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Abstract. The so-called explosive electron emission 
observed as individual packe ts or avalanches of electrons 
is shown to occur in microexplosions at the ca thode . This 
micro explosion of electrons is called an ecton. Electron 
current in an ecton star ts to flow as a result of the 
overheat ing of meta l because of the high energy density 
(10 4 J g _ 1 ) , and the current s tops owing to the cooling of 
the emission zone. Ec tons occur in electrical discharges in 
vacuum, in ca thode spots of a vacuum arc, in bulk 
discharges in gases, in pseudo-spark discharges, in corona 
discharges, etc. 

1. Introduction 
Electron emission from a meta l occurs typically when an 
electron acquires an addi t iona l energy from an outer source 
or when the tunnel ing is provided for. In this review it is 
shown h o w shor t - t ime avalanches and electron packets 
occur under condi t ions suitable for an emission which 
electrons themselves ensure. F o r this, microexplosions at 
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the ca thode are responsible. They are p rovoked by a h igh-
energy concent ra t ion and s t rong overheat ing of the metal . I 
call these avalanches of charged part icles ' ec tons ' [1], after 
the first letters of the expression 'explosive centre ' . The ecton 
owes its discovery to studies of explosive electron emission 
( E E E ) [4]. 

The explosive electron emission is the electron current 
from a conductor , which is a ca thode , as a result of the 
explosion of a microscopic vo lume on its surface. The 
explosion of a microvolume of meta l and excitation of E E E 
occur for var ious reasons , including the impact of a highly 
accelerated bit of mater ia l on the ca thode , or the exposure 
of the ca thode to a power pulse of laser rad ia t ion or a beam 
of charged or neu t ra l part icles. 

However , the most c o m m o n way of exciting E E E is 
rapid heat ing of mic ropor t ions of the ca thode by an electric 
current of high density. The simplest example is the current 
of field emission (FE) from ca thode micropeaks , the density 
of which reaches 10 9 A c m - 2 and m o r e for intensive electric 
fields. It has long been believed tha t only the F E current 
could excite the E E E . N o w it is clear tha t some other 
processes can also excite the E E E . 

The au tho r and his co l labora tors have conducted 
systematic studies on the mechanism of this p h e n o m e n o n 
since the 1960s. The studies met with success in 1966 [2] 
when it was established, by observat ions of c a t h o d e - a n o d e 
processes in vacuum for the pulse electric field of an average 
strength 10 6 W c m - 1 and for the t ime resolut ion up to 
1 0 1 0 s, tha t an electron current occurs as the result of 
explosions of micropoin t s at the ca thode under the act ion of 
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the F E current and the strength of the resul tant current 
exceeds tha t of the initial current by several orders of 
magni tude . 

In Ref. [3] the following conclusions are made : " the 
surface of a ca thode is no t ideal, it is r o u g h " ; "peaks on the 
ca thode are sources of F E since the field is locally 
intensified t h e r e " ; " separa te br ight spots can be associated 
with explosions of p e a k s " ; " the glow at the ca thode is 
caused by processes triggered by the electron beam, which is 
d rawn from the p lasma derived from the evapora ted 
mater ia l of the c a t h o d e " . Thus , it outl ined the range of 
p h e n o m e n a which are n o w called the explosive electron 
emission. In later works , the E E E concept ion was formu
lated in the current form. 

A n ecton is accompanied by a series of very complicated 
p h e n o m e n a (plasma, melt ing of mic ropar t s at the ca thode , 
splashing of metallic droplets , etc.). F o r these processes, the 
high density of p lasma (over 1 0 2 0 c m - 3 ) in the ca thode pa r t 
of the emission zone, s t rong inhomogenei ty of p lasma in 
small volumes ( 1 0 1 2 c m - 3 ) , short du ra t ions of processes 
( 1 0 — 1 0 — 1 0 — 8 s), high current density at the anode , and so 
on, are typical. 

In an ecton, electrons are emitted for 1 0 _ 9 - 1 0 - 8 s and 
then the emission stops on its own since the explosive centre 
cools down because of the heat conduct ion , decrease in the 
current density, and s lopping of metal . The energy con
centra t ion in a mic rovo lume of the ca thode must be greater 
t han the energy of subl imat ion (over 10 4 J g _ 1 ) at a to ta l 
energy of 10~ 8 J, for an ecton to be excited. The ecton 
superficially has much in c o m m o n with an electron 
avalanche in gas. In either case, electrons are p roduced 
in a b u n d a n c e for a short t ime. The difference is tha t , in an 
ecton, electrons are emitted from the ca thode , and in an 
electron avalanche they are generated by ionised mul t i 
pl icat ion. In either case, the growth of the number of 
electrons s tar ts to decelerate on its own within a short t ime 
( 1 0 — 9 — 1 0 — 8 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 posit ive space charge of ions 
which drastically decreases the impact ionisat ion coeffi
cient. 

The explosive electron emission plays a fundamenta l 
role in vacuum sparks and arcs, in low-pressure discharges, 
in compressed and high-strength gases, in microgaps etc., 
tha t is, when there is a high electric field at the ca thode . The 
discovery and t h o r o u g h investigation of F E and ectons, and 
also advances in powerful nanosecond pulse equipment 
m a d e it possible to create pulse electron accelerators with 
powers up to 1 0 1 3 W and m o r e for pulse dura t ion 1 0 ~ 1 0 -
10~ 6 s, electron current 1 - 1 0 6 A, and energy of electrons 
1 0 4 - 1 0 7 e V . Such b earns are widely accepted for investiga
t ions in p lasma physics, radiat ive physics, and chemistry; in 
technology, for gas laser pumping , generat ion of h igh-
power U H F and x-ray pulses, etc. I am sure tha t ectons 
underl ie such processes as the electric-spark work ing of 
metal , electric-spark doping, processes on contacts , in 
switching equipment , etc. 

W h a t are the facts tha t p rove the existence of an ecton? 
These facts were obta ined from studies of explosive electron 
emission, vacuum discharges, and vacuum arcs (see Sec
t ion 6.1.3). The first most impor t an t evidence of the 
existence of ectons is craters at the ca thode [9] (Fig. 1). 
Since a crater is formed with a finite velocity (between the 
velocity of heat conduct ion and the velocity of sound) , 

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

v c r w 10 4 —10 5 cm s ! , given the rad ius of the crater r c r the 
lifetime of an ecton can be est imated as tQ ~ r c r / v c r . Usual ly 
r c r ~ 1 0 " 4 c m , therefore, tQ ~ 1 0 " 9 - 1 0 " 8 s . 

The second a rgument in favour of the existence of 
ectons is the t ime s t ructure of the vacuum discharge 
current . If, for example, there is a po in t ca thode and a 
p lane anode , then the current bui lds up smooth ly in vacuum 
discharge. However , if the anode is punc tu red opposi te the 
point , then the current will increase 2 - 3 t imes behind the 
opening for short t imes, in compar i son with the mean 
current . The dura t ion of b e a m s generated will be 
1 0 " 9 - 1 0 " 8 s [4]. This means tha t charged part icles appear 
and disappear at the ca thode . 

The thi rd impor t an t a rgument in favour of ectons is tha t 
m a n y specific pa rame te r s are independent of the discharge 
current . F o r example, the velocity of scattering of p lasma is 
independent of the current unt i l the pinch effect is tr iggered 
[ 4 - 6 ] . The specific force (force per uni t current) the ca thode 
experiences in a vacuum arc is independent of the current 
[6]. The number of drople ts per uni t charge the ca thode 
emits in a vacuum arc is also independent of the current [7]. 
Final ly, there exists a limit for the specific mass carried 
away from the ca thode in a vacuum arc, which depends 
only on the mater ia l out of which the ca thode is m a d e and is 
independent of the current . The mass is carried away as 
posit ive ions moving against the electric field from the 
ca thode to the a n o d e [8]. The mode l p roposed explains all 
these facts. 

2. Electric explosion of metal and ectons 
2.1 Electric explosion of conductors 
W h e n it comes to ectons, it is assumed tha t wha t occurs in 
the mic rovo lume of meta l is approximate ly the same as in 
the electric explosion of a conduc tor (EEC) [10]. Of interest 
for the physics of E E C is the rapid heat ing of conduc tors 
with the ra te 1 0 1 2 K s - 1 . This makes it possible to s tudy 
physical proper t ies of metals and their phase changes in 
rapid t rans i t ions t h rough all states of mat te r — from a solid 
state to p lasma. Such studies are impor t an t for unde r 
s tanding the proper t ies of metals regarding the critical 
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po in t of nonidea l p lasma and also the h igh- tempera tu re 
m e t a l - n o n m e t a l phase t ransi t ion [11]. 

The E E C process m a y be divided into two stages. The 
initial stage involves the heat ing of meta l in the solid state, 
melt ing, and heat ing of meta l up to a po in t at which it s tarts 
to evapora te . At this stage, the meta l density changes bu t 
only slightly. Then the explosion itself occurs . It is 
accompanied by an ab rup t increase in the resistance of 
the conduc tor by a factor of 10 2 or more . The reason is the 
expansion and, consequently, the decrease in the density of 
the conduc tor . The change in the meta l density essentially 
affects the electron spectrum of the meta l and mechanisms 
of its electric conduct ion . F o r example, the specific 
resistance increases 10 t imes as the copper density 
decreases 2 t imes [10]. The specific resistance K increases 
10 3 t imes in compar i son with tha t in the n o r m a l state, when 
the specific energy w ~ 10 4 J g _ 1 is delivered to a copper 
conduc tor [10]. 

At the initial state of E E C , the physical state of the 
meta l can be described by one t he rmodynamic variable: 
t empera tu re or specific energy. F o r example, the formula 

Table 1. 

K = Kl(l +fisw) 

is t rue for the specific resistance of a solid conduc tor [10]. 
H e r e K\ is the initial specific resistance, w is the specific 
energy, and /?s is the energy coefficient of resistance in the 
solid state. F o r example, fis = 5.3 x 10~ 3 g k J _ 1 for Al and 
Ps = 6.8 x 10~ 3 g k J _ 1 for Cu. The dependence K(W) is 
approx imated by ano ther formula for the meta l in a liquid 
state up to the poin t at which the resistance starts to 
increase abrup t ly [10]: 

K = Kn[\ + A ( w - W < ) i ) ] > (2.2) 

where Kn is the initial specific resistance of a liquid metal ; 
Pi is a factor; w 0 1 is the specific internal energy at the 
melt ing poin t . 

The stage of the explosion itself is no t so clear. At this 
stage there are a series of p h e n o m e n a which complicate the 
physical pa t t e rn of E E C . These p h e n o m e n a refer to 
instability, shunt ing discharges, s t ra toformat ions , etc. 
One of the peculiar features of this stage is tha t the ohmic 
resistance is no t un ique for the specific energy delivered and 
depends on the specific power [12]. 

Besides exper imental research, there are three m o r e 
research approaches to E E C : numer ica l s imulat ion, simpli
fied calculat ions based on models , and similarity me thods . 
In calculat ing E E C by a similarity me thod , of impor tance is 
the specific act ion integral (the specific act ion): 

h= [ d j 2 dt , 
Jo 

where j is the current density and td is the explosion delay 
t ime. 

This quan t i ty remains cons tant for m a n y 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 
conduc tor d is much less t han its length l{d <̂  / ) , then the 
specific energy released in the E E C is 

j 2 K(W) dt = wp , (2.3) 

Metal Al Ag Au Cu Ni Fe W 

h/\09 A 2 s c m - 4 0.9 1 1 2 0.8 0.6 0.8 

where p is the density of metal . Consider ing E q n s (2.1) and 
(2.2), E q n (2.3) can be wri t ten in the form 

JO JWQ >K(W) 
dw , (2.4) 

where w 0 is the initial specific energy, and w e x is the specific 
energy in the explosion. 

The quant i ty on the r igh t -hand side of formula (2.4) is 
the specific act ion. In Table 1 exper imental da ta are listed 
for the specific act ion h of var ious conduc to r s at the initial 
r o o m tempera tu re provided tha t the largest current density 
is 10 7 A c m " 2 [13]. 

Tha t h depends bu t weakly on t and j for 
j ^ 10 7 A c m - 2 is shown in several other works . Some 
of them are reviewed in Ref. [17]. The increase in the 

(2.1) current density to 10 8 A c m - 2 or m o r e results in an increase 
of the specific act ion. F o r example, h w 4 x 10 9 A 2 s c m - 4 

for copper when j ^ 10 A c m - [13]. 
Somet imes the classical app roach is used for coarse 

evaluat ions of the specific act ion: the explosion is supposed 
to occur when a critical t empera tu re Tex is reached. Given 
tha t 

dT , 

and K = K0T, then 

J" 
Jo 

K 0 7*0 
(2.5) 

provided tha t the the rmal conduct ivi ty c is independent of 
t empera tu re . H e r e T0 is the initial density and p is the 
density of the conduc tor . 

Special a t tent ion should be pa id to the fact tha t h is a 
function of the initial t empera tu re . In Table 1 all da ta are 
listed for the r o o m tempera tu re . In Ref. [14] the quant i ty h 
was shown to increase 2 to 2.5 t imes on decrease of T0 to 
4 K for metals such as W, M o , N b . Conversely, the greater 
the t empera tu re T0, the lesser is the specific act ion h. 

2.2 Microexplosions at the cathode and the ecton model 
Let a micro explosion be excited at the tip of a conical 
ca thode th rough Joule heat ing by the current i(t) in some 
way. In the spherical system of coordinates , the the rmal 
ba lance equat ion at the ca thode can be wri t ten in the form 

dT 
~dt 

dT 
~d> + 

i\t)K{T) 
(2.6) 

where Q = Ansin2(0/4) is the solid angle; 9 is the cone 
angle; r is the rad ius in the spherical system of coordinates ; 
X is the the rmal conductivi ty. The other pa rame te r s were 
ment ioned earlier. 

F o r a p lane ca thode 9 = n, and therefore Q = 2%. In the 
s tudy of ectons, of concern will be small t imes t ^ 10~ 8 s. 
Therefore, the heat conduct ion can be neglected at the 
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initial stage. Given tha t p and c are independent of 
t empera tu re and K = K0T, we have 

Table 2. 

T = T0 exp K0 

2(t) dt(^ 1 6t i 2per4 s in 4 ^ (2.7) 

The rad ius r e x m a y be found from E q n (2.7). F o r it the 
t empera tu re is greater t han the formal critical one in the 
explosion: 

?W = I K 0 
) | z 2 d ^ l 6 7 i 2 p c s i n 4 

4 T0 

(2.: 

All the meta l inside this rad ius is p resumed to have 
exploded. 

In our pursui t to construct the simplest ecton model , the 
first supposi t ion will be tha t E q n (2.5) m a y be employed in 
formula (2.8), and the experimental ly measured quant i ty h 
m a y be used as the specific act ion. In this case, for
mula (2.8) can be wri t ten in the form [1]: 

l l V 4 

i2dty\6n2h s in 4 (2.9) 

As was ment ioned above, the ecton functions for a limited 
t ime since the explosive centre rapidly cools down owing to 
heat conduct ion , ejection of heated a t o m s and ions of 
metal , and a decrease in the current density because of 
increase in the rad ius of emission. 

