nanosecond exposure time and light amplification by
a factor of 10°. Third, the study of the erosion of the
cathode and anode and also the measurements of the mass
carried away from their surfaces. Let us consider these
results in detail.

All studies were performed with a pulse nanosecond
generator. The current builds up in two stages [4]: the
discharge delay time t4 and the commutation time ¢,. The
time . is typically measured between the levels 0.1 and 0.9
from the amplitude value of the current equal to U,/R,
where U, is the voltage amplitude and R is the discharge
circuit resistance. In experiments, electrodes made of
copper, aluminium, tungsten, molybdenum, steel, lead,
and graphite were studied for the gap length in the range
d=0.1-1 mm [4].

The following conclusions were made about the time 7,
for flat electrodes. The commutation time grows linearly
with the gap length and is independent of the amplitude of
the voltage applied. The current growth rate decreases on
an increase in the gap length and increases on an increase in
voltage. The ratio di/ds is about d/t, ~ 10° cm s~ for all
materials studied. It is interesting that the time 7, obeys the
same laws both for a pulse discharge and for a static
discharge in vacuum. As for the time #4, it was shown to be
a function of the mean field strength and is independent
either of the voltage U, or of the gap length d.

In essence, these conclusions reflect the fundamental
properties of the process of initiation of an ecton. The
occurrence of an ecton is caused by microexplosions at the



Ecton or electron avalanche from metal

583

cathode owing to rapid heating of micropoints at the
cathode by the FE current. Therefore, relation (2.5),

ty _
J =1,
0

6.1

is true by analogy with the explosion of a conductor. Here
h is the specific action and j is the density of the FE current
which initiates the ecton.

If the quantity j is constant for a time 74 and the current
density is specified by the formula of Fowler and Nord-
heim, then

- 2B
tg ~hATE™ -=),
d exp< E>

where E is the electric field strength at the point, A and B
are factors depending on the work function of the material.
From Eqn (6.2) a very strong dependence #4(E) follows.
Such a dependence takes place only for relatively weak
fields on the surfaces of points, for which the current
densities are j < 10* A ecm™.

The current density is bounded for a large j by the space
charge of electrons in the region adjacent to the point [36,
41] (see Section 4.1). Therefore, the time ¢4 is t4 ~E73,
which has been verified in experiments [4]. Thus, the
measurement of 74 corroborated the supposition that the
EEE current delay is due to the microexplosion delay at the
cathode.

The laws the quantity 7. obeys may be explained by
the scattering of the cathodic plasma after the explosion.
Electron-optic recording of the glow at the cathode
corroborated the fact that microclusters of plasma appear
several nanoseconds later upon the application of voltage
[2]. These microclusters which were called cathodic flares
(CF) are the plasma produced in explosions of microparts
on the cathode surface. Typically one or several CF occur at
the cathode, depending on the overvoltage in the gap. As a
rule, only one CF occurs in a static breakdown.

The velocity of a CF is about 1.6 X 10® cm s™' for
copper. The study of the EEE current growth showed that
the current is bounded by the space charge of the electron
current the CF emits. This relationship is generally written
in the form

t
= A,U3PF (2,
1 0 d

where the constant A, depends on the geometry of the gap,
U is the voltage between the cathode and anode, v is the
velocity of the cathode plasma, d is the gap length, and ¢ is
time.

The function F(vt/d) ~ vt/d for one CF at the cathode
with a radius r < vt when d > vt. In this case, the growth
rate of the current is

6.2)

(6.3)

%mAOUgﬂ == AU Egy |
at the initial stage of the EEE, where E, is the initial field
strength in the gap. If Ey~10°Vem™,
v=2x10% cm s_], Uozlo4 V, and
Ag~3.7%x107 A V™2 then di/dr is of the order of
1'% A s7!, as was obtained in the experiment [2].

The fact that the commutation time ¢, grows linearly
with d follows immediately from formula (6.3), since
vt,/d =const for a fixed current and, consequently,
to ox tq [4]

The research in Ref. [4] also showed that an anode flare
(AF) would be initiated not long after the cathode flare.
The anode flare is due to the heating of the anode by the
EEE current. This fact and also the presence of a power
x-ray radiation at the anode for the time for which the CF
moves to the anode and the deviation of the beam in a
magnetic field perpendicular to the electric field proved
uniquely that the current from the cathode is electronic in
nature when an ecton functions at the cathode.

6.1.3 Vacuum arc

A vacuum arc has a number of very important properties.
The difference of potentials for which the arc is drawn is
very low. This difference is of the order of the ionisation
potential of atoms of the material out of which the cathode
is made. The arc has a threshold current i below which
the arc goes out. The arc has a very high current density at
the cathode of order of 10° A cm™. The distribution of the
potential difference is very inhomogeneous across the arc.
The difference of potentials peaks near the cathode. It is
called the cathodic drop U..

