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Abstract 

The structure of pre-breakdown current in samples of crystalline NaCl, glass, polyethylene, water and trans-

former oil is considered. The primary breakdown current is caused by the mechanism of free electron generation 

through interatomic cascade Auger transitions in the valence band of the dielectric. The secondary current is asso-

ciated with the movement of ions in the gas phase of the channel. The mechanisms of formation of primary and 

secondary breakdown currents are common in solid and liquid dielectric materials.  
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Introduction 

Electrical breakdown is characterized by a loss of 

electrical strength and the destruction of the dielectric. 

Research into the electrical breakdown process in insu-

lating materials helps improve the power and reliability 

of high-voltage pulse power plants. 

High breakdown channel velocities (105-108 cm/s) 

and low channel diameters (1-10 μm) create significant 

difficulties in the experimental study of the breakdown 

process. Direct studies of breakdown parameters in-

clude measurements of the conduction current [1-5], 

the velocity of movement of the breakdown channel 

front [1-9] and the mass composition of the gas phase 

[10, 11]. In experiments, recording pre-breakdown cur-

rents at the voltage pulse front is associated with the 

need to use bridge measurement circuits to compensate 

for capacitive recharge currents [1, 2, 4]. Alternatively, 

the pre-breakdown current structure can be distin-

guished against the background of the discharge curve 

of the electrical circuit. 

Electrical breakdown from the anode (anodic 

breakdown) in solid [12-22] and liquid dielectrics [23-

26] is satisfactorily described by the mechanism of cas-

cade Auger transitions in the valence band of the die-

lectric. The appearance, movement, and orientation of 

the electrical breakdown channel are determined taking 

into account data on the crystal-chemical and energy 

structure of the substance. 

The application of the concept of the band struc-

ture of a substance implies the presence of short-range 

and long-range order in the crystal lattice of a sample. 

Long-range order ensures the band nature of carrier 

motion in a crystal, in contrast to the hopping nature in 

amorphous substances. Short-range order plays a major 

role in determining the energy spectrum of a material 

[27]. The quasi-crystalline structure of solid and liquid 

organic dielectrics arises from the ordering of long mol-

ecules, when the molecules are located more or less 

parallel to each other [28]. In this case, the energy lev-

els of the highest occupied molecular orbital (HOMO) 

correspond to the upper edge of the valence band Wv , 

and the lowest unoccupied molecular orbital (LUMO) 

correspond to the lower edge of the conduction band Wc 

. The highest occupied molecular orbital HOMO and 

the lowest unoccupied LUMO are separated by a band 

gap [28]. 

According to [12-16], the conduction current is 

caused by the mechanism of free electron generation 

via interatomic Auger transitions in the valence band of 

the dielectric. Carrier recombination results in heating 

and the formation of a gas phase in the breakdown 

channel. Secondary processes are associated with the 

destruction of the channel surface by bombardment 

with accelerated ions in a strong non-uniform field and 

the impact multiplication of ions during collisions with 

conglomerates of atoms of the substance in the region 

of its gas phase. The movement of ions creates a sec-

ondary breakdown current. The electrical parameters of 

the currents in samples of single-crystal NaCl and liq-

uid water are presented in [22, 25, 26]. 

In this paper, the processes of formation of pri-

mary and secondary currents of anodic electrical break-

down are considered in a wider range of dielectric ma-

terials. 

Model of electrical breakdown in crystalline 

NaCl 

Generation of free charge carriers 

The diagram of energy bands in the contact region 

of a metal electrode and a NaCl sample in a strong elec-

tric field is shown in Fig. 1. The crystal is oriented in 

the <110> direction. The energy levels of the states of 

Na and Cl atoms are given in accordance with the data 

of [29]. 
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Fig. 1. Schematic of Auger transitions in NaCl in a strong electric field. WF - energy levels of the Fermi metal; 

E1 - space charge electric field 

 

