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The conductivity of the discharge gap during the nanosecond high-voltage pulsed discharge in nitrogen

and sulfur hexafluoride is studied using particle-in-cell numerical simulations. It is shown that the

conductivity in different locations of the cathode-anode gap is not uniform and that the conductivity is

determined by both the runaway and the plasma electrons. In addition, it is shown that runaway

electrons generated prior to the virtual cathode formation pre-ionize the discharge gap, which makes it

conductive. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4730373]

I. INTRODUCTION

Today, nanosecond high-voltage (HV) pulsed discharges

in pressurized gases are applied in various areas, namely,

plasma-assisted combustion,1,2 pulsed gaseous lasers,3 gen-

eration of electron beams and x-rays,4–7 etc. The study of

such discharges is of fundamental interest because the dura-

tion of the discharge is comparable with the duration of elec-

tron avalanching and decay time of the excited atoms and

molecules. It is known4–7 that the nanosecond discharges

induced by large over-voltage are determined by the propa-

gation of runaway electrons (RAE) toward the anode. These

RAE are generated either in the vicinity of the cathode or in

the volume of discharge in the non-uniform electric field typ-

ical for this type of discharge.

In order to increase the efficiency of the use of nanosec-

ond discharge, one has to know the dependence of the con-

ductivity of the discharge gap on the external parameters,

such as gas pressure, amplitude of the cathode voltage, its

rise time, and the cathode-anode (CA) gap. Akhmadeev

et al.8 studied experimentally the spark breakdown of air at

atmospheric pressure using a pulsed GIN generator, the out-

put of which was nanosecond pulses with a voltage ampli-

tude of 18 kV and rise times of 8 ns and 30 ns. It was found

that the CA gap impedance decreases during the discharge,

reaching an almost constant value of tens of Ohms at its end.

Babich reported9 that the conductivity of the nanosecond

discharge at high over-voltages is controlled by both runaway

and plasma electrons that are formed by the gas ionization and

by the pre-ionization of the gas by anomalous electrons whose

energy at the anode exceeds the energy that these electrons

can gain at a given CA accelerating voltage. Babich concluded

that the CA gap conductivity depends on the experimental

conditions, namely, electric field distribution and the CA gap

voltage. However, a detailed study of the influence of these pa-

rameters on the conductivity was not carried out.

This paper presents the results of a numerical study of the

conductivity of nanosecond high-voltage discharge in nitrogen

(N2) and sulfur hexafluoride (SF6) gases in various conditions.

II. NUMERICAL MODEL

In order to study the processes accompanying the nano-

second discharge, one-dimensional particle-in-cell (1D PIC)

simulations, described in detail in Ref. 10, were used. A

coaxial diode filled with either N2 or SF6 at pressures of

105 Pa and 2� 105 Pa and with a cathode and anode radius of

3 lm and 1 cm, respectively, and a length of 1 cm was con-

sidered. Briefly, the sequence of 1D PIC simulation was as

follows. (a) Solution of the Poisson equation at the beginning

of each time step for new electron and ion space charge den-

sities and for new boundary conditions; the anode is

grounded and the cathode potential is varying in time as

uc ¼ �u0 sinð2p � t=TÞ, where u0¼ 120 kV is the maximal

cathode potential and T/2 is the HV pulse temporal duration.

(b) Calculation of the number of emitted electrons defined

by the field emission (FE) determined by the Fowler-

Nordheim law.11 (c) Solution of propagation equations for

electrons and ions. (d) Electron elastic and inelastic colli-

sions using the Monte Carlo methods, taking into account

forward and backward scattering of electrons;12 ionization

and excitation of the electron levels A3Ru
þ and C3Pu

[further denoted as N2(A) and N2(C), respectively] were

considered for N2, and ionization, excitation of the first

electronic level, and attachment of electrons to molecules

were considered for SF6. (e) Particles weighting on the spa-

tial grid and returning to step (a). The time step of 10�14 s

allows us to consider electrons propagating only a part of the

mean free path during one time step.

The dependencies of the conductivity and resistance at

different distances from the cathode and time were calcu-

lated as

rðr; tÞ ¼ e

2p � l � dt

dNeðr; tÞ
r Eðr; tÞ and Rðr; tÞ ¼ 1

rðr; tÞ
dr

2p � rl
; (1)

respectively. Here e is the electron charge, dt is the time

step, l is the cathode length equal to 1 cm, r is the distance

with respect to the cathode, E(r, t) is the electric field at the

distance r at given time, dNe(r, t) is the number of electrons

that have passed the distance r towards the anode, and dr is

the space step.