The space of a vacuum arc between the cathode and
anode is divided into three regions. One of them is at the
cathode and is visible as a bright luminous spot which
moves chaotically over the surface of the cathode. This
region is called the ‘cathodic spot’.

Another region occupies a larger portion between the
cathode and anode and is visible as a bright diffusion glow.
It is characterised by a uniform electric field distribution
and a relatively low pressure gradient. At the anode there is
a region which was called the ‘anode region’.

All peculiar features of a vacuum arc are virtually
associated with the cathodic spot. The study of an arc is
essentially the study of its cathodic spot of which, as noted
above, the high current density and high energy density are
typical.

A set of conditions ought to be satisfied for an arc to be
excited in vacuum between metallic electrodes. First, a
minimal difference of potentials should be maintained,
the value of which amounts to U, in short arcs. More-
over, an arc discharge will start when the discharge current
exceeds the threshold value i3 which is different for
different materials.

At present there are the following ways in which an arc
can be excited [6]: the breakdown of a vacuum gap for a
fixed distance between electrodes; breaking a circuit; a
current passing through a semiconductor immersed in a
liquid metal; transition of a glow discharge into an arc;
plasma running against the cathode, etc. Not dwelling on
these methods in detail I shall only remark that in the end
they are reduced to the concentration of energy in a
microvolume on the surface of the cathode and to the
excitation of a primary ecton by the methods described in
Section 4.

The cathodic spot is a small bright luminous region on
the surface of a cathode through which the current flows
from the cathode to the arc column. The cathode is heated
near the spot to the temperature which exceeds the boiling
temperature significantly.

There are two types of cathodic spots. Spots of the first
type consist of separate luminous small spots which are
spaced at a distance. The metal erosion rate is not large
(3, =5x 1077 g C™! for copper). These spots are due to
the excitation of ectons on metallic surfaces when dielectric
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films and inclusions are charged by the ionic current from
the approach plasma. This is true because spots of the first
type exist on an unpurified cathode only.

When the cathode is throroughly purified by heating,
ionic bombardment, or in any other way, spots of the
second type occur. They are larger in size and consist of
separate microcraters. Moreover, spots of the first type go
into spots of the second type when they function for more
than several hundreds of microseconds (the current is
100 A). This can be explained by the fact that the adsorbed
gas, dielectric inclusions and films are removed from the
surface of the cathode for this time. The specific erosion is
much larger in spots of the second type 1075 —
107 gc™.

Kesaev showed in Ref. [6] that the cathodic spot has
separate cells in which the current does not exceed two
threshold values. If the current becomes greater than this
value, then certain cells die spontaneously and other cells
are formed by fission of the cells which remain. The cathode
spot emits plasma, vapours, and droplets of material. The
appearance of a cell, its functioning and dying off comprises
an arc cycle.

We shall start from the idea of Kesaev [6] that a
cathodic spot consists of separate cells from which the
current i, equal to the two threshold values of the arc
current iy, i.e. to iy, = 2iy,, flows. The threshold values are
given in Table 4.

Table 4.
Metal Ag Au Al Cu Fe Mo Ti W
ith/A 1.2 1.4 1.0 1.6 1.5 1.5 2.0 1.6

An ecton is generated as a result of interaction between
the jet of a melted metal and plasma. Such jets owe their
existence to high pressure near a microexplosion, up to
10* - 10° atmospheres [4]. We suppose that the jet of a
liquid metal forms a droplet when the current exceeds the
threshold value. This droplet will cause the density of the
ion current from the plasma to increase at the joint of the jet
and droplet even before the separation. This results in a
larger energy concentration at the joint and in the initiation
of a microexplosion owing to the Joule heating of the joint
[1].

We consider an arc cycle to involve two processes. The
first process is the functioning of an ecton for a time .. The
second process is associated with the ion current near the
cathode for a time #;. The ecton current flows for the time 7,
and simultaneously the new jet of a fluid metal completes its
formation. Then a new ecton is formed for the time #;. Thus,
the process becomes a self-maintaining one. If an ecton is
generated when, as is said above, a droplet separates, then
the maintenance criterion for an arc cycle can be written in
the form

(6.4)

where y,4 is the number of droplets when a charge of one
Coulomb flows, t. =t.+¢; is the arc cycle duration.
Thus, let a conic jet of a liquid metal with an angle 0
be produced as a result of the functioning of an arc. Then
the cone generatrix length r over which a temperature 7 is
reached is determined from the Joule model of heating for
the cone. If the temperature T = T, which is equivalent to

'Ydtcim =1 s

the explosion of the cone is of interest, then it follows from

Eqns (2.11)—(2.13) and Eqn (2.15), since sin (6/4) = 6/4,

that
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where « is the fraction of time for which the ionic process
proceeds, ¢, is the time for which the ecton functions, m, is
the mass of metal carried in the time 7., and y, is the
specific erosion.