According to [15-16], the onset of breakdown 

channel formation is determined by processes at the 

metal-dielectric interface. With an average field 

strength in the sample of ~ 106 V/cm, the actual field 

strength near the electrode microtips can be greater than 

~108 V/cm. In the near-electrode region of the dielec-

tric, Cl+ ions with two holes in the 3p orbitals are 

formed due to the tunneling transition of electrons into 

the metal. 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 band gap and does not participate in the recom-

bination of a hole into Cl+. The decay of a hole into Cl+ 

occurs as a result of the interatomic Auger transition of 

an electron from the 3p orbital of an adjacent Cl- atom 

and the subsequent generation of an Auger electron into 

the conduction band (Fig. 1,a). The Auger transition is 

possible under the condition that the minimum energy 

gap between the 3p levels of chlorine in an electric field 

is not less than the band gap of the dielectric Wg=8.8 

eV. The necessary band bending for the Auger transi-

tion at a distance close to the interatomic distance is 

provided by the local electric field of the space charge 

(SC) and, first of all, the layer of doubly positively 

charged ions of the halide Cl+ [16, 20]. 

A single cycle of the discharge front movement in 

a NaCl crystal can be divided into two successive 

stages. In the first stage, when the critical local electric 

field strength of ~108 V/cm is reached, hole recombina-

tion on Cl+ occurs due to the interatomic Auger transi-

tion of an electron from an adjacent chlorine atom over 

a time of τA ~10-16 s and the generation of an Auger 

electron into the conduction band of the dielectric. The 

channel advances by one interatomic distance (Fig. 

1,a). The negative charge of the electrons reduces the 

hole charge field and, accordingly, the band bending 

near the conduction band boundary. The second stage 

is associated with the extraction of electrons from the 

discharg region by the external electric field and the 

achievement of the critical field strength for the next 

cycle. Cycle time Δt can be represented  

 

Δt = τA + τ1,   (1) 

 

where τ1 is the time to reach the critical electric 

field strength. 

In NaCl crystals, Auger transitions propagate 

along the Cl- - Cl- ion chain (Fig. 1,b). The spatial struc-

ture of the breakdown channel is formed by a set of in-

dividual Auger transition channels (Fig. 1) extending in 

the same direction. This mechanism ensures high sta-

bility of the breakdown channel's transverse dimen-

sions in alkali halide crystals over a fairly long length 

(Fig. 2). 

 
Fig. 2. Channel of pulsed anodic breakdown in crystalline NaCl. Electrode configuration: positive needle – 

plane [14] 

 

It should be noted that long chains of Cl- - Cl- ions 

(passing through the entire crystal) ensure stable move-

ment of the breakdown channel without breaks (Fig. 2). 

The channel comprises a positive space charge, a 

heated layer of material, and a conductive region of 

complex phase composition with electron-hole plasma. 

The channel front moves from the positive electrode 

into the sample. 

The channel diameter is probably determined by 

the size of the layer of Cl+ ions in the near-surface area 

of the dielectric, and is proportional to the external volt-

age. According to [7], the breakdown channel diameter 

in KCl and KBr samples increases linearly with the 

voltage in the range of 100-300 kV. The breakdown 

channel movement may be delayed by the formation of 

the surface layer of Cl+ ions. 

Formation of space charge 

The formation of a space charge at the boundary 

of the conducting layer 0 - x1 (Fig. 1,b) and an electric 
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current in a metal-insulator-metal structure are consid-

ered. The continuity equation (2) and Poisson's equa-

tion (3) were used in the calculation. 
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where n and p are concentrations of free electrons 

and immobile holes; e and μ are the electric charge and 

electron mobility, ρ = e(p − n) is the space charge den-

sity; E = E0 + E1 is the total electric field strength ( 

E0=U/x2 and E1 are the values of the strength of the ex-

ternal electric field and space charge, respectively); ε 

and ε0 are the values of the dielectric permittivity of the 

sample and electric constant, respectively; G =en1/τA is 

the volume rate of the Auger electron charge generation 

in the space from x1 to x1 + Δx ( n1- initial concentration 

of Auger electrons, Δx is the atomic layer thickness in 

the crystal ~ 4 Ǻ). t 0 is the time of switching on the 

generation of Auger electrons at the moment of reach-

ing the critical field strength. 