The second supposi t ion will be tha t the ecton cools 
down owing to the heat conduct ion and an increase in the 
rad ius of the explosion zone. The ecton stops functioning 
once r e x is equal to the heat p a t h length because of heat 
conduct ion . In this case 

r e x = a = 2{at)1'2, (2.10) 

where a = Xjpc is the the rmal diffusivity, and t is t ime. Let 
r e be the rad ius for which this condi t ion is satisfied. Then it 
follows from E q n s (2.9) and (2.10) for / = const tha t 

%n(ah) 1/2 - 2 
1 sin 

and the t ime for which the ecton functions is 

256%2a2h s in 4 

-l 

(2.11) 

(2.12) 

The mass of meta l carried away in a microexplosion is 
m e = (4n/3)rlp s i n 2 ( 0 / 4 ) . If r e is the same as in Eqn (2.11) 
we have 

- 2 ^ ^ 3 / 2 , 
m e = pi 3847t 2 (<2/z) J / s in 4 (2.13) 

The overall charge of electrons carried away by the ecton is 
qe = itQ. Wi th considerat ion for Eqn (2.12), this matches 
the n u m b e r of electrons in the ecton 

ne = i3 (l56K2a2ehsm4 , (2.14) 

where e is the charge of an electron. The mass carried away 
from the ca thode per uni t charge is ym = me/qe, or 

2 / V ^ 2 

T U - 3 / . ( | ) • a m 

Consequent ly , in this mode l the specific mass carried away 
depends solely on the proper t ies of the mater ia l out of 
which the ca thode is made . In Table 2 [15] the the rmal 

Metal Cu Ag Au Al Mo W Fe Ni 

a/cm2 s _ 1 1.6 1.2 1.4 1.0 1.5 1.6 1.5 

p / g cm 3 8.9 10.5 19.3 2.7 10.2 19.3 

diffusivity a and density p required in subsequent 
es t imat ions are listed for var ious metals . 

N o w I wan t to dwell briefly on the current density while 
an ecton functions. In field emission init iat ion, the initial 
current density is determined from the relat ionship for the 
specific act ion: 

J = 
V 

where td 

h 
is 

1 0 9 A 2 s c m - 4 

10 9 A c m " 2 for 

the explosion delay t ime. Since 
the current density is abou t 

10 s. The current density is 

Je 
— _ i 9 9 

16% ah i sin - (2.16) 

at the final stage of the functioning of an ecton. 
After the explosion the p lasma starts to scatter. In 

Ref. [4] the au tho r p roposed an adiabat ic mode l for the 
scattering of p lasma. Let a specific energy w 0 be delivered to 
a vo lume of the ca thode . In the course of scattering, the 
energy is t ransformed into the kinetic energy of the part icles 
of p lasma. If the p lasma rad ius becomes much greater t h a n 
the characteris t ic size of the initial volume, it follows from 
the law of conservat ion of to ta l energy in a vo lume of 
part icles tha t the velocity v p of the forward layers of p lasma 
is related to the specific energy w 0 by the equat ion: 

v l / 2 Ay 
w 0 

(2.17) 

where y is the adiabat ic exponent . The adiabat ic exponent 
is y = 1.24 for the scattered p lasma [16]. 

The velocity of scattering of p lasma is (1 -
2 ) x l 0 6 cm s - 1 for metals such as W, M o , Cu, Al, N i , 
PI, and others . Therefore the specific energy is 
w0 = (2 — 8) x 10 4 J g _ 1 before the explosion. In p lasma 
p roduced in microexplosions, there are singly, doubly, 
and even triply charged ions. These ions have very high 
energies. F o r example, singly charged ions of copper of the 
velocity 1.5 x 10 6 cm s _ 1 are accelerated to 70 eV. 

Let us consider n o w the cause of the cut-off of current in 
the ecton. This issue is t ightly linked to the mechanism of 
electron emission from a metal . To all appearances , this is 
the thermionic emission enhanced by the Schot tky effect at 
the expense of the electric field at the p l a s m a - m e t a l 
interface. Wi th in the f ramework of the classical the rmal 
model , the growth of the t empera tu re is assumed to be 
much higher t han the boi l ing t empera tu re within the t ime 
10~ 9 s. Assuming tha t the R i c h a r d s o n - S c h o t t k y formula is 
t rue under the cited condi t ions , 

. nn 2 I ecp — OLE 

J = A T 2

q M - ^ T 

1/2 

(2.1* 

where A = 120.4, a = 3.79 x 1 0 ~ 4 ; cp is the work function 
(cp = 4.4 eV for copper) ; k is Bo l t zmann ' s cons tant ; E is the 
electric field on the emit t ing surface, V c m - 1 ; T is the 
t empera tu re at the ca thode , (K); j is the electron current 
density, A c m - 2 . Simulat ion of processes in an ecton 
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showed tha t the field E is no t larger t han 10 5 V c m - 1 . 
Accord ing to es t imat ions for copper the current density is 
10 8 A c m - 2 when the energy delivered is equivalent to 
10 4 K and is only 5 x 10 6 A c m - 2 when 7 x 10 3 K, i.e. the 
cooling of the ecton by 30% results in the decrease in the 
current density by a factor of 20. 

T h u s the qual i ta t ive pa t t e rn of the b reak of current in an 
ecton is as follows. Initially the current density in the ecton 
is abou t 10 9 A c m - 2 . 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 t h rough evapora t ion and ejection of heated 
liquid metal . All the above processes are responsible for 
decreases in the t empera tu re of the zone in which the ecton 
functions and in the thermionic emission current density. In 
its tu rn , the decrease in the emission current density causes 
the emission zone to cool down m o r e rapidly, as the Joule 
heat ing decreases. 

Figure 2. Filamentary crystals at a cathode of gold. 

3. Surface of electrodes 
3.1 Microgeometry of electrodes. 
It is impossible to p roduce a ca thode with an absolutely 
smooth and pu re surface. F o r the excitation of an ecton, 
three types of imperfections are responsible: mic ropeaks on 
the surface; gas adsorbed at the surface; and also dielectric 
films and embedments . Let us consider them in m o r e detail. 
The surface of a ca thode has microirregulari t ies due to 
var ious causes. F o r example, when machined , the grains of 
the crystal s t ructure are destroyed and an a m o r p h o u s layer 
is formed. Usual ly such an electrode is pu t t h rough electric 
polishing. Then the upper layer is removed and the 
crystalline s t ructure of the meta l is revealed. As a result 
of such a p rocedure , the project ing pa r t s are substantial ly 
dissolved. However , electric pol ishing does no t ensure tha t 
peaks the rad ius of the tip of which is a fraction of a 
micron will be total ly removed. Their presence was verified 
by direct observat ions with an electronic microscope [17]. 

The microrelief of the metall ic surface is changed 
significantly under heat ing. The surface energy of meta l 
decreases since faces of crystals with lesser surface tension 
appear . The appea rance of microirregulari t ies at electrodes 
is favoured by evapora t ion and condensa t ion , recrystall isa-
t ion, phase changes, etc., which manifest themselves even 
before the meta l is heated to the melt ing t empera tu re . The 
fast cooling of metallic specimens heated previously 
p roduces peaks on the surface which are similar to 
c o m p o u n d spicular pa t t e rns [19]. U n d e r p ro longed ten
sion, the surface microrelief is dis tor ted significantly. 
Processes such as surface diffusion, rea r rangement in 
electric field, evapora t ion , desorpt ion by the field, migra
t ion of impuri t ies , etc., can proceed [ 2 0 - 2 2 ] . The 
irregularit ies on the metall ic surface are especially large 
when there are f i lamentary crystals [23, 24]. In such crystals, 
the rat io of the height to the rad ius can exceed 1000. They 
are formed when supersa tura ted vapour s are condensed at 
electrodes (Fig. 2). The microrelief of a ca thode in vacuum 
is significantly changed in electric discharges. The discharge 
current causes the electrode to erode owing to the rmal 
processes. The erosion is accompanied by the format ion of 
craters , micropeaks , and ejection of microdrople t s of meta l 
on to the surface. 

The no t ion of the electric field gain fiE is in t roduced to 
provide a quant i ta t ive characterist ic for the surface of a 
ca thode . This is the rat io of the t rue value of the electric 
field at the top of a micropeak to its mean microscopic 
value. Given fiE 1, the approx ima te relat ionship fiE w h/r 
can be used [22, 25]. 

The quant i ty fiE m a y be determined by measur ing the 
au to electronic current in vacuum as a function of the 
electric field s trength. The current from the poin t is 
described by the F o w l e r - N o r d h e i m equat ion: 

-B (3.1) 

where E is the electric field at the tip of the peak; Sem is the 
emission area; cp is the work function; A and B are 
quant i t ies from the F o w l e r - N o r d h e i m formula. It follows 
from E q n (3.1) tha t the curve \og(i/E2) =f{\/E) is a 
straight line. In this case given the work function cp, the 
electric field gain fiE m a y be evaluated from the slope of the 
straight line, and the emission area Sem from the length of 
the gap the straight line intercepts the abscissa axis. 

Of special interest are studies which enable the p a r a m 
eters of peaks to be evaluated directly. In Refs [17, 18] the 
emission centres were sought with the aid of a luminescent 
a n o d e which glowed at the po in t s where electrons were 
incident. In the overwhelming major i ty of cases, mic ropeaks 
were detected at centres of emission. Then the profiles of 
these micropeaks were viewed th rough a shadow electron 
microscope. The electric field increases by a factor of 100 or 
m o r e according to the au tho r s of Refs [17, 18]. Similar 
peaks were detected on electrodes m a d e of copper , nickel, 
tungsten, a luminium, t an ta lum, and stainless steel. 

In Refs [ 2 6 - 2 8 ] emission centres were detected by the 
me thod of p rob ing a n o d e opening and then were examined 
with an x-ray micro analyser; 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 tha t 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 impuri t ies Al and F e enter ing into the composi t ion of the 
metal , the oxides of which are used to p roduce the 
electrodes. U p o n an electron b o m b a r d m e n t the lines of 
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impuri t ies d isappeared and the emission centre d isappeared 
with them. The cited analysis shows tha t fiE can vary over a 
wide range (from 10 to 1000). However , m a n y researchers 
believe values of the order of 1000 to be too large, t hough 
po in t s with such fiE were observed experimentally. There 
fore, addi t iona l research should be performed to explain 
this contradic t ion . E r r o n e o u s evaluat ions could be m a d e at 
least for the following reasons . 

Firs t , the d imensional effect: at r o o m tempera tu re the 
free p a t h length of an electron is abou t 5 x 10~ 6 cm in meta l 
and it d rops inversely p ropor t iona l ly to t empera tu re . 
Hence , the d imensional effects can influence the processes 
of release and dispersion of energy in an emitter. Second, 
p robab ly the F o w l e r - N o r d h e i m equat ion , as applied to 
very sharp micropoin ts , should itself be refined fundamen
tally. It was deduced for an infinite p lane tha t micropoin t s 
are very inhomogeneous configurat ions the radi i of which 
are of order of tens to hund reds of the a tomic radius . Third , 
the value of the pa ramete r fiE depends on the gas adsorbed 
at the ca thode [4, 17] and also on the dielectric film. 

3.2 Gas adsorbed at electrodes 
The surface adsorp t ion is the adsorp t ion of gas or vapour s 
of a fluid on to the surface of a solid b o d y [24]. Chemical ly 
the adsorbent has a t o m s with unsa tu ra t ed valency on its 
surface. This means tha t on the surface of a solid b o d y 
there are pa r t s which provide for chemical b o n d s with 
adsorbed part icles. The surface energy lowers as a result of 
adsorp t ion . The concent ra t ion of free chemical b o n d s 
decreases as the number of adsorbed part icles increases. 
Particles in number sufficient to sa tura te all surface b o n d s 
form a monolayer . This typically occurs when there is one 
adsorbed a tom for four surface a t o m s [30], which 
cor responds to the density of adsorbed a t o m s of 1 0 1 4 c m - 2 . 

F o r b o n d s of adsorbed part icles in a monolayer , the 
chemical forces are responsible. Therefore an adsorp t ion of 
this type is called chemical adsorp t ion or chemisorpt ion. 
H e r e an adsorbed molecule gives away an electron to or 
receives it from the surface. It m a y be split into a t o m s or 
radicals which form b o n d s with the surface. This is typical 
of molecules of oxygen, ni t rogen, hydrogen , and others . 
N e w b o n d s between radicals are possible in the adsorbed 
layer. In chemical adsorp t ion , the b o n d energy is high 
enough and a m o u n t s to several electron volts per part icle. 

Adso rp t ion should be considered as a dynamic process 
in which at equil ibrium the number of a t o m s leaving the 
surface in a uni t t ime owing to the rmal mo t ion is equal to 
the number of newly adsorbed a toms . At equil ibrium, nv/4 
molecules d rop in a uni t t ime onto the surface border ing the 
gas. He re n is the gas density and v is the mean velocity of 
molecules. At r o o m tempera tu re and the pressure of 1 m m 
H g , n « 3.7 x 1 0 1 6 c m " 3 and v « 4.5 x 10 4 cm s " 1 . Given 
the probabi l i ty of adhesion to the surface to be equal to 0.5, 
the ra te of adsorp t ion is 2.5 x 1 0 2 0 part icles c m - 2 s _ 1 . 
Thus , the m o n o a t o m i c layer forms approximate ly in 
10 6 s at the pressure 1 m m H g . Hence , in a gas a surface 
is always coated with at least one film of a toms or 
molecules. 

A solid b o d y at the surface of which there is a 
monolayer of adsorbed a t o m s has no free valences. The re 
fore the format ion of new layers is caused solely by the 
van der Waa l s polar isa t ion forces. This is a physical 
adsorp t ion since there is no exchange of valence electrons 
between a t o m s of gas and metal . In physical adsorp t ion , the 

b o n d energy is well be low tha t in chemical adsorp t ion , and 
it is of the order of fractions of an electron volt per a tom. 
One and the same gas adsorbs on to different metals 
differently. In this respect oxygen is the mos t active gas. 
It adsorbs virtually on to all metals . 

The work function of electrons is different when a toms 
are adsorbed onto a metall ic surface. W h e n adsorbing, 
electronegative a t o m s cap ture a free electron. As a result, 
the intensity of the double electric layer near the meta l 
increases, which hinders the escape of an electron and 
results in growth of the work function. Conversely, the 
presence of electroposit ive a t o m s on the surface results in a 
d rop in the work function for the ca thode mater ia l . 

3.3 Dielectric films and embedments on surfaces of 
metals 
In a tmospheres capable of oxidising electrodes, the ca thode 
is coated in a layer of oxides. In addi t ion, impuri t ies and 
dielectric embedment s could be left after the pol ishing at 
the ca thode , and so too could dielectric embedment s of the 
mater ia l itself which appear u p o n the removal of the 
surface layer by electrochemical pol ishing or ionic etching 
[27]. 

Clearly, it is difficult to cont ro l such impuri t ies at the 
ca thode in the gas discharge directly. Therefore the special 
te rm 'uncontrol led dielectric embedment s at the c a t h o d e ' is 
sometimes used in the l i terature. However , these embed
ments are of impor tance for m a n y types of discharge. It is 
c o m m o n knowledge tha t autoemiss ion currents build up 
when ions are deposi ted on to a dielectric film (the Mal te r 
effect). 

The dielectric film can be b roken down when electric 
fields which the electric charges of ions are responsible for 
are high enough. If there is a dielectric film at the ca thode , 
then its outer surface is charged by the flow of posit ive ions 
to the ca thode when the specific resistance of the film is 
large. Once the field reaches the b r e a k d o w n value, the film 
is b roken down and the ca thode is eroded locally at the site 
of b r eak d o w n . 

M o s t of the results from which numer ic dependences 
can be reproduced were obta ined for specially p repared 
dielectric films. A metallic layer is first deposited on to a 
base and then it is overlayed by any me thod ( thermal 
cooling, chemical precipi ta t ion from gas phase , diffusion) 
with a layer of dielectric: A 1 2 0 3 , S i 0 2 , S i 3 0 4 , etc. The upper 
electrode is often coated too . The s t ructure of the m e t a l -
d i e l ec t r i c -me ta l type ( M D M ) is often used in thin-film 
capaci tors , in nonincandescent ca thodes , and in mic ro 
electronic devices. 

