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Threshold effects in the development of highly ionized plasma channels in a pulsed nanosecond
discharge in air at pressures of 100–760 Torr
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The formation processes of highly ionized plasma channels (filaments), with an electron concentration of
Ne ∼ 1018–1019cm−3, in a pulsed nanosecond discharge in air at a pressure of 100–760 Torr are investigated.
The studies are carried out for millimeter-sized gaps with a point cathode and flat anode. It is established
that explosive processes at the cathode give rise to the emergence of an ionization wave propagating toward
the anode with a velocity of ∼106–107 cm/s and initiating the development of highly ionized filaments. The
wave’s propagation velocity is practically independent of the air pressure. At pressures 400–760 Torr, the
ionization wave front is unstable and splits into numerous microchannels with typical diameters of ∼20 µm
and electron concentrations Ne = (1–5) × 1019cm−3. The microchannel formation ceases to be observed when
the air pressure decreases from 400 to 300 Torr, whereas the discharge development occurs mainly through
the development of a uniform highly ionized plasma filament. A decrease in pressure entails the drop in the
maximum values of electron concentrations, which, however, are close to the values corresponding to complete
ionization. Theoretical estimates of characteristic filamentation times are presented together with the analysis of
the possible mechanism responsible for generating plasma with a high degree of ionization. The findings can be
helpful in refining the models of plasma-chemical kinetics and the formation mechanisms of a system of highly
ionized microchannels in high-pressure discharges at nanosecond times.
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I. INTRODUCTION

The study of the filamentation processes of a pulsed
nanosecond discharge in an air environment is relevant for
many applications of the gas discharge physics [1]. These
processes are capable of radically changing both the spatial
structure of the discharge and the plasma-chemical kinetics in
single channels [2–4]. The filamentation processes are also as-
sumed to be scaled when increasing the discharge gap length
[5] and influence the formation of long spark discharges [6–9].
As part of the filamentation process, the appearance of thin
plasma filaments (tens to hundreds of micrometers in diame-
ter) with a high degree of ionization (units to tens of percent) is
possible. It was shown that certain filaments can represent al-
most fully ionized air plasma (with an electron concentration
of Ne > 1019cm−3) close to the state of local thermodynamic
equilibrium [10]. As the transition of the discharge to the fil-
amentary regime occurs, the gas temperature in the discharge
channel can increase to tens of thousands of degrees in a
matter of nanoseconds [2]. During the transition, the emission
spectrum of the discharge channel, which at the initial stage is
characterized by molecular bands of N2, is then followed by
continuous emission with the appearance of broadened lines
of atoms (N, O) and atomic ions (N+) [11–13]. However, in
spite of various investigations in this research field, a num-
ber of aspects related to the filamentation mechanism still
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represent an open problem requiring careful analysis. In par-
ticular, this concerns the formation of a complex filamentary
microstructure in the discharge channel–plasma channels with
a diameter of ∼10–20 µm and a length of several millimeters
[14–16]. It is assumed that the appearance of microchannels
of highly ionized plasma is driven by the development of
ionization instabilities [17–19], which significantly depend on
the key conditions of the discharge formation. It was shown
that, when varying the energy input into the discharge medium
(current through the discharge gap) [20] or creating preioniza-
tion [21], the dynamics of the microstructure development in
an electric spark changes. In particular, at currents less than
100 A, the formation of microchannels from the cathode is
not observed [20], as in the case when seed preionization is
initially created in the zone of the microchannel formation
[21]. Remarkably, in the recent study [22] it was reported
that in a gas discharge medium consisting of pure nitrogen
at pressures below ∼200 Torr, the microstructure formation
is not registered, as in air at pressures less than ∼300 Torr.
It should be noted that in modern literature there is a lack
of quantitative data on the dynamics of the parameters of
highly ionized filaments obtained with a high temporal (better
than 1 ns) and spatial (several micrometers) resolution when
varying the key conditions of the discharge formation. This
fact challenges the development of models of fast plasma
formation processes that would be able to comprehensively
explain the fast fine-scale spark filamentation mechanism–
microstructure formation.
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FIG. 1. (a) Schematic illustration of the experimental setup and diagnostics used. (b) Air discharge gap with a point cathode probed by a
laser pulse.