The initial and boundary conditions of the problem 

will be as follows:  

at t = 0, the field strength E = 0, (4) 

at x ≥ x1, σ = 0, denote E1 = Es (t), (5) 

where Es (t) is the electric field strength beyond 

the space charge boundary x1, σ = enμ is the conductiv-

ity. After the transformations (2) and (3), we get 
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The integration (6) on the x coordinate using the 

boundary condition (5) gives  
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The short-circuiting condition takes the form (8) 

2

1
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To a first approximation, the equation (8) can be 

written as  

E1x1+ Es (x2 - x1) = 0. (9) 

To find E1 in (7), we shall express Es in terms of 

E1 and integrate the equation (7) with respect to x from 

x=0 to x2.  
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Given the short-circuiting condition (8), we obtain 
2
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where τ = τmx1/(x2-x1) is the circuit time constant, 

τM = εε0/σ - Maxwell relaxation time. The solution to 

the equation (11) for E1 is found to be  
2
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A decrease in the field strength of the positive 

space charge Е1 occurs as a result of the actuation of the 

Auger electron field. Without the Auger generation, the 

field strength E in the sample region 0 - x1 is given by  

0

t
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In the space x1 - x2, the field strength of the space 

charge Es with regard to (9) is written as 
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The field strength Es increases superlinearly with 

increasing coordinate x1. 

. The value of the positive space charge Qs is de-

termined as 
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The spatial structure of the electric field E1 of 

charge Qs in the 0-x2 region is shown in Fig. 1. 

Pre-breakdown conduction current 

In a metal-insulator-metal structure, when voltage 

is applied, the conduction current density in the 0-x1 

space is 

i1 = σE = σ E0 exp (-t/τ).  (16) 

The displacement current density in the space x1 - 

x2 has the form 

0
s
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Conduction current (16) and bias current (17) are 

equal. Currents (16) and (17) arise when space charge 

Qs forms at boundary x1 (σ = 0). Equation (16) reflects 

the fact that, at the moment the voltage is applied, cur-

rent i1 is equal to σE0 and decreases exponentially with 

time. 

The generation of Auger electrons creates a con-

ductive layer in the region x1 + Δx. An electric current 

subsequently arises when space charge forms at the 

boundary x1 + Δx under the influence of an external 

field E0. In equation (16), the relaxation time t is limited 

by the onset of the next Auger transition after time τ1 at 

time t= t0. In the breakdown channel motion model, 

equation (16) can also be viewed as the dependence of 

the current density on the position of space charge 

Qs(x1) in the sample at a time other than t = 0. The de-

pendence of the conduction current density function 

(16) on the argument x1 in coordinates t1 = x1/v (where 

v is the breakdown channel velocity and tb = x2/v is the 

breakdown time) for fixed times t01 = 0.1 τM (curve 1), 

t02 = 0.05 τM (curve 2), and t03 = 0.01 τM (curve 3) is 

shown in Figure 3. 
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Fig.3. Dependence of the conduction current density function in the breakdown channel on the channel travel 

time 

 

The current amplitude (curves 1-3) increases with 

decreasing argument t0, which occurs with increasing 

channel velocity. The current density (curve 3) in-

creases slightly with increasing coordinate x1. 

Breakdown channel movement speed 

The time taken to reach the critical field strength 

τ1 in the equation (1) can be found from the relationship  

 τ1 = QA/i1 , (18) 

where QA - is the charge density of Auger electrons 

according to the equation (12) 
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Carrier injection occurs in a short time and does 

not depend on the field strength E0. 
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The formula for Δt makes it possible to estimate 

the dependence of the channel velocity v(x1) ≈ Δx/Δt on 

the field strength E0, conductivity σ, and coordinate x1. 

Electrical breakdown parameters 

The oscillograms of voltage U and pre-breakdown 

current I in a NaCl crystal with a thickness of d = 2 mm 

and a positive polarity of the needle electrode are 

shown in Fig. 4 [1]. A bridge circuit was used to com-

pensate for capacitive currents. In the needle -plane 

structure of the electrodes, the distribution of Ex is non-

uniform and decreases hyperbolically across the sample 

[1]. The average electric field strength Emid = U/d [30]. 

 
Fig. 4. Oscillograms of the voltage pulse U and current I in a NaCl crystal [1] 

 

The onset of discharge propagation is indicated on 

the oscillograms by the appearance of a current of ap-

proximately ~2·10-4 A (Fig. 4) [1]. As the discharge ad-

vances deeper into the sample, the current amplitude 

remains constant and, after 1/2 the breakdown time, in-

creases exponentially. The maximum current of ~10-3 

A corresponds to the time 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 [1], the breakdown channel diam-

eter expands near the anode to ~2-3 µm and narrows 

towards the cathode to ~0.5-1 µm. 

