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Abstract 

The primary and secondary processes of anodic electrical breakdown in dielectric materials are considered. 

The primary process of formation of the breakdown channel is caused by the mechanism of generation of free 

electrons by means of interatomic Auger transitions in the valence band of the dielectric. The secondary processes 

are connected with destruction of the channel surface by bombardment with accelerated ions in a strong non-

uniform field and impact multiplication of ions during collision with conglomerates of atoms of the substance in 

the region of its gas phase. 
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Introduction 
Electrical breakdown of dielectric materials re-

mains a pressing issue in the development and opera-

tion of high-voltage devices and structures. Modern 

breakdown studies are related to the production of in-

sulators of very complex design using additive manu-

facturing (3D printing) [1], assessment of the electrical 

strength of dielectrics of complex composition, in par-

ticular various HDPE/PP and LDPE/PP mixtures [2], 

study of the influence of barriers and interfaces on the 

electrical strength and service life of insulation samples 

[3-5], study of the degradation processes of dielectric 

properties of liquids in a strong electric field [6], and 

the use of ether liquids as an analogue of mineral oil for 

transformer equipment [7]. 

The theoretical model of the electron avalanche by 

A. von Hippel, H. Fröhlich [8] is used by the authors 

[for instance, 9-11], but is not dominant at present. 

Electrical breakdown from the anode (anodic break-

down) in alkali halide crystals (AHC), CdS semicon-

ductor, polymers [12-23], liquid dielectrics [24-26] is 

satisfactorily described by the mechanism of cascade 

Auger transitions in the valence band of the dielectric. 

The appearance, movement and orientation of the elec-

trical breakdown channel are determined taking into ac-

count data on the crystal-chemical and energy structure 

of the substance. 

The mechanisms of cathodic breakdown are asso-

ciated by researchers with the influence of electrons in-

jected from the cathode. In alkali halide crystals, ac-

cording to the authors of [9], impact ionization and ex-

citation of luminescence centers are observed only in 

channels of increased electrical conductivity created 

under the influence of a super-strong electric field. 

These channels are areas with a modified structure, 

having a high concentration of linear and point defects. 

For polymeric materials, K. Kao [27, 28] proposed 

a multi-stage process of macromolecule rupture in an 

electric field. The process includes the injection of elec-

trons from the cathode into the polymer and the capture 

of the injected electrons with the release of energy ap-

proximately equal to the depth of the trap. This energy 

is transferred to another electron, resulting in the emer-

gence of hot electrons. The latter cause the disintegra-

tion of macromolecules into free radicals. The mean 

free path of electrons increases in areas of lower density 

(due to the destruction of macromolecules). This cre-

ates conditions for impact ionization of molecules, 

which leads to a sharp increase in current. The released 

heat initiates the destruction of the polymer and the for-

mation of a breakdown channel. 

In dielectric liquids, the discharge glow is associ-

ated with the gas phase by the authors of [7, 29]. Ac-

cording to measurements [29], at the first stage there is 

a continuous spectrum in the region of 480-520 nm, 

which can be attributed to the dissociation of liquid 

molecules and the recombination of molecular frag-

ments. At the second stage, almost simultaneously, a 

line spectrum of the Ha and HB bands of the Balmer se-

ries arises due to the emission of excited hydrogen at-

oms, and the C2 Swan series bands of the glow of ex-

cited molecules of carbon radicals C2 [7, 29]. The au-

thors of [30] assume that the injected electrons gain 

energy in the electric field above the C - H bond energy 

and cause the dissociation of transformer oil molecules 

with the formation of hydrogen atoms. The formation 

of gas bubbles is possible as a result of heating and boil-

ing of the liquid when the injection current flows from 

the electrode [7, 29-31]. 

Electrical breakdown in dielectric materials is a 

complex physical phenomenon, including processes of 

generation, carrier recombination, charge transfer, and 

is characterized by high values of temperature, pres-

sure, and carrier concentration in the breakdown chan-

nel. In [15, 16, 23], it is shown that the phenomena be-

fore breakdown include primary processes of the break-

down channel front movement, conduction current 

flow, as well as secondary effects associated with in-

creased conductivity and destruction of the channel 

walls. 

In this paper, the modeling of streamers, the main 

properties of streamers that influence secondary ef-

fects, approaches to interpreting the mechanism of in-

creasing conductivity and destruction of capillary walls 

are presented. 

