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ABSTRACT. 
Physical processes leading to formation and spreading of pulse 
discharge channels in solid dielectrics were analyzed. It was 
shown that the mechanism responsible for appearance of the 
primary discharge channel in the near-electrode region (both at 
the cathode and the anode) of a dielectric was due to electron-
thermal processes. The solid-melt phase transition took place in 
the dielectric within the primary channel. This mechanism also 
dominated on subsequent spreading at a subsonic velocity 
during the cathode discharge. The mechanism responsible for 
transformation of the primary channel to the main channel 
during the anode discharge was determined. The spreading rate 
of the channel always exceeded the sound velocity. Experiments 
showed that the spreading was accompanied by processes 
characteristic of the detonation effect. Analyzing specific 
features of those processes, the corresponding mechanism was 
identified as electronic detonation. Physical models of the 
processes were proposed. Relations were calculated from 
conservation laws in terms of the electric-hydrodynamic 
approximation. They were used to establish for the first time a 
mutual quantitative dependence between the voltage pulse 
parameters, space-time characteristics of the discharge, 
thermodynamic and electro-physical parameters of the material 
behind the phase transition front and individual properties of 
dielectrics.  
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1. INTRODUCTION 

The physics of electric (electron [1]) breakdown in 
solid dielectrics passes through a crisis. This statement is 
supported by the fact that no self-consistent physical 
models of the breakdown process have been elaborated so 
far and, correspondingly, scientifically substantiated 
models describing this process are lacking. In my opinion, 
this situation can be explained by the following main 
factors. 

1. In recent decades all efforts to derive relations 
between parameters of condensed dielectrics, breakdown 
conditions, and the breakdown voltage were made on a 
unilateral basis considering exclusively the mechanism 
responsible for deterioration of the electric strength. 
Therefore it was assumed that other stages of the 

breakdown process did not determine, specifically, the 
field breakdown intensity.  

2. By analogy with gaseous dielectrics, almost the 
only mechanism responsible for disturbance of the 
electric strength of condensed dielectrics (especially solid 
ones) in the case of electric breakdown was considered 
collision ionization of the valence band. Realization of the 
said mechanism was not doubted. However, this 
mechanism was not confirmed experimentally not only 
for dielectrics, but also for pure wide-band 
semiconductors [2]. Moreover, it contradicts the band 
structure of crystalline dielectrics, which have mostly a 
non-parabolic structure.  

An electric discharge in solid dielectrics is closely 
connected with formation of a channel, which appears 
when the solid material of a dielectric passes to another 
state. In other words, an electric discharge may be viewed 
as corresponding fronts of a phase transition of the I kind 
that appear and move in the discharge gap. Therefore it is 
quite possible that this process can be described using the 
ideas and methods developed for similar effects in the 
physics of high-density energies.  

 
II. ELECTRON PROCESSES IN THE SOLID 

PHASE 
In mid-1970s it was found [3] that a superheat 

instability, which leads to pinching of the electron current, 

arises in alkaline-haloid crystals (AHC's) at a certain 
intensity of the field. The fields (Ec, El), where the 
differential conductivity is negative, were termed the 
criteria of the superheat instability. It was found that these 
criteria and so-called criteria of collision ionization were 



quantitatively similar and agreed well with experimental 
data (Fig. 1). 

 
Fig. 1. Experimental values (o) and criteria of collision ionization and 
superheat instability: ×, •, and □ stand for collision ionization criteria 
due to Hippel, Franz, and Frelich-Paranjats; 1 – their graphical 
representation [1]; 2 – upper boundary of the superheat instability Ec at 
m*/me = 1 [3]. 
 

The physical meaning of the aforementioned 
coincidence is obvious. Pinching of the electron current, 
i.e. the increase in the current density, may be caused by 
both the local growth of the charge carrier density ne and 
the charge carrier mobility μe in a dielectric. The latter 
parameter is known to be the physical essence of the 
collision ionization criteria, which actually determine just 
one cause of the current pinching. 