As shown above, the pre-breakdown current am-

plitude can increase by no more than a few percent as 

the channel passes through the sample. The primary 

current density is i ≈ 2·104 A/cm2 for a channel diame-

ter of 1 μm. At an average field strength Emid ~105 

V/cm, the breakdown front velocity v ≈106 cm/s, con-

ductivity σ = i/Emid ≈ 0.2 Ohm-1 cm-1. 

According to [1], electrical breakdown in NaCl, 

KCl, KBr crystals of different thicknesses at the se-

lected value of Emid ~105 V/cm is characterized by a sta-

ble amplitude of the primary current ~2.8·10-4 A. With 

an increase in the length of the sample, the breakdown 

time and the amplitude of the maximum current in-

crease. 

Secondary breakdown effects 

An increase in the channel diameter near the anode 

surface of the NaCl sample was noted in [1]. 

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 region of 

the discharge. 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 collid-

ing particles and is in the range of ~10-30 eV [31]. The 

efficiency of the sputtering process increases with the 

increase in 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 [31]. A model of sputtering of two-compo-

nent materials by light ions is presented in [32]. Ac-

cording to the model, the outgoing flow of atoms is as-

sociated with the movement of a certain conglomerate 

of atoms of both components. 

Mass spectrometry studies of plasma clots ejected 

into a vacuum from the surface overlap region and from 

breakdown channels in solid dielectrics show that the 

bulk of the ionic charge is carried by singly ionized 
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molecules. In the case of KCl, these are KCl+, K2Cl+, 

and (K2Cl2)+ ions [10]. The degree of ionization in the 

breakdown channel in such cases does not exceed 10%. 

It can be assumed that the bulk of neutral particles have 

the same composition [10]. 

In NaCl samples, the impact particles are most 

likely Na+ ions, and the sputtered particles are NaCl+ 

conglomerates. Specifically, for positive ions, there is 

an angular component of the field strength relative to 

the channel wall surface. The gas phase includes neu-

tral and positively charged ions and conglomerates of 

the original substance's atoms. 

The increase in channel diameter and current 

buildup in the experiment (Fig. 4) can be attributed to 

secondary breakdown effects. The nature of the current 

increase corresponds to the exponential law I(t)~2n 

(where n is an integer). The onset of the current is 

shifted by a time tg and is likely associated with the on-

set of gas phase formation. The drift velocity vd of a 

charged particle in the gas phase in a nonuniform elec-

tric field Ex is determined as 

vd =μEx .   (22) 

The superlinear rise in the current I(t) in Fig. 4 is 

satisfactorily described by the sum of stair step func-

tions:  

   
M

i g i

i

I t I t t   ,  (23) 

where i- number of a claster of charged particles; 

Ii – current with initial carrier concentration N0; M — 

total amount of currents Ii; tg – time to the creation of 

gas phase, Δti – time lag between the start of the current 

flow and tg. We have designated the number of steps as 

k and the duration of the step as tk. The equation (23) is 

satisfied if the time lags Δti lie in the narrow time mar-

gin Δti<tk.  

The function of current I1 created by the bunch of 

the charged particles in sample NaCl is presented in 

Fig.5. 

  
Fig. 5. View of the current function I1 during impact multiplication of charged particles in a NaCl sample 

 

A characteristic feature of the current structure is 

its periodic doubling at each time interval i , which cor-

responds to the process of impact disintegration of con-

glomerates of atoms of the substance during bombard-

ment with fast particles. The increase in the duration of 

the charged particle acceleration period t  correlates 

satisfactorily 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 into the sample. 

Sufficiently large values of t  probably include the 

times of the process of spraying the channel walls with 

the formation of NaCl+ conglomerates and the subse-

quent reaction of impact multiplication of Na+ ions ac-

cording to the scheme 
0, 2Na NaCl Na NaCl Na NaCl Na Cl          

.
   (24) 

The rate of reaction (24) is likely limited by the 

time it takes for conglomerates to form. 

For a sodium chloride sample, the number of ac-

celeration cycles at half the channel length is k = 4, and 

the gas phase formation time is tg ≈ 80 ns. The average 

path between two shock generation events, zmid, is 

~0.25 mm. The last acceleration cycles (Fig. 5) are 

close in time and correspond to motion in the mean 

field region Emid. The drift velocity in this region for 

sodium ions is vd ≈ zmid/ t  ~1.2·106 cm/s. 