III. RESULTS AND DISCUSSION

In a previous study,10 it was shown that in the cathode

vicinity, where one obtains a highly non-uniform electric
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field, the separation between electrons and ions causes

formation of the virtual cathode (VC), which influences

significantly the discharge dynamics. Namely, on the one

hand, the VC terminates the RAE formation from the field-

emitted electrons and plasma electrons in the vicinity of the

cathode. On the other hand, the VC can be considered as the

source of RAE if the electric field from its anode side

exceeds the critical electric field Ecr required for RAE gener-

ation (for instance, Ecr¼ 4.5� 105 V/cm in nitrogen at

atmospheric pressure). Thus, the dynamics of the VC evolu-

tion influences the conductivity of the CA gap during the

nanosecond discharge. For instance, at accelerating pulse

with duration of T/2¼ 1 ns, P¼ 105 Pa, and u0¼ 120 kV, the

VC is already formed in nitrogen at tVC� 0.22 ns.

Figs. 1(a) and 1(b) and Figs. 1(c) and 1(d) show the

dependencies of conductivity and resistance, respectively, on

the distance to the cathode at different time delays sd with

respect to the beginning of the accelerating pulse. Here, in

Figs. 1(a) and 1(c), the conductivity and resistance are

defined by electrons with all energies, whereas in Figs. 1(b)

and 1(d), the conductivity and resistivity are defined only by

the electrons that have energies ee> 1 keV and are consid-

ered as RAE. One can see that both the conductivity and re-

sistance of the CA gap are not spatially uniform reaching

maximum and minimal values, respectively, at locations

where the maximum plasma density [see Fig. 2(b)] is

formed. The conductivity increases sharply from zero value

at the front of the RAE propagating towards the anode. In

addition, it was obtained that at a distance larger than some

value r> rC [see Fig. 1(a)] the conductivity of the discharge

gap is defined only by RAE, and at distances r< rC, the con-

ductivity is defined by both RAE and the plasma electrons.

The boundary of the plasma rc, which separates the

regions of conductivity that are defined only by RAE and

the plasma electrons together with RAE, propagates toward

the anode with an average velocity of � 2 cm/ns. This value

is in rather good agreement with the velocity of the light

emission front obtained by Yatom et al.13 Indeed, Fig. 2(a)

shows the simulated dependence of the number of electroni-

cally excited N2(C) on the distance to the cathode at different

values of sd. One can see that the boundary of excited N2(C)

propagating toward the anode coincides with the boundary

rc, separating the region where the conductivity is defined

only by RAE that cannot excite the nitrogen effectively

because of small cross sections.12 However, RAE pre-ionize

the discharge gap,10,14 which leads to an increase in the

conductivity behind their propagating front. Electrons that

are generated by RAE gain energy in the electric field,

which is much smaller than the electric field in the vicinity

of the cathode (for instance, at t� 0.13 ns, the electric

field at the cathode is � 2� 107 V/cm and at r¼ 0.1 mm is

� 6.5� 105 V/cm). Therefore, the rate of energy gain by

these electrons is lower and these electrons excite nitrogen

effectively due to larger excitation cross-section. The latter

results in the propagation of a light emission front with a

high velocity.

Fig. 2(b) shows the density of plasma electrons

(ee� 30 eV) versus the distance to the cathode at different

values of sd. One can see that the location of the maximum

values of conductivity [see Fig. 1(a)] and N2(C) density [see

Fig. 2(a)] coincides with the location of maximum electron

density, which reaches � 1016 cm�3. Taking into account

that the gas density is � 2.6� 1019 cm�3, one can conclude

that the degree of gas ionization does not exceed �10�3,

which allows one to define this gas as a low-ionized plasma

in which resistivity is governed by electron-neutrals colli-

sions. Fig. 2(c) shows the time evolution of the potential dif-

ference u between the cathode and cross-sections located at

distances of 0.1 mm u(0.1 mm) and 1 mm u(1 mm). These

potential differences were calculated as
XN

i¼1
RiIi, where N

is the number of space cells between the cathode and given

cross-section. These cells were considered as conductors

with the resistance of each cell Ri and the current Ii which

flows through this cell. The value of the current Ii is propor-

tional to dNe, while the value of the resistance is proportional

to E(r,t)/dNe [see Eq. (1)]. Therefore, the potential difference

FIG. 1. (a) and (b) Dependence of the conductivity and (c) and (d) resistiv-

ity on the distance to the cathode at different times of the accelerating pulse;

T/2¼ 1 ns, u0¼ 120 kV, P¼ 105 Pa, N2 gas.