In the p roduc t ion of M D M structures, all p rocedures 
are aimed at ob ta in ing a dielectric film of electric s trength 
as large as possible. Therefore, special a t tent ion is paid to 
spray coat ing in which the geometr ic inhomogenei ty of the 
base is min imal and the dielectric mater ia l has no t h rough 
and closed pores . However , this pa t t e rn is an ideal one. 

The density of pores per uni t area is 0 . 3 - 0 . 4 m m - 2 for 
films S i 0 2 and S i 0 4 , p repared by the rmal oxidat ion, the 
typical thickness of which is 0.5 um. Because of this, the 
b r e a k d o w n intensities of thin films vary widely. The 
b r e a k d o w n intensity is Eh = Uh/d, where d is the film 
width; Eh is a mean value character is ing the state of 
electrodes as well as ionisat ion. 

The ac tual b r e a k d o w n intensities Eh > 10 6 V c m - 1 

suggest tha t electron field emission inward from mic ro -
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peaks at the ca thode cont r ibutes to the mechanism of 
b r e a k d o w n . In several models [34], the b r e a k d o w n is 
assumed to have occurred once a critical current density 
of field emission is reached. This current heats up mic ro -
peaks and adjacent areas . As a result of evapora t ion of 
meta l and dielectric and also because of ionisat ion, the 
current bui lds up and the electrodes are eroded. In essence, 
the process in quest ion is the excitation of an ecton on the 
surface of metal . 

4. Excitation of ectons 
4.1 Explosions of micropeaks 
Accord ing to results on explosions of cylindrical conduc 
tors , the explosion delay t ime is 10~ 9 s for the current 
density 10 9 A c m - 2 . There are m a n y ways in which such 
high current densities can be reached. The simplest one is 
the field emission (FE) from poin ts of small radi i 
(micropeaks) . It has long been believed tha t F E and its 
different modif icat ions is the only factor responsible for an 
E E E . However , this is no t necessarily so. The concent ra 
t ion of energy in microvolumes of conduct ing media and 
excitation of ectons can owe their origin to the presence of 
a dielectric med ium in the ca thode area; interact ion of 
p lasma with the ca thode , and p lasma with dielectric and 
meta l s imultaneously; gas desorpt ion from ca thode; laser 
rad ia t ion to ca thode ; and impact of an accelerated 
micropar t ic le on the ca thode , etc. 

The F E current density m a y be found from the F o w l e r -
N o r d h e i m formula (FN) : 

J 1.55 x 10" 
t\yW' 

exp 
3/2 

-6.85 x 10 7 — 0(y) (4.1) 

where cp is the work function in electron volts; j is the 
current density in amperes per square cent imetre; E is the 
electric field s trength in volts per centimetre; t(y) and 6(y) 
are functions of 

y = 3.62 x \0-4El/2(p~l . (4.2) 

In pract ical calculat ions it can be assumed tha t t(y) « 1, 
# ( / ) = 0.95 - 1.03v2. 

It follows formally from E q n (4.1) tha t the electron 
current of density up to 1 0 1 0 A c m - 2 or m o r e is possible. 
However , the dependence j(E) diverges from the F o w l e r -
N o r d h e i m law even for the current density abou t 
10 8 A c m - 2 . This manifests itself in a slower growth of 
emission current (Fig. 3) [41]. It tu rned out tha t this effect 
was typical of all metals studied (W, M o , Ta, Re , etc.). The 
higher the current density and the lower the work function, 
the higher is the deviat ion. This effect is due to two reasons: 
the influence of the space charge of emitted electrons and 
the progressive cont r ibu t ion of the poten t ia l in the region 
near the surface as the electric field grows owing to 
quan tum-mechan ica l effects. The influence of the space 
charge on the t rend of j(E) is p r e d o m i n a n t when the electric 
field and current density are large. 

W h e n the influence of the space charge is essential, the 
dependence j(E) is described by the C h i l d - L a n g m u i r law 
which has the form [35, 36]: 

J = t ^(-TE^veiM/2 , (4.3) 9 \m J 

where the coefficient v e m is a function of the shape and size 
of the emitter and is of the order of uni ty; r e m is the rad ius 

- 2 I—l 

£ _ 1 / 1 0 8 V " 1 cr 

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 q> (eV) of metal: ( 7 ) 4.50; ( 2 ) 3.19; (3) 2.80; (4) 
2.44; ( 5 ) the Ch i ld -Langmui r curve. 

of the emit t ing area; e 0 is the dielectric cons tant . Curve 5 in 
Fig. 3 is the dependence [Eqn (4.3)]. In m a n y studies it was 
shown tha t the current density up to 10 9 A c m - 2 can be 
reached in a tungsten emitter under pulse vol tage when the 
pulse dura t ion is 10~ 9 —10~ 6 s [35, 37]. Microemi t te rs 
explode when the current density becomes large. 

The limiting F E current density depends also on the 
geometry of the emit t ing poin t . The limiting current density 
is 0.4 x l O 8 , 0.6 x l O 8 , 0.7 x l O 8 , and 1.0 x l O 8 A c m " 2 for 
the opening of a cone 3°, 5°, 6°, and 16°, respectively, when 
tungsten poin ts are cones, the pulse dura t ion is 1 (is, and 
the rad ius of the emitter is 0 . 1 5 - 0 . 3 um. A larger current 
density for larger angles can be explained by better 
condi t ions for wi thdrawing 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 no t only by explosions of specially 
p repared micropoin ts , bu t also by explosions of mic ropar t s 
on a flat surface owing to the F E current . 

If a ca thode is a liquid metal , then the surface s t ructure 
is changed under the act ion of electrostatic forces. T o n k s 
considered the ba lance of forces of surface tension, gravity, 
and electrostatics [38]. The instabili ty condi t ion for a 
hor izon ta l p lane of liquid meta l has the form: 

Ez a 
£o -IT > ~ + pgr , 2 r 

(4.4) 

where p is the density of mater ia l ; a is the surface tension 
coefficient; g is the acceleration of the force of gravity; r is 
the rad ius of the liquid surface. The smallest value of the 
field E under which the fluid surface is dis turbed 
cor responds to the op t imal value r = r 0 for which b o t h 
sides in Eqn (4.4) are equal . F o r example, the field s trength 
for which the surface is dis turbed is E = 53 kV c m - 1 for 
mercury , and r 0 = 0.37 cm [39]. 

Once inequali ty (4.4) ho lds on the surface of liquid 
metal , a hunch appears and begins to grow. The electric 
field s trength increases on its surface, which results in 
extension of fluid at this site. Initially the hunch is shaped 
almost like a bal l segment (Fig. 4) bu t is then t ransformed 
into a taper ing cone, where the height 

s0E: 2 ' 
(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]. 

N o t e tha t the rad ius of the tip does no t decrease. Such a 
peak can explode under the act ion of F E current or it can 
b reak off and fly to the opposi te electrode. 

The capabil i ty of a liquid meta l to concent ra te energy in 
a mic rovo lume at the ca thode , in the presence of an electric 
field, suggests ano ther view of the melt ing of meta l at the 
ca thode . The meta l can be melted by b e a m s of ions, p lasma, 
laser rad ia t ion , etc. Exper iments testify tha t mic ropeaks can 
form as a result of melt ing of meta l in an electric field [40]. 
A copper flat p la te was exposed to p lasma rad ia t ion in the 
presence of an electric field 100 kV c m - 1 . On an ab rup t 
reduct ion of b o m b a r d m e n t , the surface solidified fast so tha t 
an uneven microrelief remained. As will be shown later, 
such a peak , when placed in p lasma, can br ing abou t an 
increase in the current density at the site of contact of the 
peak and ano ther metal . This favours the explosion of the 
peak . 

N u m e r o u s exper imental da ta cited in [4] show tha t the 
following two criteria are t rue for explosions of poin ts : 

j = const! 

in a steady regime, and 

f d 2 
j dt = cons t 2 

(4.6) 

(4.7) 

in an uns teady regime. Here j is the current density at the 
contact of the point , td is the explosion dura t ion , and the 
cons tan ts character ise the mater ia l out of which the 
ca thode is m a d e and the shape of the micropoin t . 

One of the pr incipal issues in the theoret ical descript ion 
of init iat ion of an ecton by the F E current is to explain the 
dependences given by E q n s (4.6) and (4.7). It t u rns out tha t 
the simplest explanat ion m a y be given within the frame
work of the Joule mode l for the hea t ing of a poin t . The 
limiting current density 

h \ K 0 , 
(4.: 

when a cylindrical poin t ca thode is heated by the F E 
current in a steady state. He re h is the height of the peak 
and X is t he rma l conductivi ty. F o r example, j = 2x 10 8 , 
0.5 x 10 8 , and 0.25 x 10 8 A c m - 2 for copper , tungsten, and 
nickel when the height h of the peak is 1 um. 

F o r short pulses the limiting F E current density exceeds 
tha t in s teady state. If the pulse dura t ion is much less t han 
the t ime for which the system goes into steady state, then 
the inequali ty 

h2pc 

is t rue . He re tp is the pulse dura t ion . F o r example, if 
/z = 0 .6um for tungsten, then Eqn (4.9) holds even for 
tp = 10 ns. 

If inequali ty (4.9) ho lds and the initial current density j 
does no t change in t ime, then the t empera tu re of a 
cylindrical emitter grows exponential ly in t ime in accor
dance with the law 

T0 exp 
J2Kpt 

pc 
(4.10) 

If the poin t is condi t ional ly assumed to explode when a 
critical t empera tu re TEX is reached, then the explosion delay 
t ime m a y be determined from E q n (2.6), which is 
ana logous to Eqn (4.7). 

Thus , the simple Joule mode l of hea t ing of a po in t 
explains the basic exper imental criteria, given by E q n s (4.6) 
and (4.7), correctly. However , m a n y researchers found tha t 
the ' N o t t i n g h a m ' effect plays an impor t an t pa r t in the 
energy ba lance at the tip of an emitter [41]. W h e n the 
electric field s trength at the ca thode is large, the poten t ia l 
barr ier at the m e t a l - v a c u u m interface is n a r r o w and the 
probabi l i ty of electron tunnel ing th rough the barr ier is 
nonzero . Since conduct ion electrons in the ca thode meta l 
exist p redominan t ly at energy levels tha t are be low the 
F e r m i level for low tempera tures , the emission into vacuum 
occurs p redominan t ly from them. H o t electrons are accu
mula ted near the emit t ing surface. Therefore the electron 
gas t empera tu re grows, i.e. the N o t t i n g h a m effect is a 
hea t ing one. As the t empera tu re of the emitter grows, a 
progressively larger number of electrons acquire energies 
exceeding the F e r m i energy and its release ceases. The 
t empera tu re for which the release ceases is called the 
inversion t empera tu re and is denoted by T{. At this 
point , this effect becomes a cooling one. 

It is interest ing tha t equalities (4.6) and (4.7) are 
quali tat ively the same even though the N o t t i n g h a m effect 
comes into play. Only the cons tan ts are somewhat changed. 
Therefore, I shall no t consider the theory of init iat ion of 
ectons by the F E current t ak ing account of this effect. The 
relevant informat ion m a y 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 
metall ic surface. F i lms of thickness 100 A significantly 
affect the electron tunnel ing from metals . In these 
condi t ions the scattering of electrons within the film can 
be neglected. However , the theoret ical considerat ion of the 
p rob lem is m a d e difficult by the fact tha t the energy 
dis t r ibut ion of surface states is u n k n o w n at the m e t a l -
d i e l e c t r i c - v a c u u m interface. 

The formula 

J : 

2he3E2 

n3ma2Q2 
exp 4E 

(4.11) 

(4.9) 

was p roposed in Ref. [41] for the emission current density 
under the assumpt ion tha t the dielectric is h o m o g e n e o u s 
and ideal. Surface states and contact po ten t ia l difference 
were not considered. Here h is the Planck cons tant ; e is the 
charge of an electron; a is the dielectric lattice cons tant ; Q 
is the width of the energy gap of the dielectric; m is the 
mass of an electron, and v = (n/h)(e/ma)1^2. 

It was assumed in deriving formula (4.11) tha t the field 
is h o m o g e n e o u s within the film and all the electrons emitted 
by the meta l pass into vacuum un impeded . In te rms of the 



Ecton or electron avalanche from metal 575 

F - N variables, the plot of E q n (4.11) is a straight line. 
Eva lua t ions shows tha t fiE can a m o u n t to several tens of 
uni ts . L a t h a m states in Ref. [43] tha t in these condi t ions a 
high-densi ty F E m a y be obta ined when there are no peaks 
at the ca thode . H e showed tha t the energy spectrum of 
emitted electrons is displaced from the base F e r m i level of 
the pr incipal mater ia l , out of which the ca thode is made , to 
low energies and the displacement is a function of vol tage 
applied to the vacuum gap. 

The b r e a k d o w n of a thick dielectric film when it is 
charged by ions plays an impor t an t pa r t in init iat ing an 
ecton. The film is b roken down once the electric field 
becomes high enough. The b r e a k d o w n current initiates an 
ecton. This process will be discussed in detail in Section 4.3, 
where the role of p lasma in the init iat ion of ectons is 
discussed. 

One of the mos t c o m m o n ways of exciting an ecton is 
the discharge over the surface of a dielectric in vacuum 
when it comes in contact with metal . The m e t a l - d i e l e c t r i c -
vacuum contact po in t is called a triple po in t (TP). This 
effect is well i l lustrated by the example of the excitation of 
an ecton at the tip of a metall ic needle in vacuum when the 
needle rests against a dielectric plate . The opposi te side of 
the pla te is metallised (Fig. 5) [44]. He re needle 1 is the 
ca thode , p la te 3 is the anode , and metall ic electrode 4 
sprayed u p o n dielectric 2 is a trigger. Let the ca thode be 
g rounded and let a voltage insufficient to excite an ecton be 
applied to the anode . N o w if a vol tage pulse is applied to 
the trigger electrode, then a discharge over the dielectric 
starts from the electrode K. Moreover , this discharge stops 
at the micropoin t of the ca thode resting against the 
dielectric (Fig. 5). If this current is large enough, the 
micropoin t explodes and an ecton occurs from the metall ic 

i/A 

6 -

2 -

1 Uo/kV 

Figure 5. In the upper part , the scheme of excitation of an ecton at the 
triple point is shown: ( 7 ) 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: electrode 7 is a cathode to electrode 4 (hollow circles) 
and electrode 7 is an anode (full circles). 

emitter 1 to the flat a n o d e 3. The discharge current over the 
surface of the dielectric owes its existence to the dynamic 
capacity. The dynamic capaci tor is the gap between the 
p lasma on the surface of the dielectric and the metall ic layer 
on the opposi te side of the dielectric. 

This is a very efficient and simple way of exciting an 
ecton. It is used in developing var ious types of vacuum gaps 
and m e t a l - d i e l e c t r i c ca thodes with explosive electron 
emission. In this case a metallic net is spread over the 
dielectric surface [45] or metall ic ba r s are seared [46]. 
Dielectrics with large dielectric permeabi l i ty s (for exam
ple, ferroelectrics) are used to increase the per formance of 
such ca thodes [45]. 

Let us consider in m o r e detail when an ecton occurs at a 
TP [47]. The current abou t a TP is determined from the 
relat ionship / = U0 dC/dt, where C is the dynamic capacity. 
The p lasma velocity over the surface of a dielectric is 
v D ~ AUl, where A is a function of the kind of dielectric 
and its thickness [44]. 

If tvD <̂  3, then C = 4£ 0 £v D £, where e 0 and s are the 
absolute and relative dielectric permeabil i t ies. Conse 
quently, the current is i = 4SQGAUQ. This current will 
flow in the m e t a l - d i e l e c t r i c contact t h rough the area 
Sc

 = 7Zrc (Fig- 6). Therefore, the current density t h rough 
this contact is j c = 4s0sAUl/nr2. 