In this study, we investigated in detail the development
features of highly ionized plasma channels formed in a pulsed
nanosecond discharge in air at pressures from units of Torr
to 760 Torr. The measurements were carried out using the
methods of picosecond laser probing of plasma. Based on
the mathematical processing of interferograms, supplemented
with the results of the analysis of laser shadowgrams and
schlieren images registered simultaneously in each discharge
event, we discovered qualitatively new structural transitions
between the regimes of the development of filaments at low
air pressures. In particular, we revealed the important role of
the generation of highly ionized near-cathode plasma and the
threshold (by pressure) nature of the formation of microchan-
nels in the discharge gap (far from the cathode). The results
of the study can be useful in constructing consistent models
of the observed plasma formation phenomena depending on a
wide range of experimental conditions.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

In experiments, we used a previously developed setup, see
Fig. 1(a), based on a high-voltage cable generator of voltage
pulses with an amplitude of up to 25 kV, a rise time ≈4 ns
and duration of ≈ 40 ns at a maximum generator current of
about 300 A [23]. The generator was synchronized with a
picosecond Nd: YAG laser LS-2151 with an accuracy better
than 1 ns by switching a laser-triggered spark gap [24]. The
laser produced radiation pulses with an energy of up to 80
mJ at wavelengths of 1064 and 532 nm, with a pulse duration
being 70 ps at 532 nm. The high-voltage pulse of the generator
was supplied into the discharge chamber to a discharge gap
with the electrode geometry “point cathode–flat anode”; see
Fig. 1(b). As a point cathode, we used a copper wire with
a diameter of 100 µm and a length of several millimeters.
The gap between the cathode tip and flat anode (copper
cylinder with a base diameter of 10 mm) was ≈2 mm. The
employment of a point cathode made it possible to reduce the
sporadic nature of the discharge development in space, since
the formation of highly ionized filaments always started from
the cathode tip. In addition, owing to the precise focusing
of the optical lens system on the region with the thin cathode,

an optimal regime of laser photography of plasma struc-
tures was achieved from the point of view of the subsequent
employment of the geometrical optics approximation in the
image processing procedure [25].

The discharge development was investigated in the range of
dry air pressures from units of Torr to 760 Torr. The air pres-
sure was controlled by a Televac CC-10 digital vacuum gauge
with an accuracy of ± 5% (over the entire pressure range). To
image the highly ionized plasma formation, we used a laser
diagnostic system developed earlier in Ref. [23]. The system
provides multi-imaging based on six laser beams at 532 nm
that probe the discharge gap with a relative delay of several
nanoseconds in a single shot produced by the high-voltage
generator. In the current research, we mainly present the im-
ages registered by using the sixth beam. However, the data
obtained using the other beams were also used to determine
certain characteristics of the observed plasma and its dynam-
ics. The designs of optical channels for each of the beams
were identical to that shown in Fig. 1(a). The energy of each
beam did not exceed several mJ, and the beam’s diameters
were ∼1 cm. In the optical channel in Fig. 1(a) the laser beam
was recorded by high-quality “Era-14” lenses having a spa-
tial resolution better than 2–3 µm. Simultaneous registration
of interferograms, shadowgrams and schlieren images with
an approximately ten-fold magnification was implemented
in the optical channel. All the images were recorded using
Canon1200 digital cameras (CMOS sensor 22.2 × 14.7 mm,
12.2 effective megapixels) combined with glass-optical filters
to attenuate the discharge glow. The image exposure time
was 70 ps. The discharge current and voltage were detected
by a coaxial shunt and resistive voltage divider both having
a subnanosecond temporal resolution [16]. The moments of
laser probing of the discharge were controlled by a Thorlabs
DETO25A photo-detector (with a rise time of 150 ps). The
signals of all detectors were registered by using a LeCroy
Wave Master 8620A oscilloscope (6 GHz, 20 GSa/s).