Mechanism of interatomic cascade Auger 

transitions 

Generation of free carriers 
Most of the studies of the properties of electrical 

breakdown have been carried out using alkali halide 

crystals, as materials with well-studied physical prop-

erties. The diagram of the energy bands in the contact 
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region of a metal electrode and a NaCl sample in a 

strong electric field is shown in Fig. 1. The crystal is 

oriented in the <110> direction. The energy levels of 

the states of the Na and Cl atoms are given in accord-

ance with the data of [33]. 

 

 
Fig. 1. Scheme of Auger transitions in NaCl in a strong electric field. Wc, Wv, WF are the energy levels of 

the conduction band bottom, crystal valence band ceiling and the Fermi metal, respectively; E1 is the electric 

field of the space charge 

 

According to [23-25], the onset of the breakdown 

channel formation is determined by the processes at the 

metal-dielectric interface. At an average field strength 

in the sample of ~ 106 V/cm, the real strength near the 

electrode microtips can be more than ~108 V/cm. In the 

near-electrode region of the dielectric, due to the tunnel 

transition of electrons into the metal, Cl+ ions with two 

holes in the 3p -orbitals are formed. This requires a 

voltage U such that the edge of the valence band of the 

dielectric rises to the Fermi level of the metal. In a NaCl 

crystal, an electron at the 2p -level of Na+ is located ~ 

22.4 eV below the bottom of the forbidden band and 

does not participate in the recombination of the hole on 

Cl+. The decay of the hole on Cl+ occurs as a result of 

the interatomic Auger transition of an electron from the 

3p -orbital of the neighboring Cl- atom and the subse-

quent generation of an Auger electron in the conduction 

band (Fig. 1). The Auger transition is possible provided 

that the minimum energy gap between the 3p -levels of 

chlorine in an electric field is not less than the width of 

the forbidden band of the dielectric Wg=8.8 eV. The 

space charge (SC) includes layers of Cl0 and a layer of 

doubly positively charged Cl+ ions. 

A single cycle of the SC front movement in a NaCl 

crystal can be divided into two successive stages. At the 

first stage, when the critical local electric field strength 

of ~ 108 V/cm is reached, a hole recombines on Cl+ due 

to the interatomic Auger transition of an electron from 

a neighboring chlorine atom over a time of τA ~ 10-16 s 

and the generation of an Auger electron into the con-

duction band of the dielectric. The channel moves one 

interatomic distance (Fig. 1). The negative charge of 

the electrons lowers the holes charge field and, accord-

ingly, the bending of the bands near the SC boundary. 

The second stage is associated with the extraction of 

electrons from the SC region by an external electric 

field and the achievement of a critical field strength for 

the implementation of the next cycle. Cycle time Δt can 

be represented as 

Δt = τA + τ1,    (1) 

where τ1 - time by electron extraction. 

The spatial structure of the breakdown channel is 

formed by a set of single Auger junction channels (Fig. 

1) running in one direction and includes a positive 

space charge, a heated layer of material, and a conduct-

ing channel of complex phase composition with elec-

tron-hole plasma. The channel front moves from the 

positive electrode into the sample. 

The concentration of N ions in the series of NaCl, 

KCl, KBr crystals decreases as 5.8, 4.1, 3.4 1021 cm-3. 

According to the mechanism of cascade Auger transi-

tions, the initial concentration of Auger electrons is 

probably n1 ≈ N/2 ≈1021 cm-3. The recombination pro-

cess decreases the volume concentration of electrons n 

and holes p. The rate of electron recombination can be 

represented as 

2

T B

n
sv np n p

t



  


  (2) 

where s ≈ 10-13 cm2 is the cross section of electron 

capture by a charged center, vT ≈ 107 cm/s is the thermal 

velocity of electrons, and aB is the impact recombina-

tion coefficient [16]. The first term on the right-hand 

side of (2) describes the quadratic recombination of car-

riers, and the second describes the impact recombina-

tion, when, during the recombination of an electron 

with a hole, part of the energy is transferred to another 

electron. Impact recombination of charged particles in 

highly ionized gases predominates over the quadratic 

one at electron concentrations above ∼ 1017 cm-3 [34]. 