The kinetic energy of the ions Na+ in the region of 

the average electrical field strength is ~10 eV. The 

amount of energy is probably enough to sustain impact 

multiplication of ions during the destruction of aggre-

gates in the gas phase. Mobility of Na+ ions in the gas 

phase of the breakdown channel in the region of aver-

age electrical field strength is equal to μ≈12 cm2/Vs, ac-

cording to formula (22). 

The current density in the region of average field 

strength (k=3) is i3≈1.7·104 A/cm2 (Fig. 4), the carrier 

multiplication factor is B=4. The current density can be 

represented as i3=eN3vd, which gives the ion concentra-

tion N3≈8·1016 cm⁻³. Considering that B=4, the sodium 

ion concentration near the anode is N1≈2·1016 cm-3. In 

formula (23), the initial ion concentration N0 can be 

taken to be equal to 0.1·N1, while the number of cur-

rents M is equal to 10. 

Pre-breakdown currents in glass 

A study of the pre-breakdown current in a glass 

sample is presented in [1]. Measurements were per-

formed using voltage pulses with a rise time of 0.2-3 

μs, in a non-uniform field, and with a positive tip polar-

ity. A bridge circuit was used to compensate for capac-

itive currents. Oscillograms of voltage U and pre-

breakdown current I in a glass sample ~5 mm thick are 

shown in Fig. 6 [1]. 
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Fig.6. Oscillogram of the voltage pulse U and current I in a glass sample [1] 

 

When the voltage reaches the breakdown value, a 

current of ~1.6·10-4 A is observed on the oscillogram 

[1]. As the discharge progresses deeper into the sample, 

the current amplitude remains constant and, after 0.3 of 

the breakdown duration, increases exponentially to 

~20·10-4 A. 

Glass is an amorphous substance with preserved 

short-range order of the crystal lattice of the sample. 

The primary processes of the breakdown channel are 

associated with Auger transitions of electrons along the 

chain of nearby oxygen ions and the generation of elec-

trons in the conduction band, as occurs in a quartz crys-

tal [17]. The superlinear increase in current is related to 

secondary phenomena in the gas phase of the discharge. 

The accelerated particles are likely silicon ions. 

Pre-breakdown currents in polyethylene 

The electronic properties of organic dielectrics are 

conditioned by the presence of covalent bonds with sp3 

- hybrid orbitals of the carbon atom [28]. In polyeth-

ylene, each atom of the carbon builds four σ - bonds 

with the neighboring atoms. The σ-bond is formed by 

overlapping sp3 - hybridized orbitals, two with carbon 

atoms and the other two with hydrogen atoms. The en-

ergy spectrum of σ - electrons consists of levels that are 

filled with electrons and those that are not. The highest 

occupied molecular orbital HOMO and the lowest un-

occupied molecular orbital LUMO are separated by a 

band gap. Opinion of the authors of [33], Wg one can 

consider ~8 eV for polymer insulators  

According to the works [15-16], during anode-in-

itiated breakdown, the generation of free electrons and 

holes is caused by the Auger transition of electrons in 

the valence band of the dielectric. In polyethylene, the 

electron transfer occurs along the chain of C- C atoms 

oriented in the direction of the maximum electric field 

strength [20]. Some of the electrons recombine with 

holes with the release of heat. The released energy is 

spent on breaking chemical bonds and forming free 

macromolecules. Thermal pressure forms a hollow 

channel with the gas phase. Macromolecules disinte-

grate into ions under the action of thermal collisions 

[20]. Mass spectrometry of plasma clots ejected into a 

vacuum from the region of the surface breakdown 

channels in polyethylene shows that the main part of 

the ionic charge is carried by singly ionized clusters 

C2H5
+, C4H9

+, C8H17
+. The degree of ionization in the 

breakdown channel in such cases does not exceed 10% 

[11]. 

An experimental study of the pre-breakdown cur-

rent in polyethylene samples with a needle-plane elec-

trode configuration was conducted in [5]. A light-emit-

ting diode connected to the sample's discharge circuit 

was used to record the current. The LED's glow inten-

sity was proportional to the current. A bridge circuit for 

compensating capacitive recharge currents was not 

used. 