If the superheat instability is assumed the main 
mechanism operating at the first stage of the electric 
discharge, it is possible to evaluate the space (ML) and 
time (Mt) instabilities [4]. Neglecting the diffusion, at 
dU/dt ≠ 0 we have 
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III. PRIMARY BREAKDOWN CHANNEL 

The increase in the local current density during the 
superheat instability is followed by heating of the phonon 
subsystem if it has a finite heat capacity. In the limiting 
case, the solid material of the dielectric melts. So, 
formation of the primary channel, where a "solid-melt" 
phase transition takes place thanks to Joule losses, 
represents a typical electron-thermal process. Formation 
of this channel in the near-electrode region of dielectrics 
both at the cathode and the anode has common regular 
features described by the instabilities (1). Therefore it is 
probably not by accident that calculated Mt values and 
experimental values of the discharge delay time td 
coincide [5].  

A minimum power density necessary for the 
aforementioned  phase  transition  in  AHC's  is  q0 ≥ ≥ 
109÷1010 W/m2.  

 
IV. THE CATHODE PULSE DISCHARGE 

CHANNEL 
Experiments showed [4] that the cathode discharge 

channel always spreads at a subsonic velocity: Vcd < C0. 
Consequently, the material behind the phase transition 
front is in the molten state and its thermodynamic 
parameters are below the critical level. This means, in 
turn, that the cathode discharge channel spreads through 
the electron thermal mechanism. The difference between 
the last mechanism and a similar mechanism of the 
primary channel formation is not crucial. The thing is that 
under actual breakdown conditions both the superheat 
instability and point injection of charge carriers contribute 
to the local concentration of the current. These two 
processes can proceed concurrently. The superheat 
instability is preferred for formation of the primary 
channel. Oppositely, point injection with a high current 
density is responsible for the discharge channel spreading. 

The last speculation is confirmed by small values of the 
potential barrier at the dielectric-melt interface. This 
potential barrier in AHC's equals 10−2 < Δ < 10−1 eV [4].  

From the laws of conservation of mass flux, 
momentum and energy it follows, as the one-dimensional 
approximation, that the effective power density at the 
interface Φ1 (Fig. 2) is  
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where Δh1 if the change of the enthalpy, J/kg; r0 is the 
radius of a point injector; σ0 is electric conductivity of the 
solid dielectric near the interface.  

The cathode discharge rate can be determined as 
[4] 
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Here ΔW(Vcd) is the change of the enthalpy at a 
temperature T(Vcd) referred to one molecule; ΔWmelt is as 
above for the melt; Tc is the critical temperature; k is the 
Boltzmann constant; c = Tc − Tmelt.  

Considering known relations of the theory of 
injection currents [2], from expressions (2)-(3) it is 
possible to estimate quantitatively parameters of the 
material and the discharge depending on the discharge 
rate for, e.g., NaCl (Table 1).  

Table 1 [4] 
 

Discharge velocity, 
 Vcd (U), m/s 

Para
meter 

Meas. unit 

7.5⋅102 1.4⋅103 2.5⋅103 
U0 103 V 25 47 130 
i 10−3 A ~0.1 ~1.0 ~10 
T 103 K 1.47 1.84 1.98 

Δh 106 J/kg 1.65 2.13 2.68 
ρ1 103 kg/m3 1.35 1.18 0.95 
q 1012 W/m2 3.48 13.5 85.7 
r0 10−7 m 0.5 1.55 4.0 
r 10−6 m 47.4 65 108 

U(r) 103 W 0.55 2.0 8.3 
E 107 V/m 0.65 1.75 4.3 
j 1010 A/m2 1.27 1.33 2.9 
σ 102 Ohm−1m−1 5.89 4.26 2.52 

 
 



Fig. 2. One-dimensional model of the cathode discharge channel 
 

 
V. THE ANODE PULSE DISCHARGE CHANNEL 

As was emphasized in the foregoing, the electron-
thermal mechanism is also responsible for formation of 
the primary channel at the anode. A subsonic spreading 
velocity of this channel determines the shape of the 
channel, which is a capillary with fused smooth walls. 
Later the mechanism is altered. The channel spreads at a 
supersonic velocity Vad. This is accompanied by an 
intensive decomposition of the solid material near the 
channel (Fig. 3).  