High values of free electron concentration n in alkali 

halide crystals can be obtained by irradiation with a 

high-current electron beam [35]. In single-crystal KCl, 

KBr, NaCl, the change in  

the electron concentration from the beam current 

density is satisfactorily described by quadratic recom-

bination up to values of n ≈ 1016 cm-3 (excitation current 

density ~103 A/cm2). Above n ≈ 1016 cm-3, a sharp de-

crease in the growth of the electron concentration is ob-

served. The authors of [35] attribute this effect to the 

capture of electrons by newly generated radiation de-

fects. However, as shown in [36], at high excitation lev-

els (beam current density above 20 A/cm2), effective 

depletion of the capture centers by secondary electrons 

occurs at the stage of their thermalization and, conse-

quently, the effect of concentration saturation can be 

associated with the onset of impact recombination. 
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The impact recombination coefficient in KCl and 

NaCl crystals was estimated in [16] based on the exper-

imental data of [35]. The time resolution of the setup 

was ~ 0.1 ns, the beam current density was j = (30−104) 

A/cm2, and the electron pulse duration was ~ 50 ps. At 

the irradiation stage, the conductivity pulse followed 

the excitation pulse without inertia, which was ob-

served when the carrier lifetime was shorter than the 

beam current pulse duration. In this case, the irradiation 

process could be considered quasi-stationary and the 

generation and recombination rates could be equated to 

Ge = aBn3. The carrier generation rate was calculated 

using the formula 

Ge = j W0m/(e Weh l) ,   (3) 

where j ≈ 104 A/cm2, ΔW0m ≈ 0.2 MeV is the av-

erage energy of electrons in the beam, Weh ≈ 1.5Wg is 

the average energy of creating an electron-hole pair in 

the material, e is the electric charge of an electron, l ≈ 

150 μm is the electron range in the sample. According 

to the results of [16, 35], at the maximum beam current 

density, the generation rate is ~ 1029 cm-3s-1, the elec-

tron concentration is in KCl ~ 2·1016 cm-3 and in NaCl 

~ 4·1016 cm-3, the coefficient aB, neglecting quadratic 

recombination, is equal to 1.3·10-20 and 1.6·10-21 cm6s-

1, respectively. 

The solution of equation (2) for the concentration 

n at time t without taking into account the quadratic re-

combination component has the form 

1

2

1 1B

n
n

n t



 .   (4) 

Nonradiative recombination of electrons and holes 

results in heat release and an increase in thermal pres-

sure PT due to the oscillation of atoms around the equi-

librium position. The heat of recombination per unit 

volume can be estimated as WT = (n1 - n)Wg. The rela-

tionship between thermal pressure and thermal energy 

per unit volume is given by the equation 

PT = γ WT,    (5) 

where γ is the Grüneisen coefficient [37]. 

An increase in thermal pressure is accompanied by 

an expansion of the heated volume. The motion of the 

substance occurs sequentially from the surface bound-

ary to the breakdown channel axis with the speed of 

sound vs. In NaCl and KCl samples, the speed of sound 

vs ~ 4.79·105 cm/s and 4.52·105 cm/s, respectively [38]. 

With a breakdown channel diameter of dk ~ 1 μm, the 

acoustic relaxation time τa = (0.5dk)/vs ≈ 10-10 s. Acous-

tic waves arise in a solid provided that the energy input 

time is less than τa. 

During time t ≈ τa, the electron concentration near 

x1 drops according to (4) to n2 ≈ 1016 cm-3. The energy 

released per unit volume is (n1 - n2)Wg ≈ 1.4 kJ/cm3, 

which is comparable with the heat of fusion for NaCl ~ 

1.054 kJ/cm3 and KCl ~ 0.68 kJ/cm3, but less than the 

heat of evaporation 7.98 kJ/cm3 and 5.5 kJ/cm3, respec-

tively [38]. The pressure near the boundary x1, accord-

ing to (5), is ~ 109 Pa. This pressure corresponds to 

weak shock waves and is capable of deforming the ma-

terial adjacent to the channel walls. 

Probably, the transition heated region is in a solid 

state, since at such compressions for the transition to 

the liquid state the heat of fusion is required, which ex-

ceeds the heat at atmospheric pressure by 1.5-2 times 

[37]. This is due to the fact that during the compression 

of the substance the height of the potential barrier in-

creases, which the ion must overcome in order to leave 

its crystal lattice site. The length of the transition region 

of the channel at velocities v ~ 107 - 108 cm/s is τa·v ~ 

10 – 100 μm. The result of the assessment of the size of 

the transition region (tens of microns) is in agreement 

with the data of works [8], where it is shown that the 

glow in the breakdown channel is associated with a dis-

charge in the gas phase, and the length of the glow and 

the length of the channel have close values. Consider-

ing that the tensile strength of alkali halide crystals does 

not exceed ~ 5·106 Pa [8], deformations in the heated 

region along the channel axis, in the direction of the 

positive electrode, will lead to the destruction of the 

substance and the formation of a gas phase. 