According to [5], for samples with a thickness of 

~1.49 mm, the pre-breakdown current appeared at the 

leading edge of a positive voltage pulse with an ampli-

tude of ~60 kV. The voltage pulse duration was 760 ns. 

The average field strength in the sample, Emid, was 

≈4·105 V/cm. 

The breakdown tree is shown in Fig. 7. In this 

case, partial breakdown is observed. The maximum 

breakdown channel length is ~0.4 mm. The channel di-

ameter is ~10 µm at the positive electrode and ~1 µm 

deep within the sample. 

 
Fig. 7. The breakdown tree in polyethylene [5] 

 

The current curve is highlighted against the back-

ground of the transient discharge current curve of the 

circuit. The pre-breakdown current trace is shown in 

Fig. 8.  
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Fig. 8. The pre-breakdown current in polyethylene 

 

The conduction current increased linearly from 

zero to ~7.6 mA over a period of ~50 ns. It then de-

creases to 7 mA at 170 ns and drops sharply to virtually 

zero at 300 ns. The first current pulse, 300 ns in dura-

tion (Fig. 8), corresponds to the primary breakdown 

current. With a channel diameter of ~10 µm (near the 

positive electrode), the current density is ~7·103 A/cm2, 

and the channel front velocity is 1.3·105 cm/s. 

The increase in channel diameter and the increase 

in current I(t) in the 300-480 ns range (Fig. 8) can be 

attributed to secondary breakdown effects. The super-

linear increase in secondary current I(t) in Fig. 8 is sat-

isfactorily described by the sum of step functions in the 

form of equation (23). The form of the function I1 is 

shown in Fig. 9.  

 
Fig. 9. View of the current function I1 during impact multiplication of charged particles in polyethylene sample 

 

A characteristic feature of the current structure is 

its periodic doubling at each time interval tk, which cor-

responds to the process of impact disintegration of con-

glomerates of atoms of the substance when bombarded 

by fast particles. 

Probably, in polyethylene, H+ ions act as im-

pactors, while C2H5
+ aggregates are sputtered. The 

process of sputtering the channel walls with the for-

mation of C2H5
+ conglomerates and the subsequent re-

action of impact multiplication of H+ ions occurs ac-

cording to the scheme 

H+ (- C2H2
 - C2H2 -)n = H+ +C2H5

+, H+ C2H5
+=2 

H+ + C2H4
0 . (25) 

The relatively large values of tk are likely due to 

the formation of C2H5
+ conglomerates. 

The number of acceleration cycles per channel 

length of 0.4 mm is k = 5 and the gas phase formation 

time is tg ≈ 300 ns. The average path between two shock 

generation events, zmid, is ~0.08 mm. The last accelera-

tion cycles (Fig. 9) are close in time and correspond to 

motion in the mean field region Emid. The hydrogen ion 

drift velocity in this region is vd ≈ zmid/t3 ≈ 4·106 cm/s. 

Mobility of H+ ions in the gas phase of the breakdown 

channel in the region of average electrical field strength 

is equal to μ≈10 cm2/V·s, according to formula (22). 

Pre-breakdown currents in water 

A model of the breakdown channel motion in a 

liquid water sample is presented in [24,26]. The basic 

idea of this approach is that, at close range, the structure 

of water is the same as that of hexagonal ice Ih. Accord-

ing to [24], during anodic-initiated breakdown, the gen-

eration of free electrons and holes is caused by the Au-

ger transition of electrons in the valence band of the di-

electric. In a water sample, electron transfer occurs 

along the O-H-O atomic chain, oriented in the direction 

of maximum electric field strength [24,26]. 

Figure 10 gives us some information on channel 

diameter and the velocity of its propagation in a water 

gap at d = 0.8 mm in a homogeneous field ∼2 MV/cm, 

according to [34]. The time between the frames is ∼1 

ns, the average velocity of expansion of the glowing re-

gion is ∼107 cm/s. The length and the diameter of the 

glow near the anode increase superlinearly in the chan-

nel’s propagation process towards the cathode. The di-

ameter of the channel near the anode at the initial stage 

of the breakdown is dk ≈ 80 μm (see Fig. 10). 

 
Fig.10. Change in the length and diameter of the anode glow over time during breakdown in water [34]. 