Studies of a vacuum discharge showed that the explo-
sion of a micropoint is accompanied by the ejection of a
cathode plasma which moves towards the anode with a
velocity v > 10® cm s7! [4]. This induces the current of
positive ions which move towards the anode (ionic erosion).
The fraction of this current in the joint arc current is equal
according to Eqn (6.7) to

2ez a_]/2
="""p(1 — z
=35 Pl a)(i) ,

where z is the plasma ionisation rate, e is the charge of an

electron, A is the atomic weight of the metal out of which

the cathode is made, and « is the thermal conductivity.
The current density is

aht?

(6.9)

Je=T

- (6.10)
lm

towards the end of the functioning of an ecton. It should be

stressed that in formulas (6.5) and (6.10) quantities ¢ and A

are to be used for liquid metals when the temperature T is

greater than the melting temperature.

The comparison between the theory and experiment is
performed for an arc with copper electrodes. In Table 5 the
characteristics of melted metallic copper are presented. The
value #=3x 10’ A s cm™ corresponds to the current
density j > 10> A cm™ [13], the thermal conductivity is
the mean value between those for the melting and boiling
temperature of metal.

Table 5.
A/1072 g i /A afem®s™ n/10°A’sem™ p/gem™ 2 1 /1070s
1.07 1.6 0.47 3 8.9 0.55 25

6] [67] [13] 8] [4]

The average cycle duration 7, = 25 ns is evaluated by the
oscillations of the potential near the cathode of a copper arc
for the current 4 A [6]. It was assumed that jumps of
potential correspond to the ionic phase. According to
Ref. [6] the ion current fraction is small at the cathode
in the arc cycle, i.e. t; €t, in the average (i.e. a < 1).
However, it proved to be difficult to obtain the exact
estimate for ¢;.

First, let us evaluate the ion current fraction in the arc
current and the mass carried away from the cathode per
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unit charge 7,, by means of formulas (6.8) and (6.9).
Kimblin showed that y; ~0.07 — 0.1 for many metals [8].
In our model this value of y; = 0.06 may be obtained for
a=10.2. In this case the specific mass carried away is
Ym ~ 0.6 X 107 g C™'. The experimental data on the
quantity y,, fall in the range (0.4—1.15)x10™* gC~' [4,
8, 68].

For further estimates, the value of the cone angle 6 is
required. If o and ¢, are given, then ¢, may be found and 6 is
determined from formula (6.5). In our case 6 ~ 0.53. The
value of @ may also be found, given the specific number of
droplets y4 the cathodic spot of the arc ejects. For example,
y4 ~ 1.4 % 10" ¢! for silver [7]. According to Eqn (6.9) the
time ¢, is t, &~ 22 ns for the current iy, = 1.6 A. This time
coincides with the value measured from oscillations of

potential. In general, on substituting Eqn (6.4) into
Eqn (6.5) we have
1 i
04 ~ Im Yk (6] 1)

an(l —a) 2

It follows from Eqn (6.11) that the angle 8 = 0.54.

Now I shall discuss the estimate for the arc current
density. It is different at different instants in time. The
current density is determined from the relationship j2td =h
at the instant when an ecton is initiated. The explosion
delay time is t4 ~ 10° A ecm ™2 since 7~ 10° A% s7' em™.
The current density is determined from formula (6.10) and
is equal to j~2.2x 10° A cm™2 at the instant when the
ecton stops functioning. This conclusion was corroborated
by many authors [6, 4].

However, the current density is usually evaluated by
the measured radius of the crater r, at the cathode and the
current which has flown through. If the radius of the crater
is evaluated from the formula r, = 2(atc)]/2, then r, &2 x
107 c¢m. This value is similar to Daalder’s result for arc
currents i < 10 A [69]. In this case the apparent current
density will be equal to j, = im/‘rtrc2 =27%10" A ecm™2. It
is close to the value measured in Ref. [70] for tungsten and
copper.

From the ecton mechanism of a vacuum arc, Tanberg’s
effect [78] can be explained. According to this effect, when
an ecton functions, the cathode experiences the action of the
force which tends to span the distance between the cathode
and anode.