III. IMAGE PROCESSING PROCEDURE

The quantitative information about the geometric dimen-
sions of plasma structures and electron density distributions
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was obtained through mathematical processing of inter-
ferograms. The processing results were further refined by
analyzing schlieren images and shadowgrams. Interferograms
were recorded using a shearing interferometer based on an
air microwedge between two faces of rectangular prisms
[23,26,27]. In each shot, two interferograms were recorded:
with and without (reference) an object. When processing both
interferograms by using the dedicated procedures [28,29], a
two-dimensional map of the phase shift introduced by the
plasma into the passing laser radiation was constructed. The
relationship between the radiation phase shift and dispersion
part of the plasma dielectric permittivity was considered in the
geometrical optics approximation [25]

δφ(x, ρ) = k

2

∫ x

0
ε̃(η, ρ)dη, (1)

ε̃ = − ω2
pe

ω2 + ν2
eff

(1 + iνeff/ω), (2)

ωpe =
√

4πe2Ne/me, (3)

where ρ is the two-dimensional variable introduced for the
transverse y and z variables; ωpe and ω = 3.5 × 1015s−1 are
the plasma frequency and the frequency of the probing laser
radiation; e and me are the electron charge and mass. The
parameter νeff describes the effective frequency of elastic
collisions of electrons in a gas-discharge medium defined as
the sum of the frequencies of electron collisions with neutral
particles νem, ions νei, and electrons νee. The parameter x is the
distance at which the field of the transmitted radiation behind
the object is detected. The plane with the coordinate x = 0
corresponds to the object’s input plane. Based on the estimates
presented below in this research (see also in Ref. [30]), one
can show that for the spark plasma with electron concentra-
tions as high as Ne ≈ 5 × 1019cm−3 and electron temperatures
Te = 1 − 5, the high-frequency approximation (νeff/ω)2 � 1
is well satisfied, owing to which expression (2) takes the form
ε̃ = −ω2

pe/ω
2.

Let us clarify that in the presence of a purely plasma
medium we have ε̃ < 0 and δφ < 0. When solving the in-
verse diffraction problem, the experimental distribution of the
phase shift δφexp (extracted from the phase shift map for a
certain slice) is smoothed and symmetrized. Next, the smooth
symmetrized distribution δφ∗ is used in the numerical solu-
tion of the equation system obtained within the framework
of the Abel-Fourier-Hankel transform cycle [31] successively
applied to Eq. (1):

F[δφ∗(y)]( fy) = 2
∫ +∞

0
δφ∗(y)cos(2πy fy)dy, (4)

ε̃(r) = 4π

k

∫ +∞

0
F[δφ∗(y)]( fy)J0(2πr fy)dfy. (5)

Herein, we have the two-dimensional variable r− the modu-
lus of the radius-vector drawn from the symmetry center of
the phase shift profile δφ∗(y), the zero-order Bessel function
J0(2πr fy), the Fourier spectrum F[δφ∗(y)]( fy) of the phase
shift function δφ∗(y), the spatial frequency fy introduced for
the transverse variable y. Numerical simulations of Eqs. (4)
and (5) showed that the reconstruction error of function ε̃

can be estimated from above as NRMSD[δφexp; δφ∗] + 2%,

where the normalized root-mean-square deviation,

NRMSD[δφexp; δφ∗] =
( ∑Ny

i [δφexp(yi ) − δφ∗(yi )]2
)1/2

max{δφexp} − min{δφexp} ,

(6)
is introduced and appears as an approximation error of func-
tions δφexp and δφ∗. Parameter Ny equals the efficient number
of pixels of the CMOS matrix along the drawn slice.

Thus, in this research, we present the electron
concentration profiles reconstructed with an error of
NRMSD[δφexp; δφ∗] + 2% and with a sampling step of
≈2.3 µm, which characterizes the spatial resolution of the
optical system.

