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Abstract.

Streamer-to-filament transition is a general feature of nanosecond discharges at

elevated pressure. The transition is observed in different discharges by different groups:

in the nanosecond surface dielectric barrier discharges (nSDBDs) in a single shot

regime at high pressure (2-15 bar), in the point–to–point or point–to–plane open

electrodes discharges at high repetitive frequency (so-called nanosecond repetitive

pulsed discharges, NRPDs) at atmospherics pressure. The present paper contains

experimental analysis of plasma properties in the filamentary nSDBD: the electrical

current, the specific deposited energy, the electron density and the electron temperature

were measured for a wide range of pressures and voltages. A model explaining plasma

properties in filamentary nanosecond discharges and the role of excited species in

streamer–to–filament transition is suggested and discussed.

Keywords: filamentary discharge, non-equilibrium plasma, nanosecond surface

dielectric barrier discharge, nanosecond constriction
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Introduction

Plasma produced by nanosecond high voltage pulses is widely studied during last

15 years. A broad interest to nanosecond discharges is explained by their potential

applications in plasma-assisted combustion [1–3] and detonation [4–6], aerodynamics

and flow control [7].

Nanosecond repetitive pulsed discharge (NRPD) [8] was suggested as an efficient

tool for plasma–assisted combustion. Different discharge regimes, depending on the

gas temperature, the flow rate, the gap between the electrodes and the mean discharge

current were studied [9]. Extra–high electron densities, up to ne = 4 · 1018 cm−3,

were obtained from Stark broadening in pure N2 and in the N2:H2O mixture in

nanosecond repetitive pulsed discharge initiated by a 170 ns 1 kHz voltage pulse in

2 mm pin–to–pin gap [10]. The decay of the electron density was slow, a few tens

of nanoseconds. Later experimental observations of nanosecond repetitive plasma

(NRP) at atmospheric pressure [11–13] also report densities of electrons on the level

ne ∼ 1018−1019 cm−3, constriction of the discharge channel, high electron temperatures

reaching a few electronvolts and slow plasma decay, tens of nanoseconds. The authors

of [14] measured the ultra-fast gas heating observed by optical emission spectroscopy on

the axis of the streamer before the constriction of the channel.

Independently, the nanosecond surface dielectric barrier discharge (nSDBD) at

high pressures was studied in [15–17]. So called streamer–to–filament transition in a

single shot experiments in a wide range of pressures [15] and gas mixtures [16, 17] was

demonstrated. At the moment of transition, during 1 − 2 nanoseconds, the emission

spectra changed from streamer–like emission containing mainly the molecular bands of

N2 to the continuous wavelength (cw) emission with well distinguished broadened lines of

atoms (N, O, H) and singly ionized atoms, mainly N+. It was shown that the continuous

wavelength emission comes from the narrow near–axis zone of the filament. The electron

density during the transition changed from ne ∼ 1015 cm−3 to ne ∼ 1018 − 1019 cm−3,

the decay of the electron density was a few tens of nanoseconds.

The experimental observations prove that both open electrodes NRPD plasma and

nanosecond surface DBD plasma in filamentary mode exhibit similar plasma properties.

The aim of the present work is (i) to study experimentally the electrical current, the

specific deposited energy, the electron density and the electron temperature in the

filamentary nanosecond surface barrier discharge at high pressure; (ii) to suggest a

model explaining streamer–to–filament in pulsed nanosecond plasma.

1. Experimental setup

The coaxial electrode system is described elsewhere [16–18]. A metal disk 20 mm in

diameter served as a high voltage electrode. The internal diameter of the low-voltage

grounded electrode was equal to the diameter of the high voltage electrode, and the

external diameter of the low voltage electrode was equal to 50 mm. A thin dielectric
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Figure 1. Schematic of the experimental apparatus. SR — spectrograph, ICCD —

ICCD camera, TG — triggering generator, HVG — high voltage generator, BCS —

back current shunt, OSC — oscilloscope.

(PVC, ε ≈ 3−3.5) layer, 0.3 mm was glued to the grounded electrode by Geocel FIXER

Mate silicon glue (ε ≈ 3), the thickness of the glue layer was 0.4 ± 0.1 mm, giving the

total thickness of the dielectric layer equal to 0.7± 0.1 mm. The electrode system was

mounted into a constant volume high pressure chamber with 3 quartz optical windows

5 cm in diameter [17]. The chamber was pumped down to ∼ 10−2 − 10−3 Torr before

the experiments and then filled with the gas under study at the pressure P = 1−11 bar.