The specific force f is introduced to characterise this
effect, i.e. the force per unit current:

f myv
J — . )
2tclm

(6.12)

where v is the plasma velocity. According to Ref. [6]
v~ 10° cm s~ for an arc [the factor of 2 in Eqn (6.12)
accounts for the anisotropy in the scattering of plasma]. It
follows from Eqns (6.8) and (6.12), with consideration of
the quantity m/f.i,, =,, to be the specific erosion of the
cathode, that

o 'Ymv
=—". 6.13
= (6.13)
If y,, is taken from Eqn (6.7), then
1/2
=2 (i) . (6.14)
3 \h

Using data from Table 5, we have f= 33 dyne A~'. This
value is about five times greater than the experimental data
given by Tanberg for the specific force f [78].

Our analysis showed that the specific erosion was about
0.15x 107 g C™" in Ref. [78]. This value is 3 to 6 times less
than any available data for copper. To all appearances, an
unpurified cathode used in Ref. [78] is responsible for this
small value, i.e. the cathodic spot was of the first type for
which the specific energy is much lower than for spots of the
second type.

Besides conventional arc discharges in vacuum, there are
the so-called unipolar arcs. Unipolar arcs are arcs on wall
elements which are in contact with plasma. The source of
potential for such an arc is the contact difference of
potentials between the wall and plasma owing to the
thermal motion of electrons in plasma. The particular
interest in such arcs was aroused when they were revealed
to occur in installations for thermonuclear research, in
particular, in tokamaks.

Robson and Thoneman showed theoretically that arc
discharges can be maintained between the wall and plasma
by the difference of potentials which is determined by the
plasma thermal energy [71]. In such arcs, the current
proceeds to the same cathode where the cathodic spot
has appeared. Therefore, the authors of Ref. [71] called this
arc unipolar.

Unipolar arcs are a source of impurities in plasma in
thermonuclear installations, and also cool down the
primary plasma [72]. Therefore, there are many original
papers about unipolar arcs and also about the interaction
between the plasma and walls in thermonuclear installa-
tions. In particular, unipolar arcs were found on walls in
almost all thermonuclear installations.

Unipolar arcs are also observed when an ordinary
plasma interacts with a metallic surface. The plasma is
produced by outer sources or by exposing the base to a laser
or high-frequency synchotron radiation [73]. The interest in
unipolar arcs will increase as plasmas receive wider
acceptance in various research and technological installa-
tions. The research studies on unipolar arcs are reviewed in
Ref. [74].

6.2 Discharge in gas

6.2.1 Deviation from the Paschen law

Ectons play an important role in various types of electric
discharges in gas. The occurrence of an ecton violates the
classical mechanism of a discharge. The reasons for the
occurrence of an ecton are the same as in vacuum [49]:
explosions of micropeaks at the cathode because of the FE
current owing to an high electric field and the breakdowns
of dielectric films and inclusions at the cathode owing to
their charging by discharge plasma ions. On the one hand,
the presence of a gas facilitates the occurrence of an ecton
since there are the gas discharge plasma and dielectric films
produced in chemical interaction between the gas and
metal. On the other hand, a microexplosion at the cathode
is not always accompanied by a rapid current growth
because atoms and molecules are an obstacle in the way of
electrons in the ecton.

One of the manifestations of ecton processes is the
deviation from the similarity laws, especially, from the
Paschen law. This law establishes a relationship between the
static breakdown voltage U on one side and the pressure p
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Figure 14. The right-hand branch of the Paschen curve U = f(pd):
(1) air; (2)hydrogen [82].
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Figure 15. The left-hand branch of the Paschen curve U = f(pd):
(1) classical dependence; (2) dependence in the presence of an ecton
[75].

and the gap length d on the other side, in the form
U = f(pd).

Deviations from this law are typically observed in three
regions: on the right-hand side at a high pressure, on the
left-hand side at a low pressure, and near the minimum. In
each region, the average electric field is high over the gap
(106 Vem™' and more). Such a field induces a field
emission from certain micropeaks at the cathode. Electrons
will ionise the gas and ions of the ionised gas move towards

3x10° Vem™.

the cathode. In addition, the field emission is stimulated by
the space charge of these ions. It results in further growth of
the FE current density. In the end, an ecton begins to
function. As is seen from Figs 14—16 all deviations from
the Paschen curve result in the lower breakdown voltage in
comparison with that by the Paschen law.

6.2.2 Contraction of space charges

Yet another manifestation of ecton processes in a gas
discharge is the contraction of space charges, i.e. the
transition of a space discharge into a channel one [75].
Examples of space discharges are a low-pressure glow
discharge, a pulse self-maintained discharge which may be
set up for high as well as low pressure (one atmosphere and
more), and, finally, a non-self-maintained discharge with
intensive external ionisation, for example, by an electron
beam [76].