IV. RESULTS OF EXPERIMENTAL MEASUREMENTS

Let us turn to the results of laser photography in Figs. 2–4.
Herein there are interferograms, schlieren images, and shad-
owgrams registered at 532 nm in shots 1–7 at different air
pressures (100–760 Torr) after �t (ns) the onset of the elec-
trical breakdown–the beginning of a sharp increase in the
discharge current (∼200 A/ns) and a drop in the discharge
voltage. The current and voltage waveforms for shots 1–7 are
shown in Fig. 5. All types of the images in Figs. 2–4 were
obtained simultaneously in each shot at the moment of the
gap probing, which, as a rule, coincided with the developed
stage of the filament between both electrodes (on average, at
�t ∼ 10 ns). The comparison in this case is made with a
typical filament pattern obtained in atmospheric air, when a
resultant filament has time to form between the electrodes and
has a clearly resolvable microstructure. Thus, without chang-
ing the basic conditions of laser measurements (in particular,
the time stage of observations), we traced the key changes
in the dynamics of highly ionized plasma in the discharge
gap with varying the air pressure. The data on the regis-
tered electron concentrations depending on the air pressure
are presented in Figs. 6(a) (range 100–400 Torr), 6(b) (range
500–760 Torr), and 6(c) (dependence of the detected maxi-
mum electron concentration on the air pressure). Additional
images of the studied discharge at air pressures of 500–760
Torr, which were taken for processing, are given in Fig. 7.

A. Plasma formation in air at P = 760 Torr

The development of a spark channel from a point cathode
in atmospheric air was described in detail earlier in Refs.
[16,30,32]. In Ref. [30] it was shown that the initiation of a
highly ionized channel (channels) starts from the appearance
of a cathode spot with an electron density of at least 1019cm−3

and a size of about 10–20 µm. Notably, these representations
were obtained on a timescale of approximately 0.5–1 ns rel-
ative to the instant of the discharge gap breakdown with a
spatial resolution of the diagnostic system of 2–3 µm. Today, it
is not yet completely clear what kind of structure is contained
in the cathode spot, what the true electron density distributions
of the cathode spot plasma are, and from what minimum size
the process of its generation begins. We refer these questions
to future studies.

As a rule, after several nanoseconds, due to the explosive
expansion of the near-cathode plasma, the cathode spot is
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FIG. 2. Laser interferograms of the discharge gap registered at 532 nm in shots 1–7 at different air pressures (100–760 Torr) after the onset
of the electrical breakdown. The parameter �t (ns) denotes the time passed from the breakdown moment to the instant of laser probing the
discharge gap. The processing results obtained for the slices 1–4 drawn in the interferograms are presented in Fig. 6(a).

transformed into a spherical plasma zone with a diameter of
about 100 µm possessing very high electron density gradients
[33]. In the shell (≈20 µm in width) of such a zone, electron
densities of up to (5–6) × 1019cm−3 can be reached. From the
boundaries of the spherical plasma zone an ionization wave
starts to propagate toward the anode, which travels with a

characteristic velocity close to 107 cm/s and paves the way
for the development of a subsequent highly ionized channel
(filament) in the direction of the anode. Here, we associate
the ionization wave front with the head of the growing spark
channel (filament), wherein ionization and dissociation reac-
tions occur intensively. The boundary of the channel’s head is

FIG. 3. Laser schlieren images of the discharge gap registered at 532 nm in shots 1–7 at different air pressures (100–760 Torr) after the
onset of the electrical breakdown.
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FIG. 4. Laser shadowgrams of the discharge gap registered at 532 nm in shots 1–7 at different air pressures (100–760 Torr) after the onset
of the electrical breakdown.

defined based on the processed laser interferogram data fur-
ther refined by the analysis of schlieren images. This boundary
is interpreted as the zone where a highly ionized plasma is
generated via the stepwise dissociation and ionization mech-
anisms (will be described below) at an electron concentration
that exceeds the sensitivity threshold (Nmin

e ) of the employed
laser diagnostic methods–the minimum resolvable electron
density. For example, for plasma on a spatial scale of D =
200 µm the threshold can be estimated as Nmin

e = k/(A × D ×
λ) ≈ 1018cm−3. Here we have A = 4.49 × 10−14 cm, λ =
0.532 × 10−4 cm, and k ≈ 0.05 is the minimum registered
phase shift in the interferogram, which takes into account the
influence of the spatial resolution of the optical system, the
interferogram pixelation, and the noise on the extracted phase
shift map.