Nitrogen and oxygen (Air Liquide) with < 100 ppm of impurities were used to prepare

the mixtures.

All experiments presented in the paper were performed in a single-shot regime. The

scheme of synchronization is shown in figure 1. All electrical signals were registered by

LeCroy WaveRunner 600MHz oscilloscope. ICCD images (λ = 300 − 800 nm) were

taken by a Pi-Max4 Princeton Instruments ICCD camera. combined with ACTON

2500i spectrograph. Depending on the resolution and wavelength region of interest

three gratings (600,1200 and 2400 l/mm) were used.

High-voltage pulse of positive or negative polarity with 2 ns rise time, 20 ns duration

and 20 − 60 kV amplitude on the high voltage (HV) electrode (see figure 2(a)) were

generated by commercial pulsers FPG20-03PM or FPG20-03NM (FID Technology).

The pulse was transmitted to the electrode system via 50 Ohm high voltage coaxial

cable. Two calibrated custom made back current shunts (BCS) were installed in the

shield of the cable: BCS1 in the middle of the cable, and BCS2 1 m apart from the HV

pulser. The length of the cable, 30 m, was selected to separate the incident pulse and

the pulse, reflected from the discharge cell, on the BCS1 shunt. The BCS1 was used

to measure the pulse shape and the absolute value of electrical current. The energy
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Figure 2. Measured with BCS1: (a) Voltage waveform measured with BCS1, incident

and reflected pulses are clearly seen; (b) voltage, current and energy deposition.

deposited into plasma was calculated as the difference between the energies stored in

the incident and in the reflected pulses taking into account the energy losses in the cable

and the losses on charging of the electrode system. The details of the technique can be

found elsewhere [19]. The BCS2 was used to synchronize the ICCD camera with the

discharge.

An example of separated in time incident and reflected pulses of voltage in the cable

are presented in figure 2 (a). Typical waveforms of voltage, current through the plasma

and deposited energy are given by figure2 (b).

2. Results

As it was reported previously [15–17], transition to the filamentary mode for both

polarities of the high–voltage pulse is characterized by appearance of the continuous

spectra in UV and visible ranges, by a sharp increase of electron density up to extremely

high values, ne ∼ 1018 − 1019 cm−3, by a long, tens of nanoseconds, decay of electron

density, and by intense hydrodynamic perturbations.

2.1. Electrical current in plasma and ICCD imaging: a basis to derive a specific

delivered energy

Specific delivered energy in filamentary plasma can be estimated on the basis of electrical

current measurements combined with ICCD imaging. Figure 3 is a review of typical

ICCD images and current waveforms used for the analysis. The ICCD images of a

sector of the discharge are presented by figure 3(a); total electrical current through the

discharge synchronised with the ICCD images is given by figure 3(b); and finally, the

integral ICCD images of the discharge in streamer and filamentary modes are shown

in figure 3(c). Here and further “total electrical current” means the summary current

through all the channels of the discharge at the conditions that the current of charging of
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the capacitance of the electrode system is subtracted (see section “Experimental setup”

for details).
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Figure 3. (a) ICCD images of the streamer (P = 2 bar, U = −47 kV) and filamentary

(P = 6 bar, U = −47 kV) discharges in air. Camera gate is 0.5 ns; (b) Current

of streamer and filamentary discharges; (c) Integral ICCD images of the streamer

(P = 2 bar, U = −47 kV) and filamentary (P = 6 bar, U = −47 kV) discharges in air.

Camera gate is 30 ns.

Figure 3(a) compares time resolved ICCD images of streamer and filamentary

discharges. At P = 2 bar discharge develops in the streamer mode. At P = 6 bar

at the time instant t = 4 ns the filaments (bright channels with high emission intensity)

start from the high voltage electrode. When filaments appear (4 ns), the weak glow

of the streamers along the perimeter of the HV electrode fills the inter–filamentary

space. In the well developed filamentary phase (7 and 9 ns), only bright channels can

be distinguished, the intensity of the streamer–like emission in the inter-filamentary

space is weak comparing to the emission from filaments. According to [16], the ratio of

intensity of emission in the filaments integrated over the sensitivity range of the ICCD

camera to the intensity of emission in streamers or between the filaments is around 50.
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The temporal evolution of the total current is demonstrated in figures 3(b) for