In such discharges, contraction begins at the cathode
because of the occurrence of an ecton owing to the FE
current or to the breakdown of a dielectric film at the
cathode. I shall consider this effect by the example of a
glowing discharge, since all discharges are contracted by the
same scheme.

The distinguishing features of a glow discharge are the
space current flow and the presence of a layer near the
cathode across which the potential drops. Thanks to this
layer, electrons from around the cathode are supplied
uniformly to the discharge column. The potential drop
near the cathode is typically about several hundreds of volts
and the size of the region near the cathode is established to
be such that the conditions are provided for a self-
maintaining discharge thanks to ionisation processes in
gas and secondary processes at the cathode.

Secondary electrons are generated at the cathode when
it is bombarded by positive ions, because of the photo-
electric effect, and because of the bombardment by fast
neutral atoms produced in recharging, and in other
processes. These processes provide, as a rule, for a uniform
secondary electron current density at the cathode and,
respectively, a uniform structure of the cathode layer.

In an ordinary glow discharge, the current density
remains constant and the joint current increases since
the area the discharge occupies at the cathode increases.
Once the discharge has occupied the whole surface, a
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further joint current growth in the circuit results in an
increase in its density and in its discharge voltage. If this is
the case, then it is referred to as the abnormal mode of the
glow discharge. Once a specific current density is reached in
the abnormal discharge, the glow discharge goes stepwise
into an arc one.

The transition from a glow discharge to an arc one is
accompanied by the redistribution of the current in the
discharge column (the column contraction) and by the
redistribution of the current at the cathode (current is
localised near the cathodic spot). There are two opinions
onthenature ofthetransition from a space dischargeto anarc
one.

The first opinion is that the contraction is caused by
instabilities in the discharge column. For example, the
column may be contracted in a glow discharge because
of a larger energy release near the axis than at the periphery.
As a result, the gas is heated and displaced out of the inner
regions, and the density of neutral particles is reduced. In its
turn, the lower density means a larger power dissapation
near the discharge axis [77, 79].

There is, however, another approach, based on exper-
imental data on the initiation of instability, which leads to
contraction, near the electrodes (as a rule, near the
cathode). The build-up of these instabilities is believed
to initiate the instability of the discharge column. This
opinion is presented less often in the literature.

Even in early experimental works, experimentalists
observed both the radial contraction of the glow discharge
column without changes in parameters near the cathode,
and the arc formation for which the progressive instability
near the cathode was responsible [81]. Moreover, the second
mechanism was realisable in a wider range of experimental
conditions for high and low gas pressures.

In accordance with the concept presented in this review,
one of the instabilities near the cathode can appear in the
case that the electric field at the cathode is sufficient for an
autoemission to be initiated from certain surface parts.
Then the field current will be amplified by the space charge
of positive ions. This results in further current density
growth, explosions of micropoints, and the initiation of an
ecton.

6.2.3 Corona discharge. A corona discharge occurs typically
between electrodes of the point—plane type. A high electric
field (over 10° V cm_') occurs at the point from which the
corona propagates. Depending on the polarity of the
electrode of a small radius, the corona discharge is either
positive or negative.

The field strength at the point is E = U/r, where r is the
radius of curvature of the tip of the electrode and U is the
potential at the point. The gas at the point is intensively
ionised in a high field since the impact ionisation coefficient
depends strongly on the electric field.

It may be concluded from data cited in Ref. [82] that, in
negative coronas, effects very similar to ectons were
observed under certain conditions. First, bright cathodic
spots were observed at the cathode of a negative corona.
Second, the authors of Ref. [82] paid special attention to
depressions which appeared at the negative point in a
corona discharge in nitrogen or hydrogen.

The formation of ‘crater-like depressions’ seemed to be
very unusual since positive ions reached the cathode with
the energy of no more than 1 eV. This phenomenon was

observed at cathodes made of tungsten, platinum, copper,
and lead. Today we can interpret this effect as an ecton.

The initiation of an ecton was observed at the initial
stage of the pulse corona discharge in air in Ref. [49]. In
most experiments, single rectangular pulses of controlled
duration were applied to the gap of length 0.6 cm between
electrodes at the initial voltage 25 kV with the edge 1077 s.
The radius of the point was 1 um or more. The opposite
electrode was a hemisphere of radius 0.3 cm. The surface of
the point after the breakdown was viewed through a
scanning electron microscope. The structure of the point
was additionally monitored through a shadow electron
microscope. A crater occurred independently of the
polarity of the voltage applied to the point when the
pulse duration was 3 ns. However, spots were initiated
at points of larger radii only if the point was a cathode. In
this case, erosion manifested itself in microcraters at the
cathode.