The metall ic contact will explode within t ime td = h/j2, 
where h is the specific act ion. The t ime td is determined 
from the relat ion 

K2hr4 

\6s2s2A2U4 
(4.12) 

A n ecton occurs at the TP when the t ime td is less t han the 
start pulse dura t ion tp, tha t is, when td <tv. Then the 
inequali ty 

\6s2

0s2A2tpU4

0 

n2h 

1/4 

(4.13) 

follows from Eqn (4.12) for the rad ius r c . F o r silver contact 
h = 0.8 x 10 9 A 2 s c m " 4 . If tp = 1 0 " 7 s, s « 10 3 , U0 = 10 3 

V, A = 5 x 10 2 cm s " 1 V " 1 , then it follows from E q n (4.13) 
tha t r c < 2 x 10~ 5 cm. It follows tha t all tr iple po in ts the 
radi i of contact of which are less t han 10~ 5 cm will 
explode, and ectons will occur when the pulse dura t ion is 
tv = 1 0 " 7 s. 

Figure 6. Scheme of the contact between metal ( 7 ) 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 k n o w n tha t a vacuum discharge m a y be 
excited by the action of p lasma on the ca thode . As is shown 
in Ref. [4], ectons occur at the vacuum discharge stage when 
the current bui lds up in the c a t h o d e - a n o d e gap . There are 
two types of ectons at the ca thode : when dielectric films 
and embedment s are present and when they are absent . 

In Ref. [4] the format ion of an ecton is described when 
the ca thode is b o m b a r d e d by p lasma from a p lasma gun. 
P lasma runs on to the near ca thode . Ec tons occurred at a 
ca thode at which dielectric impuri t ies were surely detected. 
This shows tha t energy is concent ra ted in a microvolume of 
the ca thode . The probabi l i ty of occurrence of an ecton was 
the largest over distances <100 um. The nearer the source 
of p lasma, the greater was the probabi l i ty . The smallest 
p lasma concent ra t ion was 1 0 1 6 c m - 3 . Ec tons were no t 
observed at t ho rough ly purified and degasified ca thodes . 

In Ref. [48] an ecton was observed at the ca thode , the 
surface of which was tho rough ly purified from oxides and 
impuri t ies , when the p lasma source was placed at a very 
small dis tance (5 um) from the ca thode . The p lasma 
concent ra t ion was 1 0 2 0 c m - 3 and the density of current 
to the ca thode was 10 7 A c m - 2 . N e w ectons were detected 
over short distances (of the order of several microns) from 
the current oscil logram, and microcra ters were seen at the 
ca thode . H o w can these effects be explained? 

The current density bui lds up at mic ropeaks on the 
ca thode when p lasma flows abou t the ca thode in the 
presence of an electric field. Let us consider three config
u ra t ions of mic ropeaks on a flat ca thode : a cylinder, a cone, 
and a sphere (Fig. 7). The ion current i[ = j[S flows over the 
surface of the micropeak when p lasma flows abou t such a 
micropeak is the ion current density and S is the area of 
the peak) . However , when the current enters the ca thode , it 
goes in any case t h rough the area 7 i r 2 . Consequent ly , its 
density at the ca thode is 

S 
J =Ji — (4.14) 

The area S is 2nrh, nrl, and 4KR2 for a cylinder, a cone, and 
a sphere, respectively. The current density gain is 2h/r 
for a cylinder, l/r for a cone, and 4R2/r2 for a sphere (/ is 
the cone generatr ix length). 

Tha t the current density bui lds up is t rue no t only of the 
ion current bu t also of any current emitted or adsorbed by 
the surface. F o r example, the surface of a micropeak ejects a 
thermionic emission current when the ca thode is heated to a 
high t empera tu re . The current density will be larger by a 
factor of fij at the ca thode than the average over the surface. 
This conclusion is also t rue for the inverse electron current 
from p lasma to the ca thode . 

This effect plays an impor t an t pa r t in self-maintaining 
micro explosive processes, i.e., in the occurrence of secondary 
ectons. In addi t ion, if inhomogenei t ies are in the immedia te 
vicinity of the explosive centre, then the ionic current density 
can be large enough for a micro explosion at the ca thode to 
occur when the gain is t aken into account . In fact, the ion 
current density is 

1 
(4.15) 

where q{ is the mean charge of an ion; nx is their 
concent ra t ion; vx is the velocity of ions. Since the 
concent ra t ion nx lowers away from the centre as 
nx oc 1/x 2 , where x is the distance from the centre, it is 
na tu r a l to expect tha t the current density gain has an effect 
largely near the emission centre. This effect was observed in 
Ref. [48]. 

P lasma affects the concent ra t ion of energy much m o r e if 
there is a dielectric film or a dielectric embedment at the 
ca thode [49]. Let a ca thode be coated in a dielectric film 
under which there is a metallic micropeak . If this system is 
placed in an electric field and p lasma is conveyed to the 
dielectric, then the dielectric film is charged by incoming 
ions. 

The electric field s trength in the film is 

ss0 

(4.16) 

where s is the dielectric permeabi l i ty of the film and t is 
t ime. The film is b roken down when the field E reaches a 
certain value. The b r e a k d o w n current excites an ecton. 

Thus , we showed tha t there are two ways in which 
ectons m a y be excited by p lasma. One way is to charge 
dielectric films and embedments at the ca thode by ions of 
p lasma, and the other owes its origin to the current density 
gain at mic ropeaks on the ca thode . If an ecton is initiated 
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when the electric field is E > 10 6 V c m - 1 inside the 
dielectric, then it is necessary for the film to be charged 
and b roken down in t < 10~ 9 s, so tha t [1] 

n{v{ > 1 0 2 3 c m " 2 s " 1 , (4.17) 

Here Vi is the velocity of ions and nx is their concent ra t ion . 
If Vi ~ 10 6 cm s _ 1 , then the occurence of ectons can be 
expected under the act ion of inflowing p lasma when 
n{ ~ 1 0 1 7 c m - 3 . 

If the current density is 10 9 A c m - 2 in the second 
me thod ment ioned above, then the inequali ty 

niVi > l O 2 8 ^ 1 (4.18) 

must hold. H e r e is the current density gain. Given 
Pj « 10 2 — 10 3 , the concent ra t ion of p lasma mus t be 2 to 3 
orders of magn i tude 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 p lasma at an impure ca thode and why 
an ecton is excited only for a high p lasma density 
( ~ 1 0 2 0 c m - 3 ) at a purified ca thode . 

4.4 The role of adsorbed gas 
Absorbed gas plays a twofold pa r t in the excitation of an 
ecton. On the one hand , it affects the work function of the 
meta l and thus cont r ibutes to the excitation of an ecton by 
the F E current . On the other hand , its effect on the meta l is 
similar to tha t of the p lasma on desorpt ion and ionisat ion. 

If the electric field strength is E ^ 10 7 V c m - 1 , then field 
desorpt ion occurs. If all a t o m s are desorbed, then the gas 
density near the ca thode is na ^N0/vat, where N0 is the 
number of adsorbed a t o m s per uni t area, and 
v a w 10 5 cm s _ 1 is the velocity of a t o m s in desorpt ion. 
The gas layer of a thickness 10~ 4 cm with 
na ~ 1 0 1 8 c m - 3 bui lds up for N0 ~ 1 0 1 4 c m - 2 within 
t ~ 10~ 9 s after the vol tage has been applied. This gas 
can initiate a b r e a k d o w n when it is ionised by electrons 
t h rough impact ionisat ion. To this end it is required tha t 
(naa)~l <̂  vat or N0<T 1, where a is the ionisat ion cross-
section. 

The inequali ty N0<T 1 holds , for example, when there 
are several monolayers of adsorbed gas. However , the field 
at the ca thode will no t build up when the field current 
density is small since the gas is no t ionised. F o r example, the 
electric field is ^ ^ 6.5 x 10 7 V cm for a tungsten ca thode 
when j = 10 6 A c m - 2 . This field is insufficient for the 
explosion of a poin t to occur. If there is a gas layer 
with N0 = 1 0 1 6 c m - 2 at the ca thode , then the ion concen
t ra t ion will be 1 0 2 0 c m - 3 near the ca thode within 10~ 9 s. It 
cor responds to E ~ 10 8 V c m - 1 , which is sufficient for the 
explosion of a po in t within td ~ 10~ 9 s. 

Thus , the presence of an adsorbed gas at the ca thode 
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 b r e a k d o w n one, and the autoemiss ion current density is 
large. I d r aw the reader ' s a t tent ion to the fact tha t the 
efficient gas desorpt ion occurs even t hough the meta l is 
heated to a t empera tu re as low as several hund reds of 
degrees. Therefore, the p roduc t ion of a desorbed gas and its 
ionisat ion can result in generat ion of p lasma at the ca thode 
even t hough the the rma l flux is relatively small. In its tu rn , 
the p lasma st imulates the occurrence of an ecton. 

4.5 Laser-excited ectons 
The excitation of an ecton is often identical to the 
excitation of a vacuum discharge. Therefore, let us 
consider an experiment on the vacuum discharge excited 
by a laser beam directed at a ca thode . Lasers opera ted in 
the modu la t ed qual i ty m o d e with the dura t ion 10~ 8 s and 
less are typically used [22, 50]. 

The laser rad ia t ion is focused at the ca thode to a spot 
of several mill imeters in diameter . The p roduc t ion of 
p lasma is observed when the specific rad ia t ion energy is 
0 . 0 1 - 1 0 J c m - 2 . This energy is insufficient for the direct 
explosion of meta l at the ca thode bu t it is sufficient for the 
p roduc t ion of a coagula te of p lasma at the ca thode . Such an 
action leads to the heat ing of the surface of the ca thode , 
desorpt ion of gas, evapora t ion of metal , and also to 
thermionic emission. 

The presence of an electric field provides for ionisat ion 
of the vapour by electrons. In addi t ion, the gas is ionised by 
constant laser rad ia t ion . F o r example, the thermionic 
emission was observed from a tungsten ca thode when 
the rad ia t ion intensity exceeded 2.5 x 10 7 W c m - 2 and 
the laser pulse dura t ion was 50 ns. The thermionic emission 
current was 0.5 A c m - 2 . This emission was 30 s behind the 
laser pulse since it t ook t ime for the meta l to heat u p . 

The mass-spect rum analysis of the ionic composi t ion of 
p lasma as a function of the rad ia t ion intensity showed tha t 
ions K + , N a + , H + , C + , H 2 0 + , C O + , C O j , etc., were 
present in p lasma when tungsten was exposed to the 
intensive laser rad ia t ion the power of which was 
2 x 10 7 W cm . It shows tha t ions of surface impuri t ies , 
adsorbed gases, and vapour s are p r e d o m i n a n t in the 
spectrum. The mater ia l out of which the ca thode is 
m a d e is p r e d o m i n a n t in the spectrum when the rad ia t ion 
power exceeds 10 9 W c m - 2 . 

In experiments on laser rad ia t ion with the wavelength 
0.69 um and pulse dura t ion 30 ns, the min imal specific 
rad ia t ion energy for which a vacuum discharge occurred 
was 0.014 J c m - 2 when the electric field was abou t 
70 kV c m - 1 in the vacuum gap, the ca thode was m a d e 
of the alloy, and the area exposed to rad ia t ion was 0.1 m m 2 . 
W h e n the specific energy increased 100 t imes, the vacuum 
discharge delay was 120 ns. The t ime characterist ics were 
revealed to depend neither on the to ta l ignition energy nor 
on its density at the site where it is supplied to the surface of 
the ca thode . 

Thus , these da ta demons t r a t e tha t the p lasma the laser 
beam produces at the ca thode initiates an ecton and causes 
the vacuum b r e a k d o w n to occur. 

In Ref. [51] ectons were excited at the ca thode by a 
picosecond laser beam with a wavelength 266 n m . W h e n a 
high-frequency vol tage pulse with a frequency 3 x 10 9 s _ 1 

was applied between the ca thode and a n o d e (3 us), the laser 
rad ia t ion power density was 10 9 W cm and it was 
1 0 1 1 W c m - 2 for a fixed voltage. 

4.6 Other methods of initiation of an ecton 
Anothe r way in which an ecton can be excited is by closing 
a ca thode and anode in a mic roconduc to r which carries a 
large pulse current . The explosion of the conduc tor 
provides condi t ions for the excitation of an ecton at the 
ca thode . It should be stressed tha t such mic roconduc to r s 
appear na tura l ly when contacts are b roken . They are fluid 
metall ic br idges which appear when electrodes melt as a 
result of the current constr ict ion in the n a r r o w electrode 
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zone [5, 52]. Therefore, in m y opinion, ectons play an 
impor t an t par t in the functioning of contacts . Similar 
effects t ake place in the e lectro-machining of metals and in 
electric-spark alloying. 

Ec tons also appear when a highly accelerated mic ro 
scopic part icle hits the ca thode . In this case, an ecton can be 
excited in three quali tat ively different ways. If the velocity 
of the part icle is relatively modera te , then, when it hits the 
ca thode , a microarea of the ca thode hea ts up , gas desorbs , 
the ca thode and the part icle itself evapora te , gas and 
vapour are ionised, and an ecton occurs owing to the 
interact ion between the p lasma and ca thode . If the part icle 
velocity is high, it can excite a microexplosion and trigger 
an ecton in the direct interact ion with the ca thode . Finally, 
if the part icle is a charged one, then even before the part icle 
hits the ca thode , an F E current can start to flow between 
the ca thode and the particle, a micropar t of the ca thode 
explodes, and an ecton occurs. The interact ion between 
accelerated micropart ic les and the ca thode 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 t owards ma themat i ca l model ing of processes 
in an ecton is the erosion-emission mode l which, in essence, 
is the classical the rmal mode l [53]. It allows a significant 
excess of t empera tu re over the boil ing t empera tu re . This 
mode l gives a bet ter descript ion of processes in a crater 
t han the simple Joule model . It takes into account the Joule 
heat ing, t he rma l conduct ion , evapora t ion of metal , 
thermionic emission with considerat ion of the Schot tky 
effect owing to the electric field at the m e t a l - p l a s m a 
interface, and also the ion current to the ca thode . The 
calculat ions were performed for flat and poin t copper 
ca thodes and for current g rowth rates 
di/dt ^ 5 x 10 8 A s " 1 . 

In Fig. 8 the mass M carried away from the tip of a 
m o l y b d e n u m ca thode is calculated as a function of the 
angle 6 and the pulse dura t ion . In the same figure, 
exper imental 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 d rawn. The ca thode hea ts up to a t empera tu re of 
abou t several tens of t h o u s a n d s of degrees for abou t 10 9 s. 
Thermion ic emission occurs for such t empera tu res when the 
current density is 10 8 A c m - 2 . As the rad ius of the ca thode 
increases, the density of the current t h rough the poin t d rops 
and the t empera tu re of the ca thode lowers. Therefore, at 
one point , the thermionic emission stops. 

In Fig. 9 the t empera tu re dis t r ibut ion within the 
ca thode is presented at different instances in t ime when 
the initial rad ius is r 0 = 2 um, 9 = 20°, and 
di/dt = 10 9 A s _ 1 . It is seen from Fig. 9 tha t the t em
pera tu re can be lower on the surface of the ca thode than 
inside the metal . 

r/io4 k 
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Figure 9. Temperature distribution inside a point cathode at different 
times. 

Calcula t ions showed tha t the resul tant explosive emis
sion is cyclic in na tu re . This is explained by the fact tha t , 
after the explosion of a microvolume in the ca thode , the 
ca thode cools down, in paral lel with the Joule hea t ing of the 
emission zone, owing to heat conduct ion , evapora t ion of 
a toms , and emission cooling. This results in d rops in 
t empera tu re and electric field and in the te rmina t ion of 
emission. 