streamers at P = 2 bar and filaments at P = 6 bar at the same applied voltage

U = −47 kV on the HV electrode. Waveform of the electrical current of a streamer

discharge is described in [20] on the basis of 2D numerical modeling: the first peak of the

current (3−8 ns in figure 3(b)) is the ion current, the waveform and the value are defined

by evolution of the cathode layer taking into account fast charging of the dielectric by

electrons [21]; a broad plateau with a small negative slope during the interval of the

constant voltage (8 < t < 24 ns) corresponding to the formation of the near–surface

plasma layer and propagation of the streamer; and the reverse current on the trailing

edge of the pulse (24 < t < 32 ns) corresponding to the second stroke and to the surface

charge elimination. In the first peak (1− 5 ns), the current in the streamer discharge at

2 bar is twice higher than in the discharge at 6 bar, this correlates with the difference

in the emission intensity. When filamentation starts, the current increases (black curve)

and a few nanoseconds after (7-9 ns after the discharge starts) exceeds the current of

streamers (red curve). After 12-15 ns, the current of filaments becomes significantly

higher than that of streamers. If the current of streamers is Ist(12 ns) ' 15 A, the

current of filamentary discharge is about Ifil(12 ns) ' 60 A. The current per channel

increases due to the fact that the number of filaments at P = 6 bar is 3 − 5 times

smaller than the number of streamers at P = 2 bar. Neglecting the current in the

inter–filamentary space, the ratio between the current per filament and the current per

streamer is equal to (Ifil/Nfil)/(Ist/Nst) ≈ 10. This ratio is typical for all the observed

regimes of streamer-to-filamentary transition: current 0.1 A/streamer and 1 A/filament

reported in [15] for the transition in nSDBD in air at 3 bar.

Figure 4(a) compares the total current of the discharge in air at different pressures.

Qualitatively, the waveforms of streamer and filamentary discharges are different.

At any pressure, the discharge starts as a streamer discharge; the intensity of the

first peak decreases with pressure. In the case of the streamer discharge, current

decreases monotonously during the plateau of the high–voltage pulse. In the case of the

filamentary discharge, at the moment of streamer-to-filamentary transition, the current

increases again. For P = 4 bar, the transition happens at 7 ns; for P = 6 bar and 8 bar,

the transition happens during the first 2− 3 ns.

The energy deposited per discharge channel for two applied voltages U = −25

and −50 kV as a function of gas pressure is shown in figure 4(b). When applied

voltage is U = −25 kV, the discharge stays in a streamer mode which appears, for

the negative polarity, as a uniform glow at ICCD images. When the voltage amplitude

is U = −50 kV, the discharge at pressures 5, 6 and 8 bar is filamentary. It is clearly

seen that the deposited energy is about 6 times higher for the filamentary discharge.

Both in streamer and in filamentary mode, the deposited energy slightly decreases with

pressure. As far as the deposited energy is proportional to the product j ·E, and as far

as the electron density in the filamentary mode is 4−5 orders of magnitude higher than

in streamers [16,17], we can expect that the electric filed is lower in the filaments.

To analyze the specific deposited energy, namely the deposited energy per molecule,
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Figure 4. (a) Total current of the discharge in air for different pressures. Applied

voltage is U = −50 kV; (b) Energy deposition per discharge channel in air for different

pressures. Two cases: U = −50 and −25 kV.

it is necessary to estimate the total volume of the filaments. So-called x − t diagrams

were used to quantify the propagation of the filaments. To build x − t diagrams, the

length of the filaments was analyzed statistically and the length of propagation x at the

time instant t was put on the plot.

The velocity of the filaments at constant voltage practically does not depend upon

pressure (see figure 5 (a)). Different values of the first x points for P = 5, 8 and 11 bar

demonstrate that before the transition, streamers cover a longer distance in the case of

lower pressure. Being moved at the same initial point, the x− t diagrams for different

pressures will follow almost the same way; the velocity of the filament propagation

before slowing down is about 0.4 mm/ns. On the trailing edge of the voltage pulse,

at t > 15 ns, the velocity of the filaments decreases. To some extent, it is possible to

increase the length of the filaments by increasing the duration of the pulse. A typical

length of filaments propagation, comprising 5 − 10 mm at pressures up to ten bars,

is an interesting issue for plasma–assisted combustion: it was mentioned in [18] that

the filamentary regime, providing a regular grid of tens of plasma channels with high

temperature and high density of O–atoms, results in efficient and stable ignition of

combustible mixtures. Longer filaments will result in larger region of ignition.