Initiation of ectons at the cathode may be explained by
the developing cathodic instability. The distinct nature of
erosion at the cathode and anode corroborates this
conclusion. The damaged surface of the cathode is covered
by clustered melted balls of 1-2 pym diameter which are
usually densely packed in a region of length 20—30 pm.
This means that ectons are initiated, as in a vacuum
discharge, in microinhomogeneities at the cathode which
are present on edges of craters left from earlier breakdowns.

A cathodic spot is initiated within the time ¢ < 3 ns
when the polarity is negative. The current density at the
anode increases as the pressure grows and it is equal,
respectively, to 1.3 X 104, 2.6 x 10* and 5 x 10* A cm™? for
the pulse duration 20 ns and pressure 76, 152, and
228 mm Hg. Given the electron drift velocity to be
v=10" ¢cm s_', the electron concentration is 10'® cm™
in the widest cross-section of the diffusion channel near
the anode.

6.2.4 Pseudo-spark discharge

Over the last ten years, one of the modifications of a heavy-
current space discharge, a pseudo-spark, has been studied
intensively [83]. The geometry of electrodes is shown in
Fig. 17. This is a discharge between a hollow cathode and a
hollow anode. It strikes in heavy-current commutators,
which outperform thyratrons, and also in sources of
electrons.

Of special interest is the emission mechanism which
provides for the average current density of about
10* A cm™. The main characteristics of a pseudo-spark
are as follows. The pressure is typically about p =~ 0.1 Torr
in the spark gap and the gap length is d =~ 0.1—1 cm. The
electron free path length is A, > d in the gap between the
electrodes.

22227222222
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Figure 17. Principal scheme of a pseudo-spark chamber.
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On initiation of a discharge in the hollow cathode, the
plasma penetrates the opening and an electron beam is
generated with the current up to 10—100 A. At this stage,
the gas is desorbed from the surface and ionised, and the
gas density amounts to 10" cm™ near the opening. The
diameter of the glow channel is approximately equal to the
diameter of the opening channel [83].

A heavy-current discharge with the current density
10 A em™ sets up when the plasma glows, expanding
radially with the velocity 10 cm s7', and fills the gap
between the electrodes to the extent of 5 or 6 diameters
of the point. The voltage in the discharge drops to several
hundreds of volts. This voltage is concentrated in a layer of
thickness 107* cm and creates the field
E=(1-5)x10° Vem™' at the cathode.

Thermionic emission is considered to be the most
probable explanation of the emission mechanism. The
temperature of the cathode T must be greater than
3500 K for the current density to be j=10* A cm™'
when E = (2—5) x 10° V.em™'. The power density must
be (3—4) x 107 W ¢cm™ for a cathode of Mo to heat the
surface of the cathode to this temperature in a time
t <50 ns (time of initiation of a heavy-current dis-
charge). However, even very optimistic calculations yield
the power flux of no more than 10'® W em™2, which is
clearly insufficient for heating the cathode to the melting
temperature.

The microrelief of a cathode after a pseudo-spark is very
similar to the relief of a cathode after an arc discharge [83].
The mass carried away from the cathode of Mo per unit
charge has been measured in Ref. [83] to be equal to
(5—8) x 107> g C~! and is typical of an ecton. The metal
is eroded mainly where the electric field is high, i.e. at the
edge of the cathode (Fig. 18). Considering the nature of
damage at the cathode, there are strong grounds to believe
that ectons are responsible for the high average current
density in a pseudo-spark.

The studies of physical processes of initiation and
evolution of a vacuum discharge, and the emission
mechanism in the cathodic spot of a vacuum arc and in
a space gas discharge, made it possible to establish a set of
laws which prove that ectons are responsible for the emission
in a pseudo-spark [84]. I shall proceed from the assumption
that 10° ectons provide for the average current density

Corrosion zone

Symmetry axis

Figure 18. Schematic plan of the cathode after 5 x 10® breakdowns
for the discharge duration of 90 ns and current of 20 kA [83].

10 A em™? in the pseudo-spark when each carries the
current 10 A. The current density can amount to
10° A em™ in an ecton.

An ecton occurs within the time f4 provided that

jztd = const. The time ¢4 is in the nanosecond range at

the initial current density 10° A cm™2. The research in

Ref. [4] showed that 4 ~ 1 ns for a molybdenum cathode
conditioned in a high vacuum when the average electric
field strength is £ > 2 x 10° V. ecm™ at the cathode. The
field the space charge creates at the initial stage of a pseudo-
spark is of the same order of magnitude and, consequently,
it provides conditions for initiating an ecton in ¢ < 10 ns.