A feature of the propagated ionization wave is the fact
that it is unstable and begins to break up into separate mi-
crochannels at a distance of several hundred micrometers
relative to the cathode tip. Microchannels have typical di-
ameters of about 20 µm, and the microchannels’ plasma
with electron concentrations Ne = (1 − 5) × 1019cm−3 can
be close to the state of complete ionization [16], see also
the results obtained for microchannels growing from a point
anode [34]. Note that high values of the electron density, up
to (5 ± 0.3) × 1019cm−3, are also observed in the relatively
homogeneous part of the developing filament; see Fig. 6(b).
Quantitative data on the electron density in the filament were
obtained from the images shown in Fig. 7. Further forma-
tion of the resultant filament between the electrodes typically
occurs through the development of a system of multiple mi-
crochannels. Microchannels branch, the degree of ionization
increases in them, the microchannel number rises over time–
all this together determines the fine-scale spark filamentation

process [16]. As a result, the resultant filament, while being
several hundred micrometers in diameter, turns out to consist
of dozens of microchannels of highly ionized plasma. This
is clearly demonstrated by the images in Figs. 2–4 obtained
under atmospheric air conditions. The microstructure has a
high contrast in the laser shadowgram and is clearly visi-
ble in the interferogram and schlieren image. In the case of
schlieren imaging, the pattern of the plasma object is obtained
due to refraction of a laser beam on high electron density
gradients [35,36]. On average, the values of the growth rate
of microchannels were registered in the range from ∼107 to
∼108 cm/s. In a number of shots, it was possible to register
the growth of single microchannels with a rate as high as
∼109 cm/s. Note that the growth rate of microchannels can
vary from shot to shot.

B. Plasma formation in air at P = 500–600 Torr

When the air pressure was reduced to 500 Torr, no fun-
damental changes in the development of the microstructure
inside the resultant filament were detected, with one excep-
tion: the contrast of the shadow image of the microstructure in
the laser shadowgram drops down. This is probably due to the
fact that, when proceeding to 500 Torr, the maximum value of
the plasma electron density that can be reached in the medium
decreases slightly, since the concentration of the original air
molecules decreases. For example, in atmospheric air we
have N = 2.7 × 1019cm−3 molecules. With complete disso-
ciation and single ionization one can reach an electron density
of up to N thr

e = 5.4 × 1019cm−3 (‘threshold’). Similar values
of electron density were observed earlier in Refs. [37,38].
At P = 500 Torr we have N = 1.78 × 1019cm−3 and N thr

e =
3.55 × 1019cm−3, whereas the registered maximum electron
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FIG. 5. Discharge voltage and current waveforms in shots 1–7.
In each shot the gap breakdown instant and moment of laser probing
are marked.

concentrations are close to N thr
e , see Fig. 6(b). Note that

slightly higher electron densities, Nmax
e = (4.75 ± 0.25) ×

1019cm−3, relative to N thr
e are observed at P = 600 Torr, al-

though the tendency to decrease in Nmax
e with decreasing air

pressure remains.

C. Plasma formation in air at P = 400 Torr

When proceeding to the air pressure of 400 Torr, the
growth rate of microchannels decreases (the process of the mi-
crostructure formation in the discharge channel slows down),
on average to ≈(1.8–4.4) × 107 cm/s, which, however, is
higher than the typical propagation velocity of the ionization
wave from the cathode, on average ≈(5–7.8) × 106 cm/s. At
a pressure of about 400 Torr, the microstructure continues to
be resolved in the laser interferogram and schlieren image, but
in the shadowgram the microstructure contrast drops sharply.
As a result, it is practically invisible. In this case, the high
contrast in the shadowgram is at the base of the growing
filament, wherein sufficiently high electron density gradients
are reached, and accumulation of diffraction effects occurs
when coherent laser radiation passes through an inhomoge-
neous plasma medium [39]. The typical electron density of the
observed plasma decreases. For example, the mathematical
processing of the interferogram in Fig. 6(a) for the drawn
slice 4 showed that the value of the maximum electron den-
sity is Nmax

e = (1.93 ± 0.16) × 1019cm−3, which is ≈68% of
N thr

e ≈ 2.84 × 1019cm−3 (at P = 600 Torr). Let us clarify that
for the analysis of the plasma electron density we intentionally
selected a relatively homogeneous and developed section of
the growing filament, wherein the electron density had already
reached its maximum value and significant structural changes
are not observed. In this case, the processing of the phase shift
profiles was as correct as possible.