 

The dependence of the current on time during 

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

11 [4]. A bridge circuit was used to compensate for ca-

pacitive currents. 
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Fig. 11. Pre-breakdown current in water and voltage on the measuring capacitor [4] 

 

The rise in current at ~50 ns corresponds to the be-

ginning of the channel growth from the needle. At the 

initial stages of the expanding of the conduction area in 

the bulk of the sample the current remains stable (~2 А) 

until the length expands to ~5 mm, i. e. approximately 

a half of the distance from the tip of the needle electrode 

to the plane electrode. After that, the current increases 

by several times before the conducting channel spans 

the interelectrode gap. At the average electrical field 

strength of ∼5·104 V/cm, the breakdown channel front 

propagation velocity is ∼6.7· 106 cm/s. The conductiv-

ity current density in water is ~3·104 A/cm2, conductiv-

ity σ ≈0.6 Ohm-1 cm-1 at dk ≈80 μm.  

The widening of the breakdown channel and the 

increase in current in the experiment (Fig. 11) can be 

attributed to secondary breakdown processes. The su-

perlinear increase in current I(t) in Fig. 11 is satisfacto-

rily described by the sum of step functions in the form 

(23). The current function of a cluster of charged parti-

cles I1 in a water sample is shown in Fig. 12. 

 
Fig. 12. Current function I1 for impact multiplication of charged particles in a water sample 

 

Most likely, in water samples, the impact particles 

are H+ ions, and the H2O+ conglomerates are sprayed. 

The rather large values of t likely include the 

times of the process of spraying the channel walls with 

the formation of H2O+ conglomerates and the subse-

quent reaction of impact multiplication of H+ ions ac-

cording to the scheme 

0

2 2 2, 2H H O H H O H H O H OH          
              . 

(26) 

The reaction rate (26) is probably limited by the 

time of the formation of the aggregates.  

The amount of the acceleration cycles at half of 

the channel length for water is k=6, and the time of gas 

phase formation is tg≈80 ns. The average path between 

two acts of impact generation of ions zmid in water is 

~0.83 mm. The last cycles of acceleration (Fig. 12) are 

close in duration and correspond to the motion in the 

region of average field Emid. The drift velocity in this 

region for water is vd ≈ zmid/t4 ≈5.5·106 cm/s. The ki-

netic energy of the ions H+ in the region of the average 

electrical field strength is ~15.6 eV. The amount of en-

ergy is probably enough to sustain impact multiplica-

tion of ions during the destruction of aggregates in the 

gas phase. Mobility of H+ ions in the gas phase of the 

breakdown channel in the region of average electrical 

field strength is equal to μ≈110 cm2/V·s, according to 

formula (22). 

The current I(t) in the region of average field 

strength (k=4) is ~0.9 А (Fig. 11). Current density is 

i4≈1.1·104 A/cm2 at the channel diameter dk~0.1 mm 

and the carriers multiplication coefficient B=8. Current 

density may be presented in i4=eN4vd, where ion con-

centration N4≈1.3·1015 cm-3. Considering that B=8, the 

concentration of hydrogen ions near the anode is equal 

to N1≈1.6·1014 cm-3. In formula (23) the initial ion con-

centration N0 may be assumed to be equal to 0.1·N1, 

whereas the number of currents M equals 10. 

Pre-breakdown currents in transformer oil 

Typical liquid dielectrics include alkanes, perflu-

oroeicosane, and others. The molecular model of naph-

thenic mineral oil [35] includes different types of al-

kanes: monocyclic C14H28 (32%), tricyclic C16H28 

(26%), bicyclic C13H24 (18%), acyclic C12H26 (13%) 

and tetracyclic C16H26 (11%), which gives the density 

of 0.95 g/cm3. Calculations of the electronic structure 

of mineral oil ab initio are presented in paper [28]. The 

valence and conduction bands of mineral oil are formed 

by the energy levels of the HOMO and LUMO states of 

alkane molecules, respectively. Forbidden band width 

is 6 eV [35]. 

 The patterns of anodic breakdown in perfluo-

roeicosane are satisfactorily described by a mechanism 

based on cascade Auger transitions in the valence band 

of the dielectric [23]. 

A study of the pre-breakdown current in a trans-

former oil sample is presented in [2]. Measurements 

were performed by applying a pulsed voltage of 41.4 

kV to a sample ~4 mm thick in a non-uniform field with 

a positive polarity of the needle tip. A bridge circuit was 

used to compensate for capacitive currents. The current 
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was recorded by a light-emitting diode included in the 

sample discharge circuit. The LED glow intensity is 

proportional to the current. An oscillogram of the pre-

breakdown current I is shown in Fig. 13 [2]. 