FIG. 2. Dependence of the number of

excited N2(C) (a) and of the plasma elec-

trons density (b) on the distance to the

cathode at various times of the accelerat-

ing pulse; (c) time dependence of the

potential difference between the cathode

and cross-sections placed at 0.1 mm

and from the cathode; T/2¼ 1 ns,

u0¼ 120 kV, P¼ 105 Pa, N2 gas.
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for a given cell is proportional only to the electric field E(r,t)
in that cell. The increase in value of u at 0< sd< 0.17 ns is

caused only by the increase of the cathode potential and of

E(r, t), respectively, since the space charge of the emitted

electrons and generated plasma particles does not influence

significantly the potential distribution at that time. Later the

space charge increases significantly [see Fig. 2(b)] and starts

to disturb external electric field that causes a decrease of the

potential difference. Fig. 2(c) shows that at sd� tVC the value

of uð0:1 mmÞ ¼ uc what indicates the high-conductivity

plasma channel formation at the distance r< 0.1 mm. At

time sd> tVC one obtains juð0:1 mmÞj > jucj due to accumu-

lation of electrons at the VC location. When the VC becomes

the source of RAE and it starts to move towards the anode

one obtains the increase of uð0:1 mmÞ � uc. Also, Fig. 2(c)

shows that at r¼ 1 mm the value of juð1 mmÞj < jucj
because the VC does not reach that location. These results

indicate that the region of high-conductivity plasma exists

only in the limited space r � 0:3 mm [see Fig. 3(a)].

Fig. 3(a) shows that the VC, which is formed

rVC < 0.1 mm at tVC� 0.22 ns, propagates towards the anode.

The formation and propagation of the VC influences signifi-

cantly the total current through the CA gap. Fig. 3(b) shows

that at sd< 0.63 ns the current through the anode is defined

by the RAE generated prior to the VC formation since the

plasma electrons do not shift noticeably toward the anode at

the considered time scale. Later, when the RAE generation is

terminated, the current is defined by plasma electrons which

determine the conductivity at that time.

In order to compare the conductivity in different gases,

additional simulations were carried out for SF6 gas. The ioni-

zation potentials of SF6 (�16 eV) and N2 (�15.6 eV) do not

differ significantly. However, the ionization cross section

rion for SF6 is larger than for N2. For example, in SF6, the

largest value of rion� 7.6� 10�16 cm2, while in N2 it is

rion� 2.6� 10�16 cm2, i.e., in the case of equal electron

temperature, the rate of ionization in SF6 is larger than in N2.

In addition, SF6 gas has an additional source of inelastic

losses of electron energy: the electrons’ attachment to

neutrals. This process decreases significantly the number of

low-energy electrons and increases the time of the gas gap

breakdown with dense plasma formation, respectively (see

Ref. 15).

Fig. 4 shows the time dependence of the total resistance

of the discharge gap defined by electrons with all energies

and electrons, with ee> 1 keV in N2 and SF6 gases. As one

can expect, the resistance decreases from infinity, when

RAE do not reach the anode, to some constant value. The

simulation results showed that at T/2¼ 1 ns, u0¼ 120 kV,

and P¼ 105 Pa, the resistance in the case of N2 is �1 X,

larger than for the case of SF6 gas where it is � 0.5 X. In

addition, one can see that the resistance of the discharge

gap filled with SF6 decreases faster than the resistance of

the gap filled with N2. This result disagrees with the experi-

mental data presented in Ref. 16 where the resistance of the

discharge channel formed in the SF6 was found to be larger

than the resistance of the discharge channel formed in N2.

Here the resistance was calculated using the measured

accelerating voltage and the current of electrons penetrating

through the anode foil. Thus, the apparent disagreement

between the experimental and simulation results can be

explained by the cutoff of low-energy electrons propagating

through the anode foil. Considering Eq. (1), one can con-

clude that the resistance of discharge channel is propor-

tional to E(r, t)/(dNe/dt). However, the ionization cross-

section for the same electron temperature is larger for SF6

than for N2. The latter leads to larger value of dNe/dt in SF6

than in N2, and therefore, for the same electric field one

obtains larger resistance of the plasma channel for N2 than

for SF6. It is important to note that the rate of electron

attachment to SF6 does not exceed the rate of ionization.