Cer ta in characterist ics of an ecton at a flat copper 
ca thode are presented at its final stage in Table 3. 
Accord ing to exper imental da ta , specific erosion in the 
ionic phase is independent of the current , to within the error 
of the measurement , and is abou t 40 ug C _ 1 for copper [4]. 
He re r e m is the emission radius . 

Accord ing to calculat ions, the emission zone is smaller 
t han the melt zone. A melted depression forms mainly as a 
result of heat removal from hot ter surface layers. The 
pressure of the evapora t ion p roduc t s on the liquid metall ic 
surface squeezes the meta l to splash out of the depression. 
As a result, a microcra ter is formed. The velocity of 
displacement, evaluated by the pressure, is abou t 

Table 3. 

' / A tem/ns r e m / u m T / 1 0 3 K j / 1 0 9 A c m - 2 ym/Vge- 1 

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 4 cm s _ 1 . The same value was obta ined from the 
exper imental da ta on the velocity of droplets escaping 
from the ca thode dur ing the discharge. 

5.2 Magnetohydrodynamic calculation of the explosion of 
a point 
The next step in the ma themat i ca l model ing was the one -
fluid M H D model . As a result of the explosion, energy of 
large density is released in a microvolume of the ca thode . 
The erosion p roduc t s go th rough several phase states: the 
substance with density similar to the density of a solid b o d y 
and with specific energy exceeding the b o n d energy; the 
mixture of gas and fluid phases ; and, finally, the state 
cor responding to nonidea l p lasma with the concent ra t ion 
of part icles 1 0 2 0 - 1 0 2 2 c m - 3 and less. Therefore, a m e t h o d 
is necessary for the calculat ion of the explosion of po in t s 
such tha t it describes all these stages subsequently. 

In Ref. [54] the au thor used the M H D approach which 
was earlier developed in Ref. [10] for s tudying electric 
explosions of conduc tors . In this approach , the mass of 
the meta l carried away, the t empera tu re and velocity of 
p lasma scattering, and its pressure at the ca thode were 
correctly evaluated. It gave an est imate of the p lasma 
concent ra t ion dis t r ibut ion, etc. 

The fundamenta l tenets of the compu ta t iona l techniques 
are as follows [10]. 

(1) Processes in a mater ia l dur ing the electric explosion 
of a conduc tor (EEC) are described by the system of one -
dimensional M H D equat ions . 

(2) The equat ion of state takes account of evapora t ion , 
the mixture of vapour and liquid, and also nonidea l p lasma. 

(3) The specific resistance is a function of density and 
specific the rmal energy. This function was found in the 
region of nonidea l p lasma by calculat ions and experiments 
(n > 1 0 2 1 c m - 3 ) . The specific resistance was determined 
from tables for classical and weakly non idea l p lasma. 
The tables were composed by means of numer ica l solut ions 
to the Bo l t zmann equa t ions and Saha relat ions. 

Calcula t ions were performed for copper po in ts with a 
rad ius r 0 = 2 x 1 0 - 5 cm. The cone angle varied in the range 
1 2 - 4 0 ° . At t = 0 the density of mater ia l cor responded to 
tha t of a solid body , and the in ternal energy cor responded 
to the r o o m tempera tu re . The t ime dependence for the E E E 
current was t aken in the form / = a + bt. The pa ramete r a 
was chosen to be such tha t the current density at the poin t 
was 10 A cm at the initial instant . The pa ramete r b was , 

l respectively, 10 9 and 1 0 1 0 A s 
Calcula t ions for b = 1 0 1 0 A s - 1 and the angle in the 

range from 12 to 40° showed tha t the poin t exploded by the 
t ime t = 0.5 s, irrespective of the angle. The specific 
in ternal energy was no t uniformly distr ibuted across the 
exploded mater ia l and a m o u n t e d to 2 0 - 5 0 J g - 1 . 

In Fig . 10a the specific energy and mater ia l density are 
p lo t ted against the axial coord ina te z for r = 0 and against 
the rad ius in a fixed layer at tx = 1 s and t2 =2 s. The plots 
are d rawn for 6 = 12°. It is seen from Fig. 10 tha t the 
mater ia l is intensively heated up in a n a r r o w layer adjacent 
to the unexploded metal . 

The high release of energy is associated with the ab rup t 
j u m p of the specific resistance of mater ia l in m e t a l - p l a s m a 
t ransi t ions . This m a y be seen from Fig. 10b, where the 
specific the rmal energy w, density p , and specific resistance 
K are presented as functions of t ime in one of the 
compu ta t iona l cells at the point . 

The specific resistance increases drastically as w 
increases to 20 J g - 1 . Then its g rowth ra te decelerates 
and the energy release lowers since the current density 
d rops when the p lasma scatters. In calculat ions of p lasma 
heat ing, the concent ra t ion was b o u n d e d from be low by the 
value n w 1 0 1 9 c m - 3 . The p lasma is a two t empera tu re one 
for n < 1 0 1 9 c m - 3 , which was no t t aken into account . 

The t empera tu re and ionisat ion ra te were found for 
n ^ 1 0 2 1 c m - 3 by evaluat ing specific the rmal energies and 
densities from tables of t h e r m o d y n a m i c functions of p lasma 
[10]. Their values fall in the ranges: T = 3 - 5 e V and 
ne/ni = 1 - 3. In calculat ions, the velocity of p lasma scat ter-
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Figure 10. (a) Density and specific thermal energy distributions, p and w, along the point axis at r — 0 for t — 1 ns ( 7 ) and t — 2 ns ( 2 ) ; 
(b) Density and thermal energies as functions of time. 
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ing was ( 2 - 3 ) x l O 6 cm s _ 1 . Calcula t ions showed tha t the 
poin t exploded somewhat later for b = 10 9 A s _ 1 t han for 
b = 1 0 1 0 A s _ 1 , namely, at t = 15 s. The pa t t e rn of explo
sion and pa rame te r s of the p lasma differ bu t only slightly 
from those for b = 1 0 1 0 A s " 1 . 

Resul ts of certain calculat ions m a y be verified by the 
available exper imental da ta . Firs t , it was shown in several 
m e t h o d s tha t the velocity of ca thode p lasma scattering was 
2 x 10 6 cm s _ 1 for copper . Second, measurements of 
var ious au tho r s yield a p lasma t empera tu re of abou t 
several electronvolts in accordance with calculat ions. The 
agreement of results should be accepted to be satisfactory to 
within the exper imental and compu ta t iona l errors for which 
difficulties of measur ing pa rame te r s of p lasma in small 
volumes for 10~ 9 s and approx ima te calculat ions are 
responsible. 

The cited me thod was developed further in Ref. [56], 
where the explosion of an a luminium poin t was simulated. 
In Ref. [56] results were presented of two-dimens iona l 
ma themat i ca l s imulat ion of uns teady hyd rodynami c p r o c 
esses going on in the explosion of a micropoin t at the 
a luminium ca thode . Semiempirical wide-range models were 
invoked to describe the rmodynamics , electric conduct ion , 
and the rmal conduct ion in a dense p lasma. 

The ma themat i ca l descript ion of the destruct ion of a 
ca thode micropoin t in the E E E is based on a system of t w o -
dimensional equa t ions of hydrodynamics which express the 
laws of conservat ion of mass , m o m e n t u m , and energy with 
account being taken of electron and rad ian t the rmal 
conduct ivi ty in the differential form. 

The the rmal and electric conduct ivi ty were calculated 
using semiempirical formulas and da ta from tables [57, 58]. 
To close the system of equa t ions of con t inuum dynamics , 
the wide-range equat ion of state of a luminium was used 
[59]. It accounts for melting, evapora t ion , and ionisat ion. 

The equat ion of state adequate ly describes all the da ta 
on Shockwave compress ion of solid and p o r o u s species in 
the megabar range of pressure , results of exper iments on 
isentropic relief of shock-compressed a luminium, and 
exper imental informat ion on thermophys ica l proper t ies of 
metals at low pressure . The semiempirical equa t ion of state 
also invokes results of quan tum-mechan ica l calculat ions by 
the zone me thod and has correct asymptot ics to the da ta of 
theoret ical models of T h o m a s and Fermi , and D e b ye and 
Hucke l for pressures and t empera tu res typical in experi
ments . 

The system of equa t ions was solved in the cylindrical 
system of coordina tes on a uni form Euler mesh by the 
me thod of large part icles [60]. The compu ta t iona l me thod is 
accura te to the first order with artificial viscosity. It is 
reasonably accura te and stable for large deformat ion flows. 
It was modified to compu te the mot ion of a med ium with a 
free surface; the compu ta t iona l technique and the b o u n d a r y 
condi t ions are very similar to those in Ref. [61]. 

The heat conduct ion equat ion was solved by the local 
i terat ion m e t h o d [62]. The electric explosion of an a lumin
ium point was calculated. In calculat ions, the rad ius was 
assumed to be r 0 = 2 x 10~ 5 cm, the cone angle was 
6 = 12°, and the height was h = 1.6 x 10~ 4 cm. It was 
p resumed tha t the jo int current increased in accordance 
with the linear law i = a + bt, with a = 1.25 A and 
b = 1 0 1 0 A s _ 1 in the explosion of the poin t . 

Despi te the simplifications made , the results of calcula
t ions satisfactorily reflect the basic physical quant i t ies 

describing the electric explosion of a micropoin t . The 
compar i son of computed and exper imental da ta verifies 
tha t the process of interest is well described in the cited 
approach . F o r example, the ra te of destruct ion of the poin t 
is 10 5 cm s - 1 , the velocity of the p lasma scattering is 
10 6 cm s - 1 , the pressure of p lasma in the crater is 10 4 at 
the point , and the p lasma t empera tu re is 3.5 eV. 

5.3 Two-fluid hydrodynamic model 
Microexplos ions at po in t s were considered above. There 
was no mode l for an ecton on a flat surface for a long t ime 
because of the difficulty of the p rob lem. In this section, 
processes at a flat ca thode and near it will be considered. 

The heat ing, abla t ion, and scattering of the mater ia l are 
simulated with the uns teady hydrodynamics equat ions . The 
conduct ing med ium in the gap, from the meta l to the ideal 
p lasma, is described by semiempirical equa t ions of state of 
the mater ia l . 

The geometry of an emission centre is shown in Fig. 11. 
It is a depression on a flat surface. The scattering of the 
erosion p roduc t s is assumed to be spherically symmetrical . 
The p lasma jet from the ca thode scatters into a solid angle 
ma tch ing the opening of the circular cone. 

The spherical surfaces of radi i TQ and r 0 have equal 
areas, and all pa rame te r s of mater ia l have the same values 
on these surfaces. The rad ius of the erosion depression 
increases owing to the destruct ion of the ca thode . The 
rad ius of the jet base TQ also increases. 

The p rob lem is one-dimensional . This facilitates calcu
lat ions significantly. However , the applicabil i ty of such a 
mode l is restricted. The system of equa t ions of two-fluid 
(electrons and ions with the charge z) two- tempera tu re 
hydrodynamics is used. These equa t ions are wri t ten in the 
8 -momentum approx imat ion [63]. 

The part icle fluxes and associated energy fluxes between 
the side surface of the p lasma jet and the ca thode were 
t aken into account : electron emission from a ho t ca thode; 
emission from the p lasma to the ca thode owing to the high 
t empera tu re of electrons in the jet and a relatively low 
poten t ia l barr ier between the side surface of the jet and the 
ca thode ; and electron emission from p lasma to ca thode . 
These fluxes were included in equa t ions as sources of 

—r 

Figure 11. Geometry of the emission centre at a flat cathode. 
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part icles and energy individually for the ca thode and 
p lasma. Ionisa t ion losses in p lasma were also t aken into 
account . 

In terpola ted equa t ions of state [65] were used to 
describe the mater ia l in the t ransient state from meta l to 
p lasma in Ref. [64]. The mode l was used to describe the 
one-phase as well as the two-phase (fluid plus vapour ) states 
of mater ia l . 

In the t ransient m e t a l - p l a s m a state, the expressions of 
Ref. [66] were used for the specific resistance K and the 
the rmal conduct ivi ty X. First , processes at the m e t a l -
p lasma interface were considered. The p rob lem was for
mula ted as follows. 

At t = 0 the prescribed current began to flow th rough 
the crater of rad ius 10~ 5 cm. The surface of the ca thode was 
heated to a high t empera tu re , the pressure increased to 10 5 

near the surface, the compress ion wave built up and 
p ropaga t ed from the ca thode with the initial velocity close 
to the velocity of sound (1 - 2 ) x l O 5 cm s _ 1 , and the erosion 

cp/V 
30 | -
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(r-r0)/\xm 

Figure 12. Distribution of potential in the transient m e t a l - p l a s m a 
region at t — 1 ns. 
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produc t s scattered in the opposi te direction. The poin t was 
fixed to the cross-section in which the h y d rodynamic 
velocity of the heavy part icles was zero, i.e. it was placed 
at the front which separates the wave from the ongoing 
rarefact ion wave. 

In Figs 12 and 13 certain pa rame te r s of mater ia l are 
presented at t ime t = 1 ns in the t ransient m e t a l - p l a s m a 
state for a copper ca thode . By this t ime r 0 w 1.5 x 10~ 4 cm, 
the current density is j w 3.5 x 10 8 A c m - 2 (for the current 
50 A) . 

A n impor t an t result (Fig. 13) is the relatively low 
(10 5 V c m - 1 ) average electric field in the t ransient 
m e t a l - p l a s m a region. Therefore, an ecton is a thermionic 
process enhanced by the electric field. Eva lua t ions show 
tha t this mode l is applicable only for the t ime t ^ 10~ 9 s. 
F o r longer t imes the fluid begins to flow; this is no t 
considered in the model . 

At the initial stage of the cycle, the erosion ra te is high, 
the rat io of the electron flux in the jet to the flux of heavy 
part icles is 1, whereas it is on average 1 0 - 2 0 over the cycle. 
At the initial stage of the cycle, the dependence r0(t) agrees 
well with tha t in the classical the rmal model . W h e n the flux 
of heavy particles is small, the p lasma near the ca thode is 
weakly heated; also the ionisat ion ra te is 1 and the velocity 
of ions is ( 8 - 1 0 ) x l O 5 cm s " 1 . 

The t empera tu re of the p lasma, its ionisat ion ra te , and 
its velocity of scat tering increase as the flux of heavy 
part icles increases. The d rop in poten t ia l does no t exceed 
30 V in the entire region between the ca thode and p lasma 
jet in spite of the high current density (10 8 A c m - 2 ) . 

The analysis of the p lasma jet yielded interest ing results. 
In the model , the jet was assumed to be isotropic (Fig. 13). 
The processes in the jet were described by the system of 
equa t ions of uns teady multifluid hydrodynamics (electrons; 
neutra ls ; single, double , triple, and quadrup le ions). 

Ionisa t ion and recombina t ion were wri t ten in the Born 
approx imat ion ; electron impact ionisat ion and triple 
recombina t ion were t aken into account . The p lasma was 
considered to be quas ineut ra l ; the electric field and 
poten t ia l were found from the equat ion of mot ion of 
electrons (the generalised O h m ' s law). 

v / 1 0 5 cm s 1 
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Figure 13. The parameters of copper in the transient m e t a l - p l a s m a region at t — 1 ns: (a) electron and ion temperature distributions; 
(b) electron and ion velocity distributions. 
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One of the mos t interest ing results is the existence of a 
s t rong inverse current of t he rma l electrons at the per iphery 
of the ecton zone. The vol tage d ropped mainly across the 
p lasma near the ca thode . The p lasma poten t ia l cannot 
increase stepwise according to the generalised O h m ' s 
law. Therefore there exists a fairly extended region of 
g rowth (a few micrometers) within which a relatively large 
number of electrons with high the rmal velocities overcome 
the poten t ia l barr ier and reach the ca thode from the side 
surface of the jet . This inverse current can be closed only 
t h rough the main emission zone at the ca thode . Thus , it 
generates r ing ( toroidal) currents in the ne ighbourhood of 
the ecton. Only a par t of the emission current reaches the 
anode ; the other par t circulates at the per iphery of the 
ecton, as is shown schematically in Fig. 12. 