 
Fig. 13. Oscillograms of current pulse I in transformer oil. Current ~7 mA/div, time ~1 μs/div [2] 

 

The primary conduction current increases with 

time to a maximum amplitude of 5.3 mA at 250 ns and 

decreases slightly as the breakdown channel moves. 

The secondary current appears 500 ns from the onset of 

the breakdown process and increases to 8.8 mA within 

250 ns. A sharp increase in current at 1.4 μs then corre-

sponds to the discharge current through the sample. In 

the experiment, the field strength Emid was ~ 105 V/cm, 

and the breakdown channel velocity was 2.9·105 cm/s. 

The current density was 2·104 A/cm2, the electron con-

ductivity was 0.2 Ohm-1 cm-1 with a channel diameter 

of 5 μm. The secondary current is likely due to the 

movement of light hydrogen ions. 

In paper [3], measurements of the pre-breakdown 

current in transformer oil were made under experi-

mental conditions similar to those in [2]. A voltage of 

43.3 kV was applied to a 5 mm thick dielectric layer 

with a positive needle-plane electrode configuration. 

The breakdown time was 2 μs. A light-emitting diode 

connected to the sample's discharge circuit was used to 

record the current. A bridge circuit for compensation of 

capacitive currents was not used. The pre-breakdown 

current trace is highlighted against the discharge curve 

(Fig. 14). 

 
Fig. 14. The pre-breakdown current in a transformer oil sample 

 

In the experiment, the average field strength in the 

sample was ~ 0.9·105 V/cm, the breakdown channel ve-

locity was 2.5 ·105 cm/s. The primary current amplitude 

was ~ 1.5·10-3 A. The current density was 0.6 ·104 

A/cm2, the electron conductivity was 0.07 Ohm-1 cm-1, 

and the channel diameter was 5 μm. 

A secondary current arises after 150 ns of break-

down. The current amplitude increases exponentially to 

~17·10-3 A. The superlinear increase in current I(t) in 

Fig. 14 is satisfactorily described by the sum of step 

functions in the form of equation (23). The current 

function of a cluster of charged particles I1 in a trans-

former oil sample is shown in Fig. 15. 

 
Fig. 15. Current function I1 for impact multiplication of charged particles in a transformer oil sample 

 

The impacting particles are likely hydrogen ions. 

The amount of the acceleration cycles at half of 

the channel length for transformer oil is k=6, and the 

time of gas phase formation is tg≈150 ns. The average 

path between two acts of impact generation of ions zmid 

in transformer oil is ~0.83 mm. The last cycles of ac-

celeration (Fig.15) are close in duration and correspond 

to the motion in the region of average field Emid. The 

drift velocity in this region is vd ≈ zmid/t3 ≈3.3·106 cm/s. 

Mobility of H+ ions in the gas phase of the breakdown 

channel in the region of average electrical field strength 

is equal to μ≈40 cm2/V·s, according to formula (22). 

Conclusion 

It can be assumed that the mechanisms of primary 

and secondary current formation are similar during an-

odic breakdown in solid and liquid dielectric materials. 
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The primary processes (including conduction cur-

rent and breakdown channel movement) are satisfacto-

rily described by the mechanism of free electron gener-

ation through interatomic cascade Auger transitions of 

electrons in the valence band of the dielectric. The pri-

mary current density is ~104 A, and the channel veloc-

ity is ~-106 cm/s at an average electric field strength of 

105 V/cm in solid and liquid dielectric samples. 

At high values of electrical field strength (>106 

V/cm) and relatively long breakdown times (for long 

samples), the channel walls structurally degrade. The 

widening of the breakdown channel and the increase in 

current in the experiment can be attributed to secondary 

breakdown effects. The secondary current is associated 

with the movement of ions in the gas phase of the chan-

nel. The secondary current density in the final phase of 

breakdown is several times greater than the primary 

current density. The maximum value of hydrogen ion 

mobility in the gas phase of the channel is observed in 

the water sample (110 cm2/V·s) compared to the trans-

former oil (40 cm2/V·s) and polyethylene (10 cm2/V·s) 

samples. 
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