When the pressure is fixed and the voltage amplitude is changed (see figure 5 (b)),

the velocity of filaments is not constant any more: increase of the voltage amplitude

from U = −35 kV to U = −42 kV leads to acceleration of the filaments from 0.3 mm/ns

to 0.5 mm/ns. The regime with pronounced difference in the velocity of filaments,

constant pressure P = 8 bar and the voltage amplitude changing between U = −33 kV

and U = −43 kV was selected to study the specific deposited energy.

A maximum length of the filaments propagation at different voltage amplitudes

is presented in figure 6 (a). The length increases significantly, from 2.7 mm at

U = −33 kV to 10 mm at U = −43 kV. The total deposited energy measured from the

waveforms obtained by a back current shunt, also increases with voltage, from 5.9 mJ at
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Figure 5. x-t diagrams of propagation of filaments for discharge in air at negative

polarity: (a) for different pressures; the applied voltage amplitude is U = −40 kV; (b)

for different voltages; the pressure is P = 8 bar.
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Figure 6. A maximum length of the filaments propagation (a) and the total deposited

energy (b) as a function of the voltage amplitude. Air, negative polarity of the pulse,

P = 8 bar.

U = −33 kV to almost 30 mJ at U = −43 kV (figure 6 (b)). The last parameter to be

taken into account is the number of filaments increasing from 30 at U = −33 kV to 47

at U = −43 kV (figure 7 (a)). Assuming that the energy is equally distributed between

the filaments, will obtain that the energy changes from 0.20 to 0.64 mJ per filament with

voltage. Finally, assuming that the energy is distributed uniformly along the filament,

and dividing the energy per filament by the filament length, will get the plot presented

in figure 7 (b). It is clearly seen that in spite of strong dependence of parameters on

voltage, the energy per unit length is almost constant for all voltage amplitudes under

study.

To determine the specific deposited energy, it is necessary to know the cross section

of the filament. The upper limit of the diameter of the filament can be derived from the

filtered ICCD macroimages presented in figure 8. The images were taken (from left to



Filamentary nSDBD. Plasma properties in the filaments 9

32 34 36 38 40 42 44
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
D

e
p

o
s

it
e

d
e

n
e
rg

y
p

e
r

fi
la

m
e

n
t,

m
J

Voltage, kV

25

30

35

40

45

50

55

N
u

m
b

e
r

o
f

fi
la

m
e
n

ts

32 34 36 38 40 42 44
0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

E
n

e
rg

y
p

e
r

fi
la

m
e
n

t
p

e
r

m
m

,
m

J
/m

m

Voltage, kVa) b)

Figure 7. Number of filaments and the deposited energy per filament (a); the energy

per filament per mm (b) as a function of the voltage amplitude. Air, negative polarity

of the pulse, P = 8 bar.

right) without a filter; with 480±5 nm filter selecting a spectral region with no molecular

bands of N2; and with 340±5 nm filter selecting the second positive system of N2, (0−0)

vibrational transition at λ = 337.1 nm. It is clearly seen that the filament captured

with no filter can be represented as a thin bright core along the axis of the filament;

the core is surrounded by a less bright shell. The diameter of the core calculated as

the FWHM of the emission at 480± 5 nm is equal to 18± 2 µm while the diameter of

the entire structure is around 200 − 300 µm. The bright core is a region where from

the cw radiation is observed [16,17]. In assumption that almost all the delivered energy

is spent in the core of the filament, 18 ± 2 µm diameter, will estimate the energy per

molecule at taking the number of molecules to be equal to the number of molecules at

P = 8 bar and T = 300 K. For the energy per unit length ∼ 0.06 mJ/mm as obtained

for the conditions of the present work figure 7 (b), will obtain the specific delivered

energy ω ≈ 7.4 eV/particle.

2.2. Synchronized electron temperature and electron density measurements

To understand the behavior of the electron temperature in the filamentary discharge

and in the near afterglow, the emission of atomic nitrogen ions in the wavelength range

λ = 480−600 nm was analyzed. The experiments were performed in the positive polarity

discharge in nitrogen at the pulse amplitude U = 47 kV on the high–voltage electrode.

The data were taken with the ICCD camera gate equal to 5 ns. The raw spectra

were corrected to the spectral sensitivity of the system; the background corresponding

to the continuous wavelength emission was subtracted. Treated in the described way

spectra were modeled using NIST database [22] and taking the electron temperature

Te as a parameter. A few examples of experimentally obtained and calculated spectra

are presented in figure 9. A good correlation between the experiment and modeling is

clearly seen.