The cont r ibut ion of the cyclic current in the jo int 
emission current depends on the size of the jet base; the 
electromotive force, related to the pressure gradient , 
increases on a decrease in r 0 , and an increase in the cyclic 
current results. The behav iour of the potent ia l does no t 
change percept ibly near the ca thode . The growth of the 
cyclic current is mainly provided for by an increase in the 
electron t empera tu re near the ca thode since the current 
density increases there. 

Ions are accelerated by the pressure gradient across the 
p lasma, for which electrons are mainly responsible. Ions are 
accelerated mainly within 1 0 - 3 cm from the ca thode . At the 
initial stage of the cycle, the jet consists p redominan t ly of 
singly charged ions. 

T o w a r d s the end of the cycle, the velocity of the jet and 
the fraction of mult iply charged ions increase also. The 
velocity of the jet is 1.8 x 10 6 cm s - 1 at the distance 1 0 - 3 

cm. It was shown in Ref. [64] tha t the ion t empera tu re in 
the jet is well be low the electron t empera tu re . The electron 
t empera tu re does no t exceed 5 eV near the ca thode . 

6. Role of ectons in electric charges 
6.1 Discharge in vacuum 
Ectons play an impor t an t pa r t in electric discharges in 
vacuum and gas. A vacuum discharge includes a vacuum 
b r e a k d o w n , a vacuum spark, and a vacuum arc. The s tudy 
of a vacuum b reakdown , i.e. of loss of vacuum isolation, 
i l lustrates the mechanism in which the ecton is initiated. The 
vacuum spark shows the work ing of an ecton in uns teady 
condi t ions and of the vacuum arc in steady condi t ions . 

6.6.1 Vacuum breakdown 
I shall no t discuss the diverse details of the vacuum 
discharge. Their descript ions m a y be found in Refs [4, 5, 
22]. I shall only poin t to some of the mechanisms 
under ly ing the physical process. 

(1) The F E current , flowing th rough a micropoin t at the 
ca thode , causes the poin t 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 F E accelerate in the vacuum gap and 
transfer energy to a pa r t on the a n o d e causing its heat ing, 
evapora t ion , and gas desorpt ion from the anode . 

(2) Metal l ic part icles or impuri t ies , b o u n d weakly to 
electrodes because of the vol tage applied to the gap , provide 
condi t ions for a b r e a k d o w n when they hit the opposi te 
electrode (heat ing and evapora t ion of a part icle, deforma
t ion of the electrode surface, gas desorpt ion, etc.). 

(3) The surface of an electrode can change its s t ructure 
under the act ion of the ponde rmot ive forces of the electric 
field: format ion of micropoin ts , break-off of bits of 
mater ia l , deformat ion of liquid metall ic surface, etc. 
Then either the first or the second mechanism comes 
into play. 

(4) Nonmeta l l i c inclusions and films at the ca thode can 
become efficient emission centres owing to a drop in the 
work function or their b r e a k d o w n which plays the pa r t of 
an igniting discharge. 

(5) G a s desorpt ion from electrodes encourages the gas 
discharge which initiates the b r e a k d o w n of the vacuum gap. 

Besides the cited mechanisms of init iat ion of a vacuum 
b r e a k d o w n which are realisable in the presence of an 
applied electric field, there are m e t h o d s in which electrodes 
are acted u p o n by an outer force: ini t iat ion by a p lasma 
beam, impact of a micropar t ic le on the ca thode , auxiliary 
discharge over the dielectric, rapid heat ing of the electrode, 
laser rad ia t ion , etc. 

In m y opinion all these mechanisms , including s t imu
lated init iat ion, m a y eventually be reduced to the energy 
concent ra t ion in a mic rovo lume at the ca thode , the 
explosion of this microvolume, and the format ion of an 
ecton. Moreover , the mechanisms of init iat ion of an ecton 
are the same as those considered in Section 3. 

6.1.2 Vacuum spark 
Proper t ies of ectons and explosive electron emission (EEE) 
in uns teady condi t ions are very p r o n o u n c e d in a vacuum 
spark. The role of E E E in a vacuum spark was identified in 
three series of experiments with the use of high-vol tage 
nanosecond pulses [4]. First , the s tudy of electron current 
at the initial stage of a vacuum arc. Second, the s tudy of 
the glow at the ca thode and anode by an image converter 
with nanosecond exposure t ime and light amplification by 
a factor of 10 6 . Third , the s tudy of the erosion of the 
ca thode 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 
genera tor . The current bui lds up in two stages [4]: the 
discharge delay t ime td and the commuta t i on t ime tc. The 
t ime tc is typically measured between the levels 0.1 and 0.9 
from the ampl i tude value of the current equal to U0/R, 
where U0 is the vol tage ampl i tude and R is the discharge 
circuit resistance. In experiments , electrodes m a d e of 
copper , a luminium, tungsten , mo lybdenum, steel, lead, 
and graphi te were studied for the gap length in the range 
d = 0 . 1 - 1 m m [4]. 

The following conclusions were m a d e abou t the t ime tc 

for flat electrodes. The c o m m u t a t i o n t ime grows linearly 
with the gap length and is independent of the ampl i tude of 
the vol tage applied. The current g rowth ra te decreases on 
an increase in the gap length and increases on an increase in 
voltage. The rat io dij dt is abou t d/tc ~ 10 6 cm s - 1 for all 
mater ia ls studied. It is interesting tha t the t ime tc obeys the 
same laws b o t h for a pulse discharge and for a static 
discharge in vacuum. As for the t ime td, it was shown to be 
a function of the mean field strength and is independent 
either of the vol tage U0 or of the gap length d. 

In essence, these conclusions reflect the fundamenta l 
proper t ies of the process of init iat ion of an ecton. The 
occurrence of an ecton is caused by microexplosions at the 



Ecton or electron avalanche from metal 583 

ca thode owing to rapid hea t ing of micropoin t s at the 
ca thode by the F E current . Therefore, relat ion (2.5), 

j2dt = h, (6.1) 
Jo 

is t rue by analogy with the explosion of a conduc tor . H e r e 
h is the specific act ion and j is the density of the F E current 
which initiates the ecton. 

If the quan t i ty j is cons tant for a t ime td and the current 
density is specified by the formula of Fowler and N o r d -
heim, then 

tdnhA-2E-4exV^-^pj , (6.2) 

where E is the electric field strength at the point , A and B 
are factors depending on the work function of the mater ia l . 
F r o m E q n (6.2) a very s t rong dependence td(E) follows. 
Such a dependence takes place only for relatively weak 
fields on the surfaces of poin ts , for which the current 
densities are j ^ 10 8 A c m - 2 . 

The current density is b o u n d e d for a large j by the space 
charge of electrons in the region adjacent to the poin t [36, 
41] (see Section 4.1). Therefore, the t ime td is td~E~ , 
which has been verified in experiments [4]. Thus , the 
measurement of td co r robora ted the supposi t ion tha t the 
E E E current delay is due to the microexplosion delay at the 
ca thode . 

The laws the quan t i ty tc obeys m a y be explained by 
the scattering of the ca thodic p lasma after the explosion. 
Elect ron-opt ic recording of the glow at the ca thode 
co r robora ted the fact tha t microclusters of p lasma appear 
several nanoseconds later u p o n the appl icat ion of vol tage 
[2]. These microclusters which were called ca thodic flares 
(CF) are the p lasma p roduced in explosions of mic ropar t s 
on the ca thode surface. Typically one or several CF occur at 
the ca thode , depending on the overvol tage in the gap . As a 
rule, only one CF occurs in a static b r e a k d o w n . 

The velocity of a CF is abou t 1.6 x 10 6 cm s _ 1 for 
copper . The s tudy of the E E E current g rowth showed tha t 
the current is b o u n d e d by the space charge of the electron 
current the CF emits. This relat ionship is generally wri t ten 
in the form 

i=A0U^F(^y (6.3) 
where the cons tant A 0 depends on the geometry of the gap, 
U is the vol tage between the ca thode and anode , v is the 
velocity of the ca thode p lasma, d is the gap length, and t is 
t ime. 

The function F(vt/d) ~ vt/d for one CF at the ca thode 
with a rad ius r < vt when d > vt. In this case, the growth 
ra te of the current is 

_ , _ 3 / 2 v TT\/2j? 

~di 0 0 d = 0 0 °V ' 

at the initial stage of the E E E , where E0 is the initial field 
s trength in the gap . If E0 w 10 6 V c m - 1 , 
v = 2 x 10 6 cm s " 1 , U0 « 10 4 V, and 
A 0 « 3.7 x 1 0 " 5 A V " 3 / 2 , then di/dt is of the order of 
l 1 0 A s _ 1 , as was obta ined in the experiment [2]. 

The fact tha t the commuta t i on t ime tc grows linearly 
with d follows immediately from formula (6.3), since 
vtc/d = const for a fixed current and, consequent ly, 
tc cx td [4]. 

The research in Ref. [4] also showed tha t an anode flare 
(AF) would be initiated not long after the ca thode flare. 
The anode flare is due to the hea t ing of the a n o d e by the 
E E E current . This fact and also the presence of a power 
x-ray rad ia t ion at the anode for the t ime for which the CF 
moves to the a n o d e and the deviat ion of the b e a m in a 
magnet ic field perpendicular to the electric field proved 
uniquely tha t the current from the ca thode is electronic in 
na tu re when an ecton functions at the ca thode . 

6.1.3 Vacuum arc 
A vacuum arc has a n u m b e r of very impor t an t proper t ies . 
The difference of potent ia ls for which the arc is d rawn is 
very low. This difference is of the order of the ionisat ion 
poten t ia l of a t o m s of the mater ia l out of which the ca thode 
is made . The arc has a threshold current z t h be low which 
the arc goes out . The arc has a very high current density at 
the ca thode of order of 10 8 A c m - 2 . The dis t r ibut ion of the 
poten t ia l difference is very inhomogeneous across the arc. 
The difference of potent ia ls peaks near the ca thode . It is 
called the ca thodic d rop Uc. 

The space of a vacuum arc between the ca thode and 
a n o d e is divided into three regions. One of them is at the 
ca thode and is visible as a br ight luminous spot which 
moves chaotically over the surface of the ca thode . This 
region is called the ' ca thodic spo t ' . 

Ano the r region occupies a larger po r t ion between the 
ca thode and a n o d e and is visible as a br ight diffusion glow. 
It is characterised by a uni form electric field dis t r ibut ion 
and a relatively low pressure gradient . At the a n o d e there is 
a region which was called the ' anode region ' . 

All peculiar features of a vacuum arc are virtually 
associated with the ca thodic spot. The s tudy of an arc is 
essentially the s tudy of its ca thodic spot of which, as no ted 
above, the high current density and high energy density are 
typical. 

A set of condi t ions ought to be satisfied for an arc to be 
excited in vacuum between metallic electrodes. Firs t , a 
min imal difference of potent ia ls should be main ta ined , 
the value of which a m o u n t s to Uc in short arcs. M o r e 
over, an arc discharge will start when the discharge current 
exceeds the threshold value z t h which is different for 
different mater ia ls . 

At present there are the following ways in which an arc 
can be excited [6]: the b r e a k d o w n of a vacuum gap for a 
fixed distance between electrodes; b reak ing a circuit; a 
current passing th rough a semiconductor immersed in a 
liquid metal ; t ransi t ion of a glow discharge into an arc; 
p lasma runn ing against the ca thode , etc. N o t dwelling on 
these m e t h o d s in detail I shall only r emark tha t in the end 
they are reduced to the concent ra t ion of energy in a 
mic rovo lume on the surface of the ca thode and to the 
excitation of a p r imary ecton by the m e t h o d s described in 
Section 4. 

The ca thodic spot is a small br ight luminous region on 
the surface of a ca thode th rough which the current flows 
from the ca thode to the arc co lumn. The ca thode is heated 
near the spot to the t empera tu re which exceeds the boi l ing 
t empera tu re significantly. 

There are two types of ca thodic spots . Spots of the first 
type consist of separate luminous small spots which are 
spaced at a distance. The meta l erosion ra te is no t large 
(ym = 5 x 10~ 7 g C _ 1 for copper) . These spots are due to 
the excitation of ectons on metall ic surfaces when dielectric 
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films and inclusions are charged by the ionic current from 
the app roach p lasma. This is t rue because spots of the first 
type exist on an unpurif ied ca thode only. 

W h e n the ca thode is th ro rough ly purified by heat ing, 
ionic b o m b a r d m e n t , or in any other way, spots of the 
second type occur. They are larger in size and consist of 
separate microcra ters . Moreover , spots of the first type go 
into spots of the second type when they function for m o r e 
t han several h u n d r e d s of microseconds (the current is 
100 A) . This can be explained by the fact tha t the adsorbed 
gas, dielectric inclusions and films are removed from the 
surface of the ca thode for this t ime. The specific erosion is 
much larger in spots of the second type (10~ 5 -
1 0 - 4 g C " 1 ) . 

Kesaev showed in Ref. [6] tha t the ca thodic spot has 
separate cells in which the current does no t exceed two 
threshold values. If the current becomes greater t han this 
value, then certain cells die spontaneous ly and other cells 
are formed by fission of the cells which remain . The ca thode 
spot emits p lasma, vapours , and droplets of mater ia l . The 
appearance of a cell, its functioning and dying off comprises 
an arc cycle. 

W e shall start from the idea of Kesaev [6] tha t a 
ca thodic spot consists of separate cells from which the 
current im equal to the two threshold values of the arc 
current z t h , i.e. to im = 2z t h , flows. The threshold values are 
given in Table 4. 

Table 4. 

Metal Ag Au Al Cu Fe Mo Ti W 

*th/A 1.2 1.4 1.0 1.6 1.5 1.5 2.0 1.6 

A n ecton is generated as a result of interact ion between 
the jet of a melted meta l and p lasma. Such jets owe their 
existence to high pressure near a microexplosion, up to 
10 4 - 10 5 a tmospheres [4]. W e suppose tha t the jet of a 
liquid meta l forms a droplet when the current exceeds the 
threshold value. This droplet will cause the density of the 
ion current from the p lasma to increase at the jo int of the jet 
and droplet even before the separat ion. This results in a 
larger energy concent ra t ion at the jo int and in the init iat ion 
of a microexplosion owing to the Joule heat ing of the jo int 

W e consider an arc cycle to involve two processes. The 
first process is the functioning of an ecton for a t ime tQ. The 
second process is associated with the ion current near the 
ca thode for a t ime tx. The ecton current flows for the t ime te 

and s imultaneously the new jet of a fluid meta l completes its 
format ion. Then a new ecton is formed for the t ime tx. Thus , 
the process becomes a self-maintaining one. If an ecton is 
generated when, as is said above, a droplet separates , then 
the ma in tenance criterion for an arc cycle can be wri t ten in 
the form 

(6.4) 

where yd is the number of drople ts when a charge of one 
C o u l o m b flows, tc = tQ + tx is the arc cycle dura t ion . 

Thus , let a conic jet of a liquid meta l with an angle 9 
be p roduced as a result of the functioning of an arc. Then 
the cone generatr ix length r over which a t empera tu re T is 
reached is determined from the Joule mode l of hea t ing for 
the cone. If the t empera tu re T = Tex which is equivalent to 

the explosion of the cone is of interest, then it follows from 
E q n s (2 .11) - (2 .13) and Eqn (2.15), since sin (9/4) « 0 /4 , 
tha t 

1 

K2 a2h9A 

2 
me~^~2(ahf29* 

y « = | p ( i - « ) ( | 

a = —, 
t. 