In Ref. [83] ectons were observed at the cathode and a
contracted spark was noted at the instant the current was
switched on. Then, as the cathode was aged by discharges,
the sparks disappeared and the discharge went into the
diffusion stage. The authors made the conclusion that a
super-emission occurred. This effect can be explained as
follows. In the first switch-ons of current with new
nonconditioned electrodes, a CF appears at the cathode
for smaller fields E ~ 10° V.em™' at the formation and
glow stages of the beam in the region between the openings.
In this case the discharge proceeds from separate areas as in
a vacuum discharge.

The electric strength increases on conditioning and —as
soon as the gas is spatially ionised in the gap between the
electrodes, and the field is concentrated in a thin layer near
the cathode in a time 2 ns—the conditions are provided for
an ecton to occur spontaneously over a large area. Since the
current of one ecton does not exceed, to all appearances, 10
A, the ecton plasma is stripped off and emits in the
ultraviolet range [4], and the size of the spot is 0.1 mm;
these cathodic spots are invisible against the background of
the space glow.

The studies of eroded electrodes corroborate that the so-
called superemission in pseudo-sparks is caused by ectons.
The erosion is greatest at the site where the largest electric
field exists, i.e. on the inner edge of the hollow cathode
(Fig. 18) [83].

6.3 Processes in contacts

The surfaces of contacts are such that metals are in real
contact with each other only in separate thin regions [52,
85, 86]. Even the best smooth metallic surfaces have
micropeaks of 0.01—0.1 pm in height [5]. These peaks are
usually on an undulating surface, the spacing of which is
10°~10* pm in different conditions and the height is 1—
10 pm. The roughness and undulation is the reason that
two surfaces come in contact at separate points only.

When live contacts are closed, the vacuum breakdown
occurs, similar to that considered above (see Fig. 16).
Ectons occur as a result of explosions of micropeaks,
under the action of the FE current from them. On closing
the contacts, the appearing force can cause them to
rebound. This force is due to the high pressure of vapours
and metallic plasma as a result of microexplosions at the
sites of contact.

The contacts do not move apart simultaneously when
they are opened because the surface is rough. The current
will flow through separate spots. Therefore, the current
contraction area is melted and the melted metallic bridge is
formed. The bridge, exploding, initiates an ecton. Bridges
and their surfaces under the action of breaking the current
are the principal issues in the physics of circuit opening.
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The problem of electro-erosion machining is closely
related to the issue of the functioning of contacts. It may be
suggested that ectons play an important part there too.
They create, for example, microjets from the cathode. These
jets destroy the anode and assist in transfer of its metal to
the cathode [87].

6.4 Discharge in liquid and solid dielectrics

Discharge in a fluid has been a very mysterious natural
phenomenon up to the present [88]. I believe that ectons
play an important part here too. The field strength
amounts to 10° V em™' or more in the gap before the
breakdown. Under such conditions, the energy may be
expected to be concentrated in microvolumes at the
cathode as a result of the field emission in fluid, formation
of gas bubbles at the cathode and production of plasma in
the bubbles, field strengthening owing to dielectric
admixtures in fluid and at the cathode, etc. The
probability of such a process seems to be very great
when the discharge occurs in a system of the point—plane
type where the point is the cathode. In such a discharge,
the initial glow appears at the anode, which means
probably that anode ectons are initiated.

Discharge in solid dielectrics has also been studied for a
very long time. However, the mechanism of this phenom-
enon is as yet unclear. The electric field is also very high
(106 \Y cmfl) before the breakdown at the site of contact
between the cathode and solid dielectric [89]. This is
especially the case for discharges from point cathodes. If
an ecton starts to function at the cathode, then the ejection
of electrons into the dielectric and also a partial melting of
the dielectric by the plasma jet are possible. This may be the
initiating effect for the discharge channel in the dielectric.

The process of formation of an ecton can very vividly be
illustrated by examples of discharges over the surface of a
dielectric in vacuum, gas, or fluid. In this case, micropeaks at
the cathode, which are in contact with the diclectric, create a
tangential component of the electric field, which initiates
microdischarges over the surface of the dielectric. The
microexplosion current flowing through the micropeaks
at the cathode causes them to explode and initiates ectons.

6.5 Abnormal ions and electrons

The idea of an ecton gives us a chance to explain a variety
of effects in vacuum discharges and vacuum arcs. For
example, we explained the so-called ion erosion by
considering the mechanism of functioning of a vacuum
arc [see formula (6.9)]. This is the motion of positive ions
from cathode to anode with the velocity 10 cm s™'. Tons
acquire this energy in the emission zone when a nonideal
plasma is heated by the arc current.

The idea of an ecton may be a key to the effect of the
collective acceleration of ions in vacuum discharge to an
energy many times greater than the voltage applied
(Plyutto’s effect) [90]. It is possible that electron clusters
in an ecton are accelerated in unstable plasma and,
capturing ions present in plasma, accelerate them.