The electron density was calculated in the afterglow on the basis of the Stark
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Figure 9. Emission lines of N+ ions.

broadening of the Hα line (λ = 656.3 nm) and of the N-atom lime (λ = 746.8 nm)

taking into account the pressure broadening for N–atoms, the details of the technique

can be found elsewhere [10].

Synchronized waveforms of voltage on the electrode, electrical current through the

discharge, electron temperature and electron density are presented in figure 10. The

accuracy of the synchronization, provided by the BCS technique, is 0.5 ns. Streamer–

to–filament transition happens at t ≈ 7 ns. The electron temperature in the beginning

of the filamentary phase is Te = 3 − 3.5 eV, falling down to Te = 1.6 − 1.7 eV during

the discharge and staying at this level at least first 10 ns of the afterglow. The electron

density in these experiments was measured in the afterglow only. It drops slowly when

the discharge is off, starting from ne ≈ 5 · 1018 cm−3 immediately after the discharge

and decreasing to ne ≈ 6 · 1017 cm−3 40 ns later.
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Figure 10. Synchronized electron density and temperature measurements. Discharge

in nitrogen at positive polarity of the high–voltage pulse, U = 47 kV.

3. Discussion. Mechanism of discharge constriction at high pressures in the

nanosecond time scale

3.1. Properties of plasma in the filaments

According to experimental observations in different gas mixtures (figure 10 for the

afterglow, [17] for the discharge and the afterglow), high values of electron density,

ne = 1018 − 1019 cm−3 exist during at least 5 − 10 ns. Based on this data, let us

estimate the heat release in the reactions of electron-ion recombination. The main ions

responsible for recombination at sub-nanosecond times scale are molecular ions N+
2 and

O+
2 . Until the fraction of the molecules in the gas is low enough, recombination happens

mainly in the reactions
e + O+

2 → O(3P) + O(1D) (R1)

e + N+
2 → N(4S) + N(2D) (R2)

The recombination is fast, a typical time of the processes (R1) and (R2) at

ne = 2 · 1018 cm−3 is τrec ≈ 0.4 ns. Each elementary process results in severe heat

release: 5 eV in the reaction (R1) and 2.25 eV in the reaction (R2) respectively [23];

and the additional heat will be produced due to the quenching of excited O(1D) and

N(2D) atoms. Only due to the heat release in the reactions (R1) and (R2) the gas

temperature during less than 1 ns increases up to 15−20 kK. Thus the consequence of a

fast recombination at high electron density, on the level of ne ≥ 2 ·1018 cm−3, is increase

of gas temperature and approaching of plasma to the local thermodynamic equilibrium
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(LTE), with the gas temperature close to the electron temperature.

The electron-ion collision frequency νei increases with the electron density [24]:

νei =
ne · e4 · lnΛ

18
√

2π · ε20 ·
√
me · (Te)3/2

, (1)

Here lnΛ is the Coulomb logarithm, me and e are the mass and the charge of the electron

respectively, Te is the electron temperature, ε0 is the dielectric constant.

At the conditions that plasma is strongly ionized and the electron-ion collisions

dominate, the conductivity is calculated as

σei =
ne · e2

me · νei
. (2)

For a typical electron density ne = 3 · 1018 cm−3 and electron temperature Te = 3 eV,

the value of the Coulomb logarithm is lnΛ = 5.05, and so the conductivity σei ≈
180 Ohm−1·cm−1 [24]. In this case, for the electric current density jf ≤ 3 · 105 A/cm2,

the electric field in the filaments does not exceed Ef = 1700 V/cm. Such a low field

in the constricted channels is the main reason for the sharp decrease in the emission

intensity of the 2+ nitrogen system, which is observed in nSDBD during the streamer-

to-filament transition [16,17]. It should be noted that as far as the field in the filaments

is low, their propagation length is defined by the duration of the pulse (see figure 5 (a)),

and so, using longer pulses, it is possible to obtain longer filament length.