1/2 

(6.5) 

(6.6) 

(6.7) 

(6.8) 

where a is the fraction of t ime for which the ionic process 
proceeds , te is the t ime for which the ecton functions, m e is 
the mass of meta l carried in the t ime te, and ym is the 
specific erosion. 

Studies of a vacuum discharge showed tha t the explo
sion of a micropoin t is accompanied by the ejection of a 
ca thode p lasma which moves t owards the anode with a 
velocity v > 10 6 cm s _ 1 [4]. This induces the current of 
posit ive ions which move t owards the a n o d e (ionic erosion). 
The fraction of this current in the jo int arc current is equal 
according to Eqn (6.7) to 

r ' = ^ p ( 1 - a ) ( l ) " 1 / 2 ' ( 6 - 9 ) 

where z is the p lasma ionisat ion ra te , e is the charge of an 
electron, A is the a tomic weight of the meta l out of which 
the ca thode is made , and a is the the rma l conductivi ty. 

The current density is 

ah92 

h = n — . (6.10) 

t owards the end of the functioning of an ecton. It should be 
stressed tha t in formulas (6.5) and (6.10) quant i t ies a and h 
are to be used for liquid metals when the t empera tu re T is 
greater t han the melt ing t empera tu re . 

The compar i son between the theory and experiment is 
performed for an arc with copper electrodes. In Table 5 the 
characterist ics of melted metallic copper are presented. The 
value h = 3 x 10 9 A 2 s c m - 4 cor responds to the current 
density j ^ 10 8 A c m - 2 [13], the the rmal conduct ivi ty is 
the mean value between those for the melt ing and boil ing 
t empera tu re of metal . 

Table 5. 

A / l 0 - 2 2 g ; ith/A a/cm2 s 1 / * / l 0 9 A 2 s c m " 4 p / g c i r T 3 z tc/\0~9 s 

1.07 1.6 0.47 3 8.9 0.55 25 

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

The average cycle dura t ion tc = 25 ns is evaluated by the 
oscillations of the poten t ia l near the ca thode of a copper arc 
for the current 4 A [6]. It was assumed tha t j u m p s of 
po ten t ia l cor respond to the ionic phase . Accord ing to 
Ref. [6] the ion current fraction is small at the ca thode 
in the arc cycle, i.e. tx <^ te in the average (i.e. a <̂  1). 
However , it p roved to be difficult to obta in the exact 
est imate for t v 

First , let us evaluate the ion current fraction in the arc 
current and the mass carried away from the ca thode per 
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uni t charge ym by means of formulas (6.8) and (6.9). 
Kimbl in showed tha t y{ w 0.07 - 0.1 for m a n y metals [8]. 
In our mode l this value of y{ = 0.06 m a y be obta ined for 
a = 0.2. In this case the specific mass carried away is 
ym w 0.6 x 10~ 4 g C _ 1 . The exper imental da ta on the 
quant i ty ym fall in the range ( 0 . 4 - 1 . 1 5 ) x 1 0 " 4 g C " 1 [4, 
8, 68]. 

F o r further est imates, the value of the cone angle 9 is 
required. If a and tc are given, then tQ m a y be found and 9 is 
determined from formula (6.5). In our case 9 w 0.53. The 
value of 9 m a y also be found, given the specific n u m b e r of 
droplets yd the ca thodic spot of the arc ejects. F o r example, 
yd w 1.4 x 10 7 C " 1 for silver [7]. Accord ing to E q n (6.9) the 
t ime tc is tc w 22 ns for the current z t h = 1.6 A. This t ime 
coincides with the value measured from oscillations of 
potent ia l . In general , on subst i tut ing E q n (6.4) into 
E q n (6.5) we have 

94 
1 4y k 

7 t 2 ( l - a) 
(6.11) 

It follows from Eqn (6.11) tha t the angle 9 = 0.54. 
N o w I shall discuss the est imate for the arc current 

density. It is different at different ins tants in t ime. The 
current density is determined from the relat ionship j2td = h 
at the instant when an ecton is init iated. The explosion 
delay t ime is td w 10 9 A c m - 2 since h w 10 9 A 2 s _ 1 c m - 4 . 
The current density is determined from formula (6.10) and 
is equal to j w 2.2 x 10 8 A c m - 2 at the instant when the 
ecton s tops functioning. This conclusion was co r robora ted 
by m a n y au tho r s [6, 4]. 

However , the current density is usual ly evaluated by 
the measured rad ius of the crater r c at the ca thode and the 
current which has flown th rough . If the rad ius of the crater 
is evaluated from the formula r c = 2(atc)1^2, then r c w 2 x 
10~ 4 cm. This value is similar to D a a l d e r ' s result for arc 
currents i < 10 A [69]. In this case the apparen t current 
density will be equal to j c = im/nr2 = 2.7 x 10 7 A c m - 2 . It 
is close to the value measured in Ref. [70] for tungsten and 
copper . 

F r o m the ecton mechanism of a vacuum arc, T a n b e r g ' s 
effect [78] can be explained. Accord ing to this effect, when 
an ecton functions, the ca thode experiences the act ion of the 
force which tends to span the distance between the ca thode 
and anode . 

The specific force / is in t roduced to character ise this 
effect, i.e. the force per uni t current : 

/ = 
2teim 

(6.12) 

where v is the p lasma velocity. Accord ing to Ref. [6] 
10 6 cm s _ 1 for an arc [the factor of 2 in E q n (6.12) 

accounts for the an i so t ropy in the scattering of p lasma] . It 
follows from E q n s (6.8) and (6.12), with considerat ion of 
the quant i ty me/tcim = ym to be the specific erosion of the 
ca thode , tha t 

2(1 - a) 

If ym is t aken from E q n (6.7), then 

pv ( a 
1/2 

(6.13) 

(6.14) 

Us ing da ta from Table 5, we have / « 33 dyne A~ . This 
value is abou t five t imes greater t han the exper imental da ta 
given by Tanbe rg for the specific force / [78]. 

Our analysis showed tha t the specific erosion was abou t 
0.15 x 1 0 " 4 g C " 1 in Ref. [78]. This value is 3 to 6 t imes less 
t han any available da ta for copper . To all appearances , an 
unpurif ied ca thode used in Ref. [78] is responsible for this 
small value, i.e. the ca thodic spot was of the first type for 
which the specific energy is much lower t han for spots of the 
second type. 

Besides convent ional arc discharges in vacuum, there are 
the so-called un ipola r arcs. Un ipo la r arcs are arcs on wall 
elements which are in contact with p lasma. The source of 
po ten t ia l for such an arc is the contact difference of 
potent ia ls between the wall and p lasma owing to the 
the rmal mo t ion of electrons in p lasma. The par t icular 
interest in such arcs was aroused when they were revealed 
to occur in instal lat ions for the rmonuc lear research, in 
par t icular , in t o k a m a k s . 

R o b s o n and T h o n e m a n showed theoretical ly tha t arc 
discharges can be main ta ined between the wall and p lasma 
by the difference of potent ia ls which is determined by the 
p lasma the rma l energy [71]. In such arcs, the current 
proceeds to the same ca thode where the ca thodic spot 
has appeared . Therefore, the au tho r s of Ref. [71] called this 
arc un ipolar . 

Un ipo l a r arcs are a source of impuri t ies in p lasma in 
the rmonuc lear instal lat ions, and also cool down the 
p r imary p lasma [72]. Therefore, there are m a n y original 
pape r s abou t un ipola r arcs and also abou t the interact ion 
between the p lasma and walls in the rmonuc lear instal la
t ions. In par t icular , un ipola r arcs were found on walls in 
a lmost all the rmonuc lear instal lat ions. 

Un ipo l a r arcs are also observed when an ord inary 
p lasma interacts with a metallic surface. The p lasma is 
p roduced by outer sources or by exposing the base to a laser 
or high-frequency synchot ron rad ia t ion [73]. The interest in 
un ipola r arcs will increase as p lasmas receive wider 
acceptance in var ious research and technological instal la
t ions. 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 impor t an t role in var ious 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 mic ropeaks at the ca thode because of the F E 
current owing to an high electric field and the b r e a k d o w n s 
of dielectric films and inclusions at the ca thode owing to 
their charging by discharge p lasma ions. On the one hand , 
the presence of a gas facilitates the occurrence of an ecton 
since there are the gas discharge p lasma and dielectric films 
p roduced in chemical interact ion between the gas and 
metal . On the other hand , a microexplosion at the ca thode 
is not always accompanied by a rapid current growth 
because a t o m s and molecules are an obstacle in the way of 
electrons in the ecton. 

One of the manifes ta t ions of ecton processes is the 
deviat ion from the similarity laws, especially, from the 
Paschen law. This law establishes a relat ionship between the 
static b r e a k d o w n 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): 
( 7 ) air; ( 2 ) hydrogen [82]. 

U/kV 
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pd/\0~3 atm cm 

Figure 15. The left-hand branch of the Paschen curve U —f(pd): 
( 7 ) 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). 

Devia t ions from this law are typically observed in three 
regions: on the r igh t -hand side at a high pressure, on the 
left-hand side at a low pressure, and near the min imum. In 
each region, the average electric field is high over the gap 
(10 6 V c m - 1 and more) . Such a field induces a field 
emission from certain mic ropeaks at the ca thode . Elect rons 
will ionise the gas and ions of the ionised gas move towards 

the ca thode . In addi t ion, the field emission is s t imulated by 
the space charge of these ions. It results in further growth of 
the F E current density. In the end, an ecton begins to 
function. As is seen from Figs 1 4 - 1 6 all deviat ions from 
the Paschen curve result in the lower b r e a k d o w n voltage in 
compar i son with tha t by the Paschen law. 

6.2.2 Contraction of space charges 
Yet ano ther manifes ta t ion of ecton processes in a gas 
discharge is the cont rac t ion of space charges, i.e. the 
t ransi t ion 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 m a y be 
set up for high as well as low pressure (one a tmosphere and 
more) , and, finally, a non-self-maintained discharge with 
intensive external ionisat ion, for example, by an electron 
beam [76]. 

In such discharges, cont rac t ion begins at the ca thode 
because of the occurrence of an ecton owing to the F E 
current or to the b r e a k d o w n of a dielectric film at the 
ca thode . I shall consider this effect by the example of a 
glowing discharge, since all discharges are contrac ted by the 
same scheme. 

The dist inguishing features of a glow discharge are the 
space current flow and the presence of a layer near the 
ca thode across which the po ten t ia l d rops . T h a n k s to this 
layer, electrons from a r o u n d the ca thode are supplied 
uniformly to the discharge column. The poten t ia l drop 
near the ca thode is typically abou t several hund reds of volts 
and the size of the region near the ca thode is established to 
be such tha t the condi t ions are provided for a self-
main ta in ing discharge t h a n k s to ionisat ion processes in 
gas and secondary processes at the ca thode . 

Secondary electrons are generated at the ca thode when 
it is b o m b a r d e d by posit ive ions, because of the p h o t o 
electric effect, and because of the b o m b a r d m e n t by fast 
neu t ra l a t o m s p roduced in recharging, and in other 
processes. These processes provide , as a rule, for a uni form 
secondary electron current density at the ca thode and, 
respectively, a uni form s t ructure of the ca thode layer. 

In an o rd inary glow discharge, the current density 
remains constant and the jo int current increases since 
the area the discharge occupies at the ca thode increases. 
Once the discharge has occupied the whole surface, a 
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further jo in t current g rowth 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 a b n o r m a l m o d e of the 
glow discharge. Once a specific current density is reached in 
the a b n o r m a l discharge, the glow discharge goes stepwise 
into an arc one. 

The t ransi t ion from a glow discharge to an arc one is 
accompanied by the redis t r ibut ion of the current in the 
discharge co lumn (the column cont rac t ion) and by the 
redis t r ibut ion of the current at the ca thode (current is 
localised near the ca thodic spot) . There are two opinions 
on the na tu re of the t ransi t ion from a space discharge to an arc 
one. 

The first opinion is tha t the cont rac t ion is caused by 
instabilities in the discharge column. F o r example, the 
co lumn m a y be contrac ted in a glow discharge because 
of a larger energy release near the axis t han at the per iphery. 
As a result, the gas is heated and displaced out of the inner 
regions, and the density of neu t ra l part icles is reduced. In its 
tu rn , the lower density means a larger power dissapat ion 
near the discharge axis [77, 79]. 

There is, however , ano ther approach , based on exper
imenta l da ta on the init iat ion of instability, which leads to 
cont rac t ion , near the electrodes (as a rule, near the 
ca thode) . The bui ld-up of these instabilities is believed 
to initiate the instabili ty of the discharge column. This 
opinion is presented less often in the l i terature. 

Even in early exper imental works , experimental is ts 
observed b o t h the radia l cont rac t ion of the glow discharge 
column wi thout changes in pa rame te r s near the ca thode , 
and the arc format ion for which the progressive instabili ty 
near the ca thode was responsible [81]. Moreover , the second 
mechanism was realisable in a wider range of exper imental 
condi t ions for high and low gas pressures. 

In accordance with the concept presented in this review, 
one of the instabilities near the ca thode can appear in the 
case tha t the electric field at the ca thode is sufficient for an 
autoemiss ion to be initiated from certain surface par t s . 
Then the field current will be amplified by the space charge 
of posit ive ions. This results in further current density 
growth , explosions of micropoin ts , and the init iat ion of an 
ecton. 

6.2.3 Corona discharge. A corona discharge occurs typically 
between electrodes of the p o i n t - p l a n e type. A high electric 
field (over 10 5 V c m - 1 ) occurs at the poin t from which the 
corona p ropaga tes . Depend ing on the polar i ty of the 
electrode of a small radius , the corona discharge is either 
posit ive or negative. 

The field s trength at the poin t is E w U/r, where r is the 
rad ius of curva ture of the tip of the electrode and U is the 
poten t ia l at the point . The gas at the poin t is intensively 
ionised in a high field since the impact ionisat ion coefficient 
depends strongly on the electric field. 

It m a y be concluded from da ta cited in Ref. [82] tha t , in 
negative coronas , effects very similar to ectons were 
observed under certain condi t ions . Firs t , br ight ca thodic 
spots were observed at the ca thode of a negative corona . 
Second, the au tho r s of Ref. [82] pa id special a t tent ion to 
depressions which appeared at the negative poin t in a 
corona discharge in ni t rogen or hydrogen. 

The format ion of 'crater-l ike depress ions ' seemed to be 
very unusua l since posit ive ions reached the ca thode with 
the energy of no m o r e t han 1 eV. This p h e n o m e n o n was 

observed at ca thodes m a d e of tungsten, p la t inum, copper , 
and lead. T o d a y we can interpret this effect as an ecton. 

The init iat ion 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 control led 
dura t ion were applied to the gap of length 0.6 cm between 
electrodes at the initial vol tage 25 kV with the edge 10~ 9 s. 
The rad ius of the poin t was 1 um or more . The oppos i te 
electrode was a hemisphere of rad ius 0.3 cm. The surface of 
the poin t after the b r e a k d o w n was viewed th rough a 
scanning electron microscope. The s t ructure of the poin t 
was addi t ional ly moni to red t h rough a shadow electron 
microscope. A crater occurred independent ly of the 
polar i ty of the vol tage applied to the poin t when the 
pulse dura t ion was 3 ns. However , spots were initiated 
at po in ts of larger radi i only if the poin t was a ca thode . In 
this case, erosion manifested itself in microcra ters at the 
ca thode . 