 
Fig. 3. Channels of an incomplete pulse discharge in acrylic glass in 
transmission (a) and reflected (b) light: 1 – pointed anode; 2 – region of 
primary channels; 3 – region of main channels. 

 
The physical origin of this transition is considered 

elsewhere [6]. It is due to an exponential development of 
an instability of the interface between the melt and the 
solid electrolyte if the latter possesses a "frozen" positive 
charge.  

Some effects accompany spreading of the main 
discharge channel from the anode. They are very 
significant for elaborating the corresponding physical 
models of the process. Thus, from the moment the 
channel glows at U0 and (Du/dt)0,  the velocity Vad 
remains unchanged and is independent of any changes in 
the voltage pulse parameters with time. The glow velocity 
and the phase transition front speed coincide until a 
maximum speed Vad > 1000 km/s (Fig. 4).  

Fig. 4. Chronogram of intrinsic glow of the anode discharge channel in 
KCl (1) and channel plasma (2) 

 
Plasma in the discharge channel has two regions 

with different thermodynamic parameters. Parameters of 
the plasma immediately behind the phase transition front 
are much superior to those of the rest channel plasma. As 
a result, they issue at different speeds from the channel 
mouth to air (Fig. 5). Finally, the phase transition front 
produces an oblique shock wave, which is quite natural if 
one considers a supersonic speed Vad.  

 

Fig. 5. Chronogram (slit scan) of issuing channel plasma of a 
nanosecond anode discharge in KCl: 1 – plasma  at  the  head  of  the  
discharge channel (Vn1 ≤ ≤ 30 km/s); 2 – channel plasma. 

 
All these features are characteristic of detonation 

in a wide sense of this term. A most general formulation 
of this phenomenon can be found in [7]. The detonation 
process is characterized [10] as "appearance and existence 
of a stationary complex 'shock wave + energy generation 
zone' ". Let it be recalled that today other forms of 
detonation, e.g., light and thermonuclear detonations [8], 
are considered in addition to the widely known detonation 
of explosives. The concept of detonation is also used to 
describe spreading of a discharge channel in air [9] or 
after breakdown of thin-film M-D-M structures [10].  

Considering specific features of the spreading 
mechanism of anode discharge channels, it was called 
"electronic detonation". Indeed, a shock wave is formed 
initially when its speed exceeds the supersonic velocity 
and the melt-dielectric interface is highly unstable.  

The shock wave acts upon the solid electrolyte 
and, as a result, the forbidden band Efb narrows to values 
providing appearance of conduction electrons with a 
required velocity [11]. In turn, this process is 
accompanied by generation of an energy Qed behind the 
phase transition front (in the energy generation zone), 
which supports further propagation of the shock wave. 
The process becomes a quasi-stationary one [4].  

The detonation approximation can be used to 
estimate main parameters of the material in the energy 
generation zone for the whole range of the electronic 
detonation rate Ded:  
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Here Qed, H and U denote the specific energy, the 
enthalpy and the internal energy in the energy generation 
zone respectively, J/kg.  

The relation between the velocity Vad and the rate 
Ded is established by measuring [12] initial velocities at 
which plasma issues to air. It was found [4] that at 6 ≤ Vad 
≤ 1100 km/s the rate Ded in KCl changes in the limits 6 ≤ 
Ded ≤ 26 km/s. This fact confirms occurrence of oblique 
shock waves when Ded = Vad sinα. The angle α is larger 
than the Mach angle for all Vad values [12]. The 
polytropic index n in (6) is found from experimental 
shock adiabats of solid dielectrics.  

The analysis of velocities Vad showed that when 
solid dielectrics are broken down, the plateau of square 
pulses has some voltage interval ΔU1 where Vad changes 
abruptly. In AHC's this changes takes place at 100 ≤ U ≤ 
150 kV (Fig. 6).  