Formation of space charge 

The formation of a space charge at the boundary 

of a conducting layer at x = x1 (Fig. 1) with concentra-

tions of free electrons n and fixed holes p is described 

by the continuity equations (6) and Poisson equations 

(7) 

 G en E
t x

 
  

 
,   (6) 

0

E

x

 


 
 ,   (7) 

where μ is the electron mobility, ε and ε0 are the 

permittivity of the sample and the electric constant, re-

spectively. ρ = e(p - n) is the volume charge density; E 

= E0 + E1, is the total electric field strength (E0 = U/x2 

is the external electric field strength, E1 is the field 

strength of the space charge Qs), G=n1/τA is the volume 

charge generation rate of Auger electrons in the space 

from x1 to x1 + Δx ; where Δx ~ 4 Ǻ is the thickness of 

the atomic layer in the crystal. The Auger generation 

turn-on time is from tk to tk + τA , where tk is the time to 

reach the critical field strength, 

The initial (8) and boundary (9) conditions of the 

problem will be as follows  

at t = 0 the field strength E = 0,  (8) 

for x ≥ x1 the values σ = 0, we denote E1 = Es(t), (9) 

where Es(t) is the electric field strength beyond the 

boundary of the space charge x1, σ = enμ is the conduc-

tivity. The short-circuit condition has the form (10) 
2

1

0

0

x

E dx   .   (10) 

As a first approximation, equation (10) can be rep-

resented as 

E1x1+ Es (x2 - x1) = 0 . (11) 

The solution of equations (6) and (7) with the ini-

tial and boundary conditions relative to E1 was obtained 

in [23] and has the form 

1 0 1 1
At

G x
E E e e


 
 

   
      

   
 , (12) 

where τ = τMx1/(x2-x1) is the time constant of the 

circuit, τM = εε0/σ is the Maxwell relaxation time. The 

decrease in the field strength of the positive space 
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charge E1 occurs due to the inclusion of the Auger elec-

tron field. In the absence of Auger generation, the field 

strength E in the sample region 0 - x1 is equal to 

0

t
E E exp

 
  

 
 .   (13) 

In the region x1 - x2, the field strength Es of the 

space positive charge Qs, taking into account (12), is 

determined by the dependence 

 
0 1

2 1

1
t

s

E x
E e

x x




 
  

  
   (14) 

In a uniform external field, the strength Es in-

creases superlinearly with the growth of the coordinate 

x1. At x1 = 0.5x2, the value Es = E0 with a subsequent 

sharp increase at x1 > 0.7 x2. The spatial structure of the 

electric field E1 of the space charge Qs in the region 0-

x2 is shown in Fig. 1. The value of the positive space 

charge is determined as 

0 2s s

k
E Q

cm

 
   

 
 .  (15) 

The charge Qs induces a corresponding negative 

charge in the metal electrodes. 

In the case of a non-uniform field, the maximum 

field strength near the tip Em in the structure of the “hy-

perboloid of revolution – plane” electrodes is equal to 

[39] 

2

4m

U
E

d
r ln

r

  ,   (16) 

where r is the radius of curvature of the electrode, 

d is the thickness of the sample. The change in the elec-

tric field strength Ex from the coordinate x in the gap 0–

x2 of the dielectric is determined by the expression [39] 

x m

r
E E

r x



.   (17) 

The distribution of Ex is non-uniform and obeys 

the hyperbolic law. In the non-uniform field in the in-

terval 0 – x2 there is a point xmid, where Ex(xmid)=Emid 

=U/d. This means that in the region from the tip elec-

trode to the position xmid the intensity is higher than the 

average Emid, and in the region from xmid to the flat elec-

trode it is lower. The value xmid ≈ (0.25-0.3)x2. The cal-

culated curves of the distribution of the external field 

Ex/Em, in the space 0-x2 of the sample at r =50 μm are 

presented in [22]. 