The equilibrium electron density calculated as a function of gas temperature is

presented in figure 11 for two cases: pressure P = 1 bar and initial gas number

density N0 = 2.5 · 1019 cm−3; pressure P = 5 bar and initial gas number density

N0 = 1.2 ·1020 cm−3. The calculations were carried out using the model [26] in isochoric

approximation. The approximation is valid because the time of filamentation, a few

nanoseconds, is much shorter than a typical hydrodynamic time; the gas expansion does

not occur and the particle density remains approximately constant, increasing only due

to the dissociation of mixture molecules. It follows from the figure that at P = 5 atm,

the equilibrium electron density ne = (2−3) ·1018 cm−3 is reached at a gas temperature

equal to Tg = 13± 0.6 kK.

Decay of the electron density from ne = 5 ·1018 cm−3 to ne = 6 ·1017 cm−3 during a

few tens of nanoseconds at P = 5 bar can be explained by gas cooling from Tg = 14 kK

to Tg = 10 kK. Estimates of gas cooling via thermal conductivity using a coefficient of

heat conductivity taken from [24] result in typical time tens of nanoseconds at a typical

radius of channel equal to 10 µm. It should be noted that the cooling associated with

the gas-dynamic expansion of the channel was not taken into account in the estimates.

Let us consider the processes that allow obtaining the high values of electron density,

reached experimentally, ne > 1018 cm−3 at P = 5−6 atm during a sub-nanosecond time.

Figure 12 presents calculated kinetic curves of the main components and the evolution

of the gas temperature in molecular nitrogen at initial pressure P0 = 6 bar, for the initial

gas temperature T0 = 300 K and constant reduced electric field E/N = 230 Td, which

corresponds to the measured electron temperature in the discharge, Te = 3 − 3.5 eV.
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Figure 11. Calculated electron density as a function of gas temperature for P = 1 bar

at the initial gas number density N0 = 2.5 ·1019 cm−3, and for P = 5 bar at the initial

gas number density. N0 = 1.2·1020 cm−3. Symbols are the experimental data from [25].

The calculations were carried out in isochoric approximation; rates of ionization and

excitation of nitrogen atoms and molecules by electron impact were calculated using

BOLSIG+ software [27]. The self-consistent sets of the cross-sections for elastic and

inelastic electron collisions were taken from [28, 29] for N2 molecules and from [30] for

nitrogen atoms. The cross–sections of ionization and dissociation of N2(A
3Σ+

u , B3Πg,

C3Πu) molecules by electron impact, as well as cross-sections of the transitions between

these states were taken from [31].

At short time period, t < 0.15 ns, the density of electronically excited nitrogen

molecules, N2(B
3Πg, C3Πu) increases proportionally to the density of electrons. At

ne > 3 · 1016 cm−3, quenching of electronically excited N2(A
3Σ+

u , B3Πg, C3Πu) states

by electrons dominates above quenching by nitrogen molecules. A significant part of

dissociation at these conditions goes via dissociation of electronically excited states by

electron impact:

e + N2(A
3Σ+

u , B3Πg, C3Πu)→ e + N(4S) + N(2D). (R3)

Similar, ionization of electronically excited states by electron impact is important

under the present conditions:

e + N2(B
3Πg, C3Πu)→ 2e + N+

2 (X2Σ+
g , A2Πu). (R4)

At E/N = 230 Td, ionization from excited states is equal to ionization from

the ground state starting from [N2(B
3Πg, C3Πu)]/[N2]≥ 10−3. As a result, already
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at t > 0.15 ns, the main ionization takes place from the electronically excited levels. To

underline the role of ionization from the excited states at high electric field and high

deposited energy, the dashed curve in figure 12 presents the electron density calculated

without the reaction (R4). It is clearly seen that the electron density calculated with

the stepwise ionization (R4) at t = 0.35 ns is about 15 times higher than the electron

density obtained via ionization from the ground state only.
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Figure 12. Calculated kinetic curves of main species and gas temperature in discharge

in nitrogen at P = 6 bar, T0 = 300 K, E/N = 230 Td.

Gas temperature presented in figure 12 increase dramatically at sub-nanosecond

time scale. The temperature was calculated under the assumption that the difference

between the specific delivered energy at the given time instant, ω(t), and the specific

energies spent for dissociation, ωdiss, ionization, ωion and electronic excitation of atoms

and molecules, ωexc, ∆ω = ω − ωdiss − ωion − ωexc, instantaneously transforms into the

heat. Necessary thermodynamic functions were taken from [32].