D. Structural changes in filaments
upon transition to P = 300 Torr

A distinctive feature of the transition to 300 Torr is the fact
that the formation of highly ionized microchannels ceases to
be traced along the filament with the achieved sensitivity of
laser probing methods at 532 nm. Weak inhomogeneities in
the plasma (low gradients of the electron density) indicated
by the schlieren image turn out to be unresolvable in the
interferogram and even more so in the shadowgram. Typically,
at P = 300 Torr we observe the development of a relatively
homogeneous filament with a smooth electron density profile
at the periphery, see the data obtained for slice 3 in Fig. 6(a).
Note that, when decreasing the air pressure from 760 to
300 Torr, the filament diameter increases on average from
about 100 to 200 µm. The maximum electron density is de-
tected at the level of Nmax

e = (1.76 ± 0.06) × 1019cm−3; this
is ≈83% of N thr

e ≈ 2.13 × 1019cm−3 (at P = 300 Torr). At
a pressure of 300 Torr high gradients of an electron density
are often observed in the cathode region and visualized as
complex inhomogeneities with sharp changes in the intensity
of the shadow pattern. In addition, a synchronous formation
of a number of highly ionized plasma channels originating
from the cathode can be observed, see Fig. 8. The analysis
of the parameters of such channels (their diameters and de-
velopment patterns were examined) showed that they cannot
pretend to be microchannels, which are observed at higher
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FIG. 6. (a) Distributions of the plasma electron density Ne reconstructed for the slices 1–4 drawn in the interferograms in Fig. 2 for the case
of pressures of 100–400 Torr. (b) Distributions of the plasma electron density Ne reconstructed for the slices 5–7 drawn in the interferograms
in Fig. 8 for the case of pressures of 500–760 Torr. The parameter r is the distance measured from the found characteristic center of symmetry
in the distribution of the phase shift profile δφ∗. (c) Dependence of the maximum electron density Nmax

e registered in a certain cross-section of
a filament on the air pressure P (Torr). The curve N thr

e is the electron concentration obtained at a given pressure in the case of complete
dissociation and single ionization of the air medium.

pressures. The fundamental difference between them is that
the microchannels at high pressures are narrower, their num-
ber at the base of the resultant channel is greater, and they are
located close to each other (microstructure is channeled). In
the images in Fig. 8 the diameters of the secondary channels
from the cathode are ≈107, ≈81, ≈56, ≈100, and ≈105 µm.
On average, the growth rate of the filament from the cathode at
P = 300 Torr is from ≈ 6.5 × 106 to ≈ 1.4 × 107 cm/s, which
is similar to the propagation velocity of the ionization wave at
higher pressures.

E. Plasma generation in air at P = 100–200 Torr

At air pressures below 300 Torr any development of highly
ionized plasma in the form of an extended microstructure
(from the cathode to the anode) is not observed in princi-
ple. Moreover, the picture of the development of the entire
discharge changes radically: At P = 100–200 Torr we often
observe explosive initiation of highly ionized plasma on the
lateral surface of the point cathode, below its tip at a dis-
tance of about 300 µm. Note that at high pressures highly
ionized plasma emerges in the form of a micron-sized cathode
spot, which subsequently gives rise to the development of
an ionization wave. The spot, however, appears exclusively
at the top of the cathode tip, where the highest value of the
electric field strength is expected to be reached, not below it.
One can assume that at pressures of no more than 200 Torr
the regime of the electron emission from a point cathode is
close to that inherent in a vacuum diode with a point cath-
ode. Due to the influence of a strong radial component of an
electric field together with the spatial charge of the emitted
electron flow, for the thin point cathode the electron emission
from an extended part of the lateral surface of the cathode