Pre-breakdown currents 

The conduction current density in the space 0 - x1 

is equal to 

i1 = σE = σ E0 exp (-t/ τ).  (18) 

The displacement current density in the space x1 - 

x2 has the form 

0
s

s

Q t
i E exp

t

  
    

  
 .  (19) 

The conduction current densities (18) and dis-

placement (19) are equal. 

Currents (18), (19) arise during the formation of 

the space charge Qs at the boundary x1 (σ = 0). At the 

moment the voltage is turned on, the current i1 = σE0 

and decreases with time according to the exponential 

law. In the model of the breakdown channel motion at 

a constant field strength, equation (18) can also be con-

sidered as the dependence of the current density on the 

position of the space charge Qs(x1) in the sample at a 

time different from t = 0. The dependence of the con-

ductivity current density function (18) on the argument 

t1 = x1/v (where v is the breakdown channel velocity, tb 

= x2/v is the breakdown time) for fixed time values t01 

= 0.1τM (curve 1), t02 = 0.05 τM (curve 2) and t03 = 0.01 

τM (curve 3) is shown in Fig. 2. The current density in-

creases slightly with increasing coordinate x1. 

 
Fig. 2. Dependence of the conduction current density function in the breakdown channel on time 

 

Breakdown channel movement speed 

The time τ1 in formula (1) can be determined from 

the relationship 

τ1 = QA /i1 ,   (20) 

where QA=εε0 1
AG x

e





 
 

  
=

1
A

mG x e

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 
 - is the charge density of Auger 

electrons according to expression (12). The product 

GτM = (n1/τA)τM characterizes the decrease in the con-

centration level of Auger electrons under the action of 

the Maxwell relaxation process. The injection of carri-

ers occurs in a short time and does not depend on the 

field strength E0. The cycle time Δt is determined as  
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exp )1 exp(m k A
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tG x
t
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

 






  
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
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Probably τ1 ≈ tk. The formula for Δt allows us to 

estimate the dependence of the channel velocity v(x1) ≈ 

Δx/Δt on the coordinate x1. According to (20, 21), the 



130 Norwegian Journal of development of the International Science No 146/2024 

 

velocity increases with increasing E0, conductivity σ 

and coordinate x1, due to an increase in current i1. 

Electrical parameters of breakdown 

An important characteristic of electrical break-

down is the conduction current. In the experiment, the 

registration of pre-breakdown currents at the front of 

the voltage pulse is associated with the need to use 

bridge measurement circuits to compensate for capaci-

tive recharge currents [40, 41]. 

Oscillograms of voltage U and pre-breakdown 

current I in a NaCl crystal with a thickness of ~2 mm 

with a positive polarity of the tip electrode are shown 

in Fig. 3 [40]. 

 
Fig. 3. Oscillograms of voltage pulse U and current I in a NaCl crystal [40] 

 

The beginning of the discharge propagation is 

noted on the oscillograms by the appearance of a cur-

rent of the order of ~10-4 A (Fig. 3). As the discharge 

moves deeper into the sample, the current amplitude re-

mains constant and after 1/2 of the breakdown time in-

creases exponentially. The maximum current of ~10-3 

A corresponds to the time when the breakdown channel 

reaches the cathode. This is followed by a sharp in-

crease in current, which is not reflected in the photo-

graph. According to the data in [40], the diameter of the 

breakdown channel is expanded at the anode to ~2-3 

µm and narrows towards the cathode to ~0.5 - 1 µm. 

As shown above, the amplitude of the pre-dis-

charge current can increase no more than a few percent 

when passing a channel in the sample. For the primary 

breakdown, the current density is i ≈ 104 A/cm2 for a 

channel diameter of 1 μm. At an average field strength 

of ~105 V/cm, the breakdown front velocity is v ≈ 106 

cm/s, and the breakdown time is ≈2·10-7 s. The conduc-

tivity is σ = i/Emid ≈ 0.1 -1 cm-1. The Hall mobility of 

electrons in the NaCl crystal is μ = 20 cm2/Vs [42]. As-

suming that the mobility in the heated transition layer 

is μ ≈ 10 cm2/Vs, the electron concentration in the con-

duction current is n2 = σ/eμ ≈ 1017 cm-3, which is close 

to the theoretical estimate made above. 

The dependence of the current on time during 

breakdown in a water layer 1 cm thick is shown in Fig. 