The ratio of the frequency of electron–ion collisions to the frequency of electron–

neutral collisions, νei/νen, increases with the ionization degree, ne/[N2]. As a result,

the electron temperature, and the rates of gas ionization and excitation decrease. At

t > 0.28 ns the rates of increase of electron density and of nitrogen atoms density slow

down. The electron density at t = 0.33 ns is equal to ne = 5.3 · 1018 cm−3, the density

of nitrogen atoms is equal to [N(4S)]≈ 7 · 1019 cm−3, and the gas temperature is equal

to Tg ≈ 12 − 14 kK. At this time instant, the specific delivered energy is equal to

ω ≈ 8.8 eV/molecule. Later in time, the system will approach to the equilibrium state
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at corresponding gas temperature.

To summarize, the high electron density in the beginning of the filamentation,

appearing in reactions of ionization from electronically excited states, leads to significant

increase in electric current density. This is the result of the discharge constriction,

leading to an increase in the specific delivered energy and heat release on the time

scale of parts of nanoseconds. Approaching to the state close to the LTE explains

the anomalously slow plasma decay, tens of nanoseconds, observed experimentally: the

decay of electron density follows the dynamics of the gas cooling.

It should be noted that in a number of works [33,34], it is assumed that the discharge

constriction is the result of magnetic compression of plasma channel. The magnetic

pressure Pm is a function of the discharge current I and of the filament radius Rf :

Pm =
10−7 · µI2

16π2R2
f

. (3)

Will demand that the magnetic pressure Pm is equal to the gas pressure Pg inside the

filament. In assumption that at P0 = 6 atm the gas temperature will reach the value

of 15 kK during parts of nanosecond (see figure 12), the gas pressure in the channel

on this stage is equal to 300 atm. At discharge current 1 A per filament, the magnetic

pressure Pm will be equal to gas pressure Pg for the radius of filaments as small as

Rf < 0.015 µm. Thus, the magnetic compression is not important under conditions of

the nanosecond surface discharge.

To answer the question of initiation of the filament, the near–electrode processes

should be considered, for example development of the field emission instability of the

cathode layer [35]. At high pressures, this instability should be efficient because of high

value of the electric field near the cathode, which leads to significant decrease of the

cathode work function [24] and increase of the secondary electron emission current.

3.2. Near–electrode processes and filament propagation as an ionization wave

Recent numerical calculations of a cathode layer in a pulsed nanosecond discharge

in helium at high pressure [36] demonstrated a possibility of a high electron density

generation near the cathode. The calculations were carried out using 1D self–consistent

Particle–in–Cell Monte Carlo collisions model. High densities of electrons, ne >

1018 cm−3, were obtained as a result of secondary electron emission from the cathode

surface. The account of field emission resulted in shorter time of formation of the

cathode layer. Under the conditions of [36], the electron density reached a maximum

value nmaxe at t < 2 ns, and the current density of the field emission was as high as

jfe > 108 A/cm2.

In [33] the initial stage of nanosecond discharge at atmospheric pressure was

studied with extra-high spatial (3-4 µm) and temporal (70 ps) resolution. The authors

demonstrated, that nanosecond breakdown initiated by 4 ns rise time 25 kV amplitude

voltage pulse in 3 mm pin–to–plane gap starts from a dense spot of electrons near the

cathode, with a density n0
e > 1020 cm−3 and a typical size of ∼ 10 µm. The authors [33]
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remark that the nature of the observed electron cloud is still under discussion and

mention the field emission in strong electric field and a possibility of production of a

supercritical fluid during explosive heating of a single spike or multiple spikes on the

cathode.

Non-numerous experimental observations [11,13,14,37] obtained in mm or sub–mm

pin–to–pin gaps report the start of the filament from the cathode, then, with a delay of

the order of 1 ns – from the anode, and then the filaments merge in the middle of the

gap [13,37]. Significant decrease of the streamer radius, by a factor of 3−5, on the time

scale 0.5 ns before the filamentation is recently reported [13]. Significant changes of

parameters of the streamer plasma in the radial direction before the filamentation were

observed in [14]: significant increase of gas temperature in the middle of the channel

was measured; significant, 5-6 times, decrease of radius was reported.

In nanosecond surface dielectric barrier discharges, for both polarities of the high-

voltage electrode the filaments start from the edge of the HV electrode and propagate to

the bulk of the streamer plasma. In the case of the cathode a reason of formation of the

high electron density near the electrode can be a field emission instability, similar to the

case described in [36]. A question about the instability of the anode layer and possible

formation of anode spots in high pressure SDBD remains open. The model suggested

in the present paper assumes that the region with a high electron density is formed

near the HV electrode. The potential on the front of this region is significantly higher

than the potential of the streamer plasma at this point. The sharp gradient of electrical

potential near the electrode initiates the wave of a gradient of the electrical potential. As

a result, the surface streamers formed at the head of filaments [16] additionally charge

the surface of the dielectric.