 
Fig. 6. Spreading velocity of the anode discharge channel after NaCl (a) 
and KCl (b) are punctured with microsecond (1) and nanosecond (2) 
square pulses of voltage. Cs is the sound velocity. 
 
The analysis of equations of the energy balance during 
electronic detonation showed that this effect is connected 
with substitution of the mechanism responsible for 
generation of the energy Qed. Given a relatively low rate 
Ded < 10 km/s, the pressure in the energy generation zone 
(Fig. 7) 
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depend on the extent l1 of the energy generation zone, the 
current density j, and electroconductivity σ1. Values of 
Qed determined using hydrodynamic (6) and electric-
hydrodynamic (8) models were compared. Experimental 
data on the dependence σ1(P1) confirm the possibility that 
a Joule energy sufficient for upkeeping a shock wave is 
produced [13].  
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Fig. 7. Conditions of flow in a one-dimensional electronic detonation 
wave in a moving system of coordinates at Ded < 10 km/s. 

 
If the rate Ded and, correspondingly, the plasma 

pressure and temperature, increases further, 
electroconductivity of the plasma is improved. In this case 
the Joule energy is insufficient for the electronic 
detonation process. The mechanism responsible for 
generation of the energy Qed is altered and, consequently, 
a number of phenomenological values of the channel 
formation process change [14].  

If Ded > 15 km/s  and,  correspondingly,  Vad > > 
500 km/s, the lifetime (z ≥ 1) of the strongly ionized 
material becomes comparable with the natural oscillation 
frequency of the lattice. Therefore dense non-ideal plasma 
immediately behind the shock wave front may be in the 
state of a physical cluster [15].  
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Fig. 8. Conditions of flow of a one-dimensional electronic detonation 
wave in a moving system of coordinates at Ded > 15 km/s. 

 
The energy generation zone has a more complex structure 
(Fig. 8) and the specific energy Qed becomes 
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where l0 is the extent of the region of the solid dielectric 
with the field E0 and UT is the thermal component of the 
cluster energy [15]. It is not improbable that the energy 
produced at the end of the energy generation zone during 
decomposition of the physical cluster can change the 
character of the electronic detonation and transfer it to the 
group of "overcompressed" detonation [16].  



Calculated parameters of the material in the energy 
generation zone during the anode discharge in KCl are 
given in Table 2.  

Table 2 [4] 
 

U, 
kV 

Vad, 104, 
m/s 

Ded, 104, 
m/s 

r0, 106, 
m 

n, 
Ohm-1m-1 

50 
120 
140 
175 
220 
315 

6.0 
180 
250 
490 
890 
1.15 

5.5 
10.0 
13.0 
16.9 
20.0 
26.0 

0.5 
2.0 
5.0 
7.5 
9.0 

12.9 

2.5 
102 
103 

5.13 106 

1.1 106 
2.1 106 

 
i, A U, kV Q, 106, 

J/kg 
j, 1010, 
A/m2 calc. exp. 

50 
120 
140 
175 
220 
315 

1.0 
8.5 

12.3 
50.0 
75.0 
125.0 

0.23 
2.6 
8.0 

22.4 
33 

51.8 

1.8 10-3 
0.32 
6.3 

19.7 
42.0 
135 

~ 10-3 

− 
− 
− 

60,0 
− 

 
In the interval 5.5 ≤ Vad ≤ 1150 km/s the power density in 
KCl changes between 1014 ≤ q0 ≤ 3⋅1016 W/m2.  

 
VI. CONCLUSION 

The proposed approach to description of pulse electric 
breakdown of solid dielectrics is based on the study into 
physical processes that take place during formation and 
spreading of discharge channels. This approach seems to 
show much promise. It allows determining for the first 
time the mutual quantitative relation between parameters 
of voltage and current pulses (U, dU/dt, j), 
thermodynamic and energy parameters of materials in the 
phase transition zone (P, T, Δh, Qeff, q, σ), and individual 
properties of dielectrics (ρ0, ε, K, EG). However, further 
development of the proposed approach calls for a variety 
of special theoretical and experimental studies, most of 
which are listed in [4].  
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