Ini t ia t ion of ectons at the ca thode m a y be explained by 
the developing ca thodic instability. The distinct n a t u r e of 
erosion at the ca thode and a n o d e cor robora tes this 
conclusion. The damaged surface of the ca thode is covered 
by clustered melted balls of 1 - 2 um diameter which are 
usually densely packed in a region of length 2 0 - 3 0 um. 
This means tha t ectons are initiated, as in a vacuum 
discharge, in microinhomogenei t ies at the ca thode which 
are present on edges of craters left from earlier b r eakdowns . 

A ca thodic spot is initiated within the t ime K 3 ns 
when the polar i ty is negative. The current density at the 
a n o d e increases as the pressure grows and it is equal , 
respectively, to 1.3 x 10 4 , 2.6 x 10 4 and 5 x 10 4 A c m - 2 for 
the pulse dura t ion 20 ns and pressure 76, 152, and 
228 m m Hg . Given the electron drift velocity to be 
v = 1 0 7 c m s _ 1 , the electron concent ra t ion is 1 0 1 6 c m - 3 

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 modif icat ions 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 hol low ca thode and a 
hol low anode . It strikes in heavy-current commuta to r s , 
which ou tper form thyra t rons , and also in sources of 
electrons. 

Of special interest is the emission mechanism which 
provides for the average current density of abou t 
10 4 A c m - 2 . The main characterist ics of a pseudo-spark 
are as follows. The pressure is typically abou t p w 0.1 Tor r 
in the spark gap and the gap length is d & 0 . 1 - 1 cm. The 
electron free pa th length is Ae > d in the gap between the 
electrodes. 

Insulator 
Hollow anode 

Figure 17. Principal scheme of a pseudo-spark chamber. 
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On init iat ion of a discharge in the hol low ca thode , the 
p lasma penet ra tes the opening and an electron b e a m is 
generated with the current up to 1 0 - 1 0 0 A. At this stage, 
the gas is desorbed from the surface and ionised, and the 
gas density a m o u n t s to 1 0 1 6 c m - 3 near the opening. The 
diameter of the glow channel is approximate ly equal to the 
diameter of the opening channel [83]. 

A heavy-current discharge with the current density 
10 4 A c m - 2 sets up when the p lasma glows, expanding 
radial ly with the velocity 10 8 cm s _ 1 , and fills the gap 
between the electrodes to the extent of 5 or 6 diameters 
of the point . The vol tage in the discharge d rops to several 
h u n d r e d s of volts. This vol tage is concent ra ted in a layer of 
thickness 10~ 4 cm and creates the field 
E = ( 1 - 5 ) x 10 6 V c m - 1 at the ca thode . 

Thermionic emission is considered to be the mos t 
p robab le explanat ion of the emission mechanism. The 
t empera tu re of the ca thode T mus t be greater t han 
3500 K for the current density to be j = 10 4 A c m - 1 

when E = ( 2 - 5 ) x 10 6 V cm . The power density mus t 
be ( 3 - 4 ) x 10 7 W cm for a ca thode of M o to heat the 
surface of the ca thode to this t empera tu re in a t ime 
t < 50 ns (time of init iat ion of a heavy-current dis
charge). However , even very optimist ic calculat ions yield 
the power flux of no m o r e t han 1 0 1 6 W c m - 2 , which is 
clearly insufficient for hea t ing the ca thode to the melt ing 
t empera tu re . 

The microrelief of a ca thode after a pseudo-spark is very 
similar to the relief of a ca thode after an arc discharge [83]. 
The mass carried away from the ca thode of M o per uni t 
charge has been measured in Ref. [83] to be equal to 
(5 — 8) x 10~ 5 g C _ 1 and is typical of an ecton. The meta l 
is eroded mainly where the electric field is high, i.e. at the 
edge of the ca thode (Fig. 18). Consider ing the na tu re of 
damage at the ca thode , there are s t rong g rounds to believe 
tha t ectons are responsible for the high average current 
density in a pseudo-spark . 

The studies of physical processes of init iat ion and 
evolut ion of a vacuum discharge, and the emission 
mechanism in the ca thodic spot of a vacuum arc and in 
a space gas discharge, m a d e it possible to establish a set of 
laws which p rove tha t ectons are responsible for the emission 
in a pseudo-spark [84]. I shall proceed from the assumpt ion 
tha t 10 3 ectons provide for the average current density 

Corrosion zone 

I 
Symmetry axis 

Figure 18. Schematic plan of the cathode after 5 x 106 breakdowns 
for the discharge duration of 90 ns and current of 20 kA [83]. 

10 4 A c m - 2 in the pseudo-spark when each carries the 
current 10 A. The current density can a m o u n t to 
10 8 A c m - 2 in an ecton. 

A n ecton occurs within the t ime td p rovided tha t 
j2td = const. The t ime td is in the nanosecond range at 
the initial current density 10 9 A c m - 2 . The research in 
Ref. [4] showed tha t td ~ 1 ns for a m o l y b d e n u m ca thode 
condi t ioned in a high vacuum when the average electric 
field s trength is E > 2 x 10 6 V c m - 1 at the ca thode . The 
field the space charge creates at the initial stage of a p s e u d o -
spark is of the same order of magn i tude and, consequently, 
it provides condi t ions for init iat ing an ecton in t < 10 ns. 

In Ref. [83] ectons were observed at the ca thode and a 
cont rac ted spark was noted at the instant the current was 
switched on. Then , as the ca thode was aged by discharges, 
the sparks d isappeared and the discharge went into the 
diffusion stage. The au tho r s m a d e the conclusion tha t a 
super-emission occurred. This effect can be explained as 
follows. In the first switch-ons of current with new 
noncondi t ioned electrodes, a CF appears at the ca thode 
for smaller fields E ~ 10 5 V c m - 1 at the format ion 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 s trength increases on condi t ioning and — as 
soon as the gas is spatially ionised in the gap between the 
electrodes, and the field is concent ra ted in a thin layer near 
the ca thode in a t ime 2 ns — the condi t ions are provided for 
an ecton to occur spontaneous ly over a large area. Since the 
current of one ecton does no t exceed, to all appearances , 10 
A, the ecton p lasma is s tr ipped off and emits in the 
ultraviolet range [4], and the size of the spot is 0.1 m m ; 
these ca thodic spots are invisible against the b a c k g r o u n d of 
the space glow. 

The studies of eroded electrodes co r robora t e tha t 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 hol low ca thode 
(Fig. 18) [83]. 

6.3 Processes in contacts 
The surfaces of contacts are such tha t metals are in real 
contact with each other only in separate thin regions [52, 
85, 86]. Even the best smooth metall ic surfaces have 
mic ropeaks of 0 . 0 1 - 0 . 1 um in height [5]. These peaks are 
usually on an undu la t ing surface, the spacing of which is 
1 0 3 - 1 0 4 um in different condi t ions and the height is 1 — 
10 um. The roughness and undu la t ion is the reason tha t 
two surfaces come in contact at separate po in t s only. 

W h e n live contacts are closed, the vacuum b r e a k d o w n 
occurs, similar to tha t considered above (see Fig. 16). 
Ec tons occur as a result of explosions of micropeaks , 
under the action of the F E current from them. On closing 
the contacts , the appear ing force can cause them to 
r ebound . This force is due to the high pressure of vapour s 
and metall ic p lasma as a result of microexplosions at the 
sites of contact . 

The contac ts do no t move apar t s imultaneously when 
they are opened because the surface is rough . The current 
will flow th rough separate spots . Therefore, the current 
cont rac t ion area is melted and the melted metall ic br idge is 
formed. The bridge, exploding, initiates an ecton. Bridges 
and their surfaces under the act ion of b reak ing the current 
are the pr incipal issues in the physics of circuit opening. 
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The p rob lem of electro-erosion machin ing is closely 
related to the issue of the functioning of contacts . It m a y be 
suggested tha t ectons play an impor t an t pa r t there too . 
They create, for example, microjets from the ca thode . These 
jets des t roy the a n o d e and assist in transfer of its meta l to 
the ca thode [87]. 

6.4 Discharge in liquid and solid dielectrics 
Discharge in a fluid has been a very myster ious na tu ra l 
p h e n o m e n o n up to the present [88]. I believe tha t ectons 
play an impor t an t pa r t here t oo . The field strength 
a m o u n t s to 10 6 V c m - 1 or m o r e in the gap before the 
b r e a k d o w n . U n d e r such condi t ions , the energy m a y be 
expected to be concent ra ted in microvolumes at the 
ca thode as a result of the field emission in fluid, format ion 
of gas bubbles at the ca thode and p roduc t ion of p lasma in 
the bubbles , field s t rengthening owing to dielectric 
admixtures in fluid and at the ca thode , etc. The 
probabi l i ty of such a process seems to be very great 
when the discharge occurs in a system of the p o i n t - p l a n e 
type where the poin t is the ca thode . In such a discharge, 
the initial glow appears at the anode , which means 
p robab ly tha t a n o d e ectons are init iated. 

Discharge in solid dielectrics has also been studied for a 
very long t ime. However , the mechanism of this p h e n o m 
enon is as yet unclear . The electric field is also very high 
(10 6 V c m - 1 ) before the b r e a k d o w n at the site of contact 
between the ca thode and solid dielectric [89]. This is 
especially the case for discharges from poin t ca thodes . If 
an ecton star ts to function at the ca thode , then the ejection 
of electrons into the dielectric and also a par t ia l mel t ing of 
the dielectric by the p lasma jet are possible. This m a y be the 
init iat ing effect for the discharge channel in the dielectric. 

The process of format ion of an ecton can very vividly be 
i l lustrated by examples of discharges over the surface of a 
dielectric in vacuum, gas, or fluid. In this case, mic ropeaks at 
the ca thode , which are in contact with the dielectric, create a 
tangent ia l componen t of the electric field, which initiates 
microdischarges over the surface of the dielectric. The 
microexplosion current flowing th rough the micropeaks 
at the ca thode 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. F o r 
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 mo t ion of posit ive ions 
from ca thode to a n o d e with the velocity 10 6 cm s _ 1 . Ions 
acquire this energy in the emission zone when a nonidea l 
p lasma is heated by the arc current . 

The idea of an ecton m a y be a key to the effect of the 
collective acceleration of ions in vacuum discharge to an 
energy m a n y t imes greater t han the vol tage applied 
(Plyut to ' s effect) [90]. It is possible tha t electron clusters 
in an ecton are accelerated in uns tab le p lasma and, 
cap tur ing ions present in p lasma, accelerate them. 

In explosive emission, electrons are observed with an 
energy twice tha t which would be expected under applied 
vol tage [4]. This m a y be explained by the example of a t w o -
ecton mechanism. Let the current be caused initially by two 
ectons. One ecton disappears . The current abrup t ly d rops 
by a factor of two on the d isappearance of one ecton. As a 
result, the electromotive force of self-induction appears 

owing to the na tu ra l induct ion of the discharge circuit. This 
results eventually in addi t iona l acceleration of some 
electrons. 

It is possible tha t by s tudying ectons we shall be able to 
explain one of the most myster ious p h e n o m e n a in vacuum 
arcs — the so-called re t rograde mot ion of a ca thode spot [6]. 
The ca thode spot moves in the opposi te direction to the 
A m p e r e force in the crossed electric and magnet ic fields. 
M a y b e the so-called re turn electrons come into play, i.e. 
electrons which re turn to the ca thode from the ca thode 
p lasma. The presence of such electrons is predicted by the 
two-fluid hyd rodynamic mode l of an ecton (see Sec
t ion 5.3). Consequent ly , these electrons must move in the 
direction opposi te to the electric field. The presence of such 
electrons was shown in Section 4.5 in the ma themat ica l 
model ing of an ecton. 

7. Conclusion 
Microexplos ions occur when the energy (up to 10 4 J g _ 1 or 
more) is concent ra ted in microvolumes at the ca thode for a 
short t ime. There are m a n y ways in which the energy m a y be 
concentra ted: Joule hea t ing by the F E ; current density 
amplification in microinhomogenei t ies at the ca thode when 
p lasma flows past them; mic rob reakdowns of dielectric films 
and embedment s at the ca thode in the ion current charging; 
laser hea t ing of mic ropar t s at the ca thode; impacts of 
accelerated part icles on the ca thode , etc. Microexplos ions 
induce E E E . The E E E current has a peculiar s t ructure. It 
consists of individual po r t ions of electrons ( 1 0 1 1 —10 1 2 

particles) which m a y be compared with electron avalanches 
and which we call ectons. The format ion t ime for 
avalanches is 1 0 — 9 —10 — 8 s. 

Elect rons in an ecton occur due to the rapid overheat ing 
of mic ropar t s at the ca thode and this is a var ia t ion of the 
thermionic emission. The electron emission in an ecton 
s tops due to the cooling of the emission zone because of 
the rmal conduct ion , drop in current density, evapora t ion of 
a toms , etc. 

A simple physical mode l of an ecton was const ructed 
under the assumpt ions tha t the specific resistance of the 
meta l is a function of the energy density before and after a 
microexplosion and tha t a mic ropar t cools down solely 
because of the rmal conduct ion and a d rop in current 
density. This mode l is app ropr i a t e for de terming the 
main pa rame te r s of an ecton: the number of electrons; 
the t ime for which it functions; the mass of meta l carried 
away from the ca thode; the n u m b e r of ions accompany ing 
the ecton, etc. 

The ecton plays a fundamenta l pa r t in electric dis
charges in vacuum and gas. They are responsible for 
init iat ion and evolut ion of a vacuum discharge and are 
present in each cycle of a ca thodic spot in an electric arc. 

The ecton app roach helped to construct a relatively 
simple theory of a vacuum arc, which explains quali tat ively 
and quant i ta t ively the basic p h e n o m e n a in a ca thodic spot: 
the cyclic recurrence, mass carried away from the ca thode , 
current density, ion erosion, T a n b e r g effect, etc. In my 
opinion, this appoach is a mos t fruitful one for perceiving 
the ca thodic spot in an arc. 

Ec tons help to explain a number of p h e n o m e n a in the 
physics of gas discharge: cont rac t ion of the vo lume of a gas 
discharge and its t rans i t ion to an arc discharge; the 
deviat ion from the Paschen curve in a gas discharge in 
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the regions of the left and right b ranches and also near the 
m i n i m u m ; and pulsed discharge in high electric fields. 

At a low pressure, the so-called pseudo-spark discharge 
occurs in the region of the left b ranch of the Paschen curve. 
It is typified by a high average density of electron current 
from the ca thode: up to 10 5 A c m - 2 (superemission). N o w 
it is surely established tha t such an emission is caused by an 
ecton process . 

Ec tons were also observed in a pulsed corona discharge. 
In my opinion, ectons also help to explain a number of 
processes in metall ic contacts , in discharges in liquids, 
solids, dielectrics, etc. However , these assert ions await 
addi t iona l comprehensive studies. 

W h a t are the topical issues in the near future for ectons? 
Firs t , a l though the par t of ectons in the E E E process m a y 
be regarded as established, the exact mechanism of h o w the 
emission zone of an ecton cools down is yet unclear . It 
seems tha t the intercept ion of the current from one jet of 
liquid meta l to ano ther occurs. 

Second, the specific act ions of var ious meta ls should be 
measured and h o w they are affected by the t empera tu re and 
phase state of a ca thode should be established. 

Third , the par t of ectons in the occurrence of a b n o r m a l 
electrons and ions in vacuum discharges should be exam
ined m o r e thoroughly . 

In this review I did no t touch on the issue of the pa r t 
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 
genera tors , etc. This issue is discussed in detail in the recent 
m o n o g r a p h [92]. I only wan t to no te tha t the topical issue is 
the influence of ectons on the s p a c e - t i m e s t ructure of an 
electron beam, since this determines the qual i ty of an 
electrophysical device. 
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