4 [41]. The increase in current near t ≈ 50 ns corre-

sponds to the beginning of the development of the 

breakdown channel from the tip. At the initial stages of 

the increase in the conduction zone into the gap, the 

current remains constant (~2 A) until the zone dimen-

sions reach ~5 mm, i.e. approximately half the distance 

from the tip top to the flat electrode. Then the current 

increases several times before the conductive channel 

covers the entire interelectrode gap. With an average 

electric field strength of ~5·104 V/cm, the speed of the 

breakdown front is ~6.7·106 cm/s. 

 
Fig. 4. Pre-breakdown current in water and voltage on the measuring capacitor [41] 

 

The idea of the channel diameter and the speed of 

its movement in a water gap d = 800 µm with a uniform 

field of ~2 MV/cm according to the data of work [32] 

is demonstrated by Fig. 5. The time between frames is 

~1 ns, the average speed is ~ 107 cm/s. The length and 

diameter of the anode glow increase superlinearly in the 

process of channel development toward the cathode. 

The channel diameter near the anode at the initial stage 

of breakdown (Fig. 5) is dk ≈ 80 µm. 

 
Fig. 5. Change in the length and diameter of the anode glow over time during breakdown in water [32]. 
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With regard to the experiment in Fig. 4, the con-

ductivity current density in water at dk ≈80 μm is i ≈ 104 

A/cm2, conductivity σ ≈ 0.4 -1 cm-1. 

Secondary effects of breakdown 

 

The transverse dimensions of the breakdown 

channel in AHC are quite stable over its large length 

[23]. An increase in the channel diameter near the an-

ode surface of the NaCl sample was noted in [40]. The 

diameter and length of the anode glow in water [32] in-

crease superlinearly in the process of channel develop-

ment toward the cathode (Fig. 4). In strong electric 

fields (Emid>106 V/cm), electrical breakdown in KCl is 

accompanied by the formation of a hollow ellipsoid in 

the crystal, located along the channel line [43]. 

The destruction of the channel surface is probably 

associated with its bombardment by ions accelerated in 

a strong non-uniform field in the gas phase of the dis-

charge. In general, ion sputtering begins when the ion 

energy Wi exceeds the threshold value Wb. The value of 

Wb weakly depends on the mass of the colliding parti-

cles and is in the range of ~10-30 eV. The efficiency of 

the sputtering process increases with the growth of the 

mass of the bombarding ions, the angle of incidence of 

ions from 0 to 40-700 and the energy Wi to 70-80 eV 

[44]. A model of sputtering of two-component materi-

als by light ions is presented in [45]. According to the 

model, the outgoing flow of atoms is associated with 

the movement of a certain conglomerate of atoms of 

both components. 

Work on mass spectrometry of plasma clots 

ejected into a vacuum from the surface overlap region 

and from breakdown channels in solid dielectrics 

shows that the main part of the ionic charge is carried 

by singly ionized molecules. In the case of KCl, there 

are ions KCl+, K2Cl+, (K2Cl2)+, and in the case of poly-

ethylene, there are singly ionized clusters C2H5
+, C4H9

+, 

C8H17
+, consisting of several monomers. The degree of 

ionization in the breakdown channel in such cases does 

not exceed 10%. It can be assumed that the main share 

of neutral particles has the same composition [26, 46, 

47]. 

Most likely, in NaCl and water samples, the im-

pact particles are Na+ and H+ ions, and conglomerates 

of NaCl+ and H2O+ are sprayed, respectively. In partic-

ular, for positive ions, there is an angular component of 

the field strength to the surface of the channel wall. The 

gas phase includes neutral and positively charged ions 

and conglomerates of atoms of the original substance. 

The current increase in the experiment (Fig. 3, 4) 

can be attributed to secondary breakdown effects. The 

nature of the current increase corresponds to the expo-

nential law I(t)~ 2n (where n is an integer). The start of 

the current is shifted by time tg and is probably associ-

ated with the beginning of the process of gas phase for-

mation. The drift velocity vd of a charged particle in the 

gas phase in a non-uniform electric field Ex is deter-

mined as  

vd =μEx    (22) 

The superlinear growth of current I(t) Fig. 3.4 is 

satisfactorily described by the sum of step functions in 

the form 

   i g i

i

I t I t t   ,  (23) 

where i is the particle number, tg is the formation 

time of the gas phase, Δti is the delay time of ion motion 

relative to tg. For the current Ii, the following notations 

are introduced: k is the number of steps, is the step 

duration. Equation (23) is satisfied provided that the Δti 

values of the particles are in a narrow time interval Δti 

< . The current function of a charged particle I1 in 

NaCl and water samples is shown in Fig. 6. 