It should be noted that in nSDBDs, unlike to pin–to–pin electrode systems, the

density of the electrical current increases not only because of contraction: the additional

increase is connected to decrease of the number of plasma channels at the moment of

the streamer–to–filament transition. In abnormal mode of the discharge, increase of the

current density in the microchannels near the cathode results in rise of the electric field

near the cathode, Ec. High electric fields Ec lead to increase of the current density due

to the field emission and to development the instability of cathode layer.

It is observed experimentally that in nanosecond surface dielectric barrier discharge,

the filaments formed near the high-voltage electrode propagate to the periphery of the

discharge with a typical velocity of a parts of millimeters per nanosecond, and the

velocity is almost independent of the length of the filament. According to [38], so high

propagation velocities are typical for so-called fast ionization waves (FIW) or the waves

of a gradient of the electrical potential. Will estimate a possible speed of FIW under

the considered conditions. A necessary condition for the existence of FIW is that the

formation of the next element of plasma channel behind the front of the ionization wave

is faster than the polarization of plasma before the front of FIW:

τFIW = Rf/VFIW << τpol, (4)



Filamentary nSDBD. Plasma properties in the filaments 17

here Rf is a characteristic filament radius, VFIW is the velocity of the filament.

Otherwise, a rapid broadening of the front of ionization wave will be observed.

The polarization time τpol of a plasma channel of length L and radius R is [24]

τpol =
1

4πσ
·
(
L

2R

)
/ln

(
L

R

)
, (5)

where σ is the conductivity of the channel. Under the domination of electron-neutral

collisions over electron-ion collisions, σ ∼ ne/N [24].

At P = 5 atm and the following parameters of the streamer channel: the length

L = 2 mm, the radius R = 100 µm and the electron number density ne ≈ 5 · 1014 cm−3

[1], we obtain the polarization time of such a channel τpol ≈ 0.3 ns. Therefore, to

prevent the broadening of the front of the filament when the filament propagates as a

fast ionization wave (FIW) over the streamer channels, the velocity of the wave should

be VFIW >> 3 · 106 cm/s, in agreement with the experimental data on velocity of the

filaments.

Conclusions

In this work, a detailed study of properties of plasma in the filamentary nanosecond

surface dielectric barrier discharge at high pressure in air and nitrogen, P = 5− 11 bar,

and high voltages, U = 30− 50 kV on the electrode, is performed.

The velocity of filaments changes with the applied voltage but almost does not

change with pressure. For pressure and voltage ranges indicated above, the velocity of

filaments stays between 0.3 mm/ns and 0.5 mm/ns. The energy per filament per unit

length, filament radius and the specific delivered energy were measured. The specific

delivered energy in the filamentary plasma measured from experiment can be as high as

ω = 7.4 eV/particle. Synchronized in time electron number density ne(t) and electron

temperature Te were measured by means of Stark broadening and analysis of the relative

intensity of N+ lines respectively. The electron density in the discharge was found to be

equal to ne = 5 · 1018 cm−3, decreasing in the near afterglow with a typical decay time

tens of nanoseconds. the electron temperature decays from Te > 3 eV in the discharge

to Te = 1.7 eV in the near afterglow.

Suggested model assumes that the initiation of the filaments takes place always

near the electrode, after the start of the streamers from the electrode. In the case of

the cathode a reason of formation of the high electron density near the electrode can

be a field emission instability. The region with a high electron density is formed near

the cathode, the potential on the front of this region being significantly higher than the

potential of the streamer plasma. The sharp gradient of electrical potential near the

electrode initiates the wave of a potential gradient, or the fast ionization wave (FIW)

propagating from the cathode and additionally charging the surface of the dielectric by

the streamer zone formed at the heads of the filaments.

High electric fields during a short period of time, less than 1 ns, in the front of the

filament, are responsible for efficient ionization. Stepwise ionization and dissociation
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from electronically excited states of molecular nitrogen leads to fast increase of the

electron density, dissociation degree and gas heating. Approaching to the state close

to the LTE explains the anomalously slow plasma decay in the afterglow, tens of

nanoseconds: the electron density corresponds to the value of gas temperature at the

given time instant, so the dynamics of plasma decay is determined mainly by gas cooling.
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