In explosive emission, electrons are observed with an
energy twice that which would be expected under applied
voltage [4]. This may be explained by the example of a two-
ecton mechanism. Let the current be caused initially by two
ectons. One ecton disappears. The current abruptly drops
by a factor of two on the disappearance of one ecton. As a
result, the electromotive force of self-induction appears

owing to the natural induction of the discharge circuit. This
results eventually in additional acceleration of some
electrons.

It is possible that by studying ectons we shall be able to
explain one of the most mysterious phenomena in vacuum
arcs—the so-called retrograde motion of a cathode spot [6].
The cathode spot moves in the opposite direction to the
Ampere force in the crossed electric and magnetic fields.
Maybe the so-called return electrons come into play, i.e.
electrons which return to the cathode from the cathode
plasma. The presence of such electrons is predicted by the
two-fluid hydrodynamic model of an ecton (see Sec-
tion 5.3). Consequently, these electrons must move in the
direction opposite to the electric field. The presence of such
electrons was shown in Section 4.5 in the mathematical
modeling of an ecton.

7. Conclusion

Microexplosions occur when the energy (up to 10 ] gfl or
more) is concentrated in microvolumes at the cathode for a
short time. There are many ways in which the energy may be
concentrated: Joule heating by the FE; current density
amplification in microinhomogeneities at the cathode when
plasma flows past them; microbreakdowns of dielectric films
and embedments at the cathode in the ion current charging;
laser heating of microparts at the cathode; impacts of
accelerated particles on the cathode, etc. Microexplosions
induce EEE. The EEE current has a peculiar structure. It
consists of individual portions of electrons (10” —10"
particles) which may be compared with electron avalanches
and which we call ectons. The formation time for
avalanches is 1077 -107% s.

Electrons in an ecton occur due to the rapid overheating
of microparts at the cathode and this is a variation of the
thermionic emission. The electron emission in an ecton
stops due to the cooling of the emission zone because of
thermal conduction, drop in current density, evaporation of
atoms, etc.

A simple physical model of an ecton was constructed
under the assumptions that the specific resistance of the
metal is a function of the energy density before and after a
microexplosion and that a micropart cools down solely
because of thermal conduction and a drop in current
density. This model is appropriate for determing the
main parameters of an ecton: the number of electrons;
the time for which it functions; the mass of metal carried
away from the cathode; the number of ions accompanying
the ecton, etc.

The ecton plays a fundamental part in electric dis-
charges in vacuum and gas. They are responsible for
initiation and evolution of a vacuum discharge and are
present in each cycle of a cathodic spot in an electric arc.

The ecton approach helped to construct a relatively
simple theory of a vacuum arc, which explains qualitatively
and quantitatively the basic phenomena in a cathodic spot:
the cyclic recurrence, mass carried away from the cathode,
current density, ion erosion, Tanberg effect, etc. In my
opinion, this appoach is a most fruitful one for perceiving
the cathodic spot in an arc.

Ectons help to explain a number of phenomena in the
physics of gas discharge: contraction of the volume of a gas
discharge and its transition to an arc discharge; the
deviation from the Paschen curve in a gas discharge in
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the regions of the left and right branches and also near the
minimum; and pulsed discharge in high electric fields.

At a low pressure, the so-called pseudo-spark discharge
occurs in the region of the left branch of the Paschen curve.
It is typified by a high average density of electron current
from the cathode: up to 10° A cm ™2 (superemission). Now
it is surely established that such an emission is caused by an
ecton process.

Ectons were also observed in a pulsed corona discharge.
In my opinion, ectons also help to explain a number of
processes in metallic contacts, in discharges in liquids,
solids, dielectrics, etc. However, these assertions await
additional comprehensive studies.

What are the topical issues in the near future for ectons?
First, although the part of ectons in the EEE process may
be regarded as established, the exact mechanism of how the
emission zone of an ecton cools down is yet unclear. It
seems that the interception of the current from one jet of
liquid metal to another occurs.

Second, the specific actions of various metals should be
measured and how they are affected by the temperature and
phase state of a cathode should be established.

Third, the part of ectons in the occurrence of abnormal
electrons and ions in vacuum discharges should be exam-
ined more thoroughly.

In this review | did not touch on the issue of the part
played by ectons in the functioning of pulsed electrophys-
ical devices such as high-precision electron accelerators,
power pulsed x-ray devices, power relativistic microwave
generators, etc. This issue is discussed in detail in the recent
monograph [92]. I only want to note that the topical issue is
the influence of ectons on the space—time structure of an
electron beam, since this determines the quality of an
electrophysical device.
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