 
Fig. 6. View of the current function I1 during impact multiplication of charged particles in NaCl (a) and water 

(b) samples 

A characteristic feature of the current structure is 

its periodic doubling at each time interval which 

corresponds to the process of impact disintegration of 

conglomerates of atoms of the substance during bom-

bardment with fast particles. An increase in the duration 

of the charged particle acceleration period  satisfac-

torily correlates with a decrease in the amplitude of the 

electric field strength Ex in the tip-plane electrode sys-

tem. This indicates the movement of an avalanche of 

positive ions from the anode electrode deep into the 

sample. Quite large values of , probably include the 

times of the process of spraying the channel walls with 

the formation of conglomerates of NaCl+, H2O+ and the 

subsequent reaction of impact multiplication of Na+ and 

H+ ions according to the schemes 
0, 2Na NaCl Na NaCl Na NaCl Na Cl           ,   (24) 

0

2 2 2, 2H H O H H O H H O H OH           .   (25) 
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The rate of reactions (24), (25) is probably limited 

by the time of formation of conglomerates. 

The number of acceleration cycles at half the 

channel length is k = 4 for the sodium chloride sample 

and k=6 for water, the time of formation of the gas 

phase is tg ≈ 80 ns. The average path between two acts 

of impact generation zmid in sodium chloride and water 

is ~250 and ~830 μm. The last acceleration cycles (Fig. 

6) are close in time and correspond to motion in the 

mean field region Emid The drift velocity in this region 

for sodium chloride is vd ≈ zmid/  ≈ 106 cm/s and for 

water vd ≈ zmid/  ≈ 5.5·106 cm/s . 

The kinetic energy of Na+ and H+ ions in the re-

gion of average field strength for sodium ions is 10 eV, 

for hydrogen ions 15.6 eV. Probably, such energy is 

sufficient for impact multiplication of ions during frag-

mentation of conglomerates in the gas phase. 

The directed motion of electrons and positive ions 

under the action of an electric field occurs (due to their 

"friction" against gas particles) with some constant av-

erage velocity vd. The mobility is inversely proportional 

to the particle mass. The mobility of ions in the gas 

phase of the breakdown channel in the region of aver-

age field strength, according to (22), is equal to μ≈10 

cm2/Vs for Na+ and significantly greater for H+ μ ≈ 110 

cm2/Vs. According to the data of work [8], under simi-

lar experimental conditions, the values of I(t) in the fi-

nal stage of breakdown are 0.7, 0.3, 0.2 mA for NaCl, 

KCl, and KBr crystals, respectively. The difference in 

currents in NaCl and KCl samples probably arises due 

to the difference in the mobility of Na+ and K+ ions, 

the masses of which are 23 and 39 a.m.u. The lower 

mobility of K+ ions in KBr vapor compared to the mo-

bility in KCl vapor is probably due to the higher scat-

tering cross-section of heavy bromine ions compared to 

that of chlorine ions in a gaseous medium. 

 

Conclusion 

Electrical breakdown in solid and liquid dielec-

trics can be described by the model of cascade Auger 

transitions in the valence band of the dielectric. The 

breakdown channel structure includes a positive space 

charge, a heated layer of material and a conducting 

channel of complex phase composition with electron-

hole plasma. The gas phase contains neutrally and pos-

itively charged ions, conglomerates of atoms of the 

original substance. 

Efficient acceleration of charged particles in the 

gas phase region, a strong non-uniform electric field 

contribute to the destruction of the dielectric channel 

walls. In samples of crystalline NaCl and water, impact 

bombardment probably occurs with sodium and hydro-

gen ions in the direction from the anode surface deep 

into the sample. 

Analysis of the pre-breakdown current structure 

during breakdown in NaCl and water shows that peri-

odic doubling of nonequilibrium carriers corresponds 

to avalanche generation of ions. The current is caused 

by the movement of positive Na+ and H+ ions. 

The kinetic energy of Na+ and H+ ions is ~10, 15.6 

eV, respectively, which is probably sufficient for sput-

tering the channel walls and crushing conglomerates in 

the gas phase. 
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