FIG. 3. (a) Potential distribution in the CA gap at

different times of accelerating pulse; (b) time de-

pendence of the number of electrons with all ener-

gies and with energies exceeding 1 keV passing

through the anode; T/2¼ 1 ns, u0¼ 120 kV,

P¼ 105 Pa, N2 gas.

FIG. 4. Time dependence of the total resistivity of discharge gap filled with

N2 (a) and SF6 (b) gases; (c) the total number of electrons crossing the anode

per time step; (d) the number of RAE crossing the anode per time step.
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Therefore, fast decay of the plasma does not start at the

considered time scale.

The comparison between the total number of electrons

dNanode/dt and the number of RAE dNRAE/dt crossing the anode

during each time step in N2 and SF6 gases is shown in

Figs. 4(c) and 4(d), respectively. One can see that the total

number of electrons crossing the anode in SF6 is larger than

that in N2 at time 0.4 ns< t< 0.85 ns in spite of excess of the

number of RAE generated in N2. Thus, this result also indicates

the smaller resistance of the discharge gap filled with SF6.

In addition, it was obtained that the increase in the gas

pressure up to 2� 105 Pa increases the resistance up to �1.6 X
and �1.3 X in the cases of N2 and SF6, respectively. Also, in

both gases, the increase in the voltage rise time increases

slightly the resistance defined by all electrons, and in the case

of SF6, this increase in the resistance is defined by RAE.

Tables I and II show the distribution of energy among

various channels in the case of discharges in N2 and SF6

gases. Depending on the application (laser pumping, plasma

assisted combustion, electron beam generation, etc.), these

energy channels could be considered either profitable or non-

profitable. One can see that in both the gases the ionization

process is the main channel of energy deposition. However,

in the same conditions in the case of the discharge in N2 gas,

more than 30% of energy goes into the generation of the

electron beam that reaches the anode, whereas in the case of

the discharge in SF6 gas, this energy does not exceed 3%.

IV. SUMMARY

To conclude, the results of 1D PIC simulations of the

conductivity of the discharge gap during the nanosecond dis-

charge in N2 and SF6 gases are presented. It was obtained

that the conductivity is not uniformly distributed in the

accelerating gap and that the conductivity of the discharge

cannel is defined by RAE or by both the RAE and plasma

electrons. In addition, it is shown that RAE generated prior

to the virtual cathode formation pre-ionize the discharge gap,

which makes it conductive.
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TABLE II. The distribution of energy among various channels in SF6.

SF6 Beam at the anode Electrons in CA gap Ionization Excitation

105 Pa, 1 ns 1.6� 10�5 J (2.9%) 6.7� 10�8 J (0.01%) 5.3� 10�4 J (96.0%) 5� 10�6 J (1.1%)

2� 105 Pa, 1 ns 2.9� 10�6 J (0.8%) 6.8� 10�6 J (1.8%) 1.1� 10�3 J (96.9%) 5.3� 10�6 J (0.5%)

105 Pa, 2 ns 6.5� 10�6 J (1.0%) 1.8� 10�7 J (0.1%) 5.9� 10�4 J (98.0%) 5.3� 10�6 J (0.9%)

TABLE I. The distribution of energy among various channels in N2.

N2 Beam at the anode Electrons in CA gap Ionization N2 (A) N2 (C)

105 Pa, 1 ns 1.6� 10�4 J (36.9%) 3.7� 10�6 J (0.9%) 2.6� 10�4 J (61.2%) 1.9� 10�6 J (0.4%) 2.7� 10�6 J (0.6%)

2� 105 Pa, 1 ns 2.2� 10�5 J (13.6%) 1� 10�5 J (6.2%) 1.3� 10�4 J (79.5%) 4� 10�7 J (0.2%) 7.4� 10�7 J (0.5%)

105 Pa, 2 ns 1.5� 10�4 J (38.1%) 4� 10�6 J (1.0%) 2.4� 10�4 J (59.7%) 2.5� 10�6 J (0.6%) 2.5� 10�6 J (0.6%)
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