prevails, wherein an intensive production of plasma of the
cathode substance is expected partially to screen the energy
input directly into the cathode tip [40,41]. The near-cathode
plasma within a few nanoseconds after its origination, while
possessing high electron density gradients, expands spheri-
cally around the cathode tip with a characteristic velocity
close to 106 cm/s [42]. One of the distinct differences in the
formation dynamics of highly ionized plasma for the cases
of P = 100 and 200 Torr is that at 200 Torr the development
of a kind of an embryo of a homogeneous filament in the
anode direction is observed (in Figs. 2–4 it is marked as a
“torch”). Its growth rate within the considered timescales is
≈ (5–7.8) × 106 cm/s.

Thus, one can conclude that the propagation velocity of
the ionization wave from the generation region of the primary
highly ionized near-cathode plasma changes slightly with de-
creasing the air pressure. The fundamental differences in the
dynamics of the propagating ionization wave with decreasing
the air pressure consist only in the fact that the maximum
values of the plasma electron density registered in local areas
of the filament far from the cathode tip decrease. For example,
the time stage shown in Figs. 2–4 characterizes the plasma of
the growing torch (far from the cathode and spherical plasma
region around the cathode tip) with electron density values
at the maximum of up to Nmax

e = (1.25 ± 0.05) × 1019cm−3;
this is ≈88% of N thr

e ≈ 1.42 × 1019cm−3 (at P = 200 Torr),
see the data in Fig. 6(a) obtained for the slice 2.

F. Features of the near-cathode plasma generation
at P�100 Torr

As shown in Ref. [34] aimed at investigating in detail
the characteristics of the cathode plasma during the first
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FIG. 7. Interferograms (obtained in shots 8–10) of a highly ion-
ized filament observed at pressures of 500–760 Torr at different times
after the gap breakdown. The processing results obtained for the
slices 5–7 drawn in the interferograms are presented in Fig. 6(b).

nanoseconds of its evolution at P = 100 Torr, the maximum
values of the electron density can be quite high near the
cathode surface, up to Ne ≈ 6 × 1019cm−3. These values are
almost ten times higher than the characteristic threshold for
the electron concentration in plasma obtained exclusively
from air particles. Let us clarify that in air at P = 100 Torr
we have N = 3.55 × 1018cm−3 molecules, and the expected
maximum electron density values obtained with complete
dissociation and single ionization of air particles are limited
from above by N thr

e = 7.1 × 1018cm−3. Even at a later stage
of the near-cathode plasma evolution, when the plasma is
represented in the form of a spherical formation Figs. 2–4
enveloping the top of the point cathode, electron densities
at maximum up to Nmax

e = (0.99 ± 0.04) × 1019cm−3 are ob-
served, see the data in Fig. 6(a) obtained for the slice 1. The
described facts indicate that the observed cathode plasma near
the cathode tip is mostly represented by ionized vapors of sub-
limated cathode material, which is generated in microscales
of the cathode surface because of the transition to the explo-
sive electron emission [43] at sufficiently high energy input
powers (greater than 108W × cm−2 [44]). By the way, the

FIG. 8. Several highly ionized plasma channels originating from
the point cathode in air at P = 300 Torr.

estimates in Ref. [34] showed that the near-cathode plasma,
when excluding the maximum contribution to the electron
density provided by the air environment, corresponds to the
sublimation of the order of several cubic micrometers of the
cathode material. Relative to the approximate center of the
explosion at the cathode surface and within a few nanosec-
onds after its occurrence at P = 100 Torr, the emerged highly
ionized cathode plasma expands spherically in the space near
the cathode tip with a characteristic velocity of about 106

cm/s, which then decreases to values in the range of ∼105–106

cm/s. The analysis of the cathode plasma expansion showed
that, after the emergence on the lateral surface, the plasma
gradually climbs up to the top of the point cathode, expands
around the cathode tip resulting in a spherical region, and
then remains concentrated around the cathode tip for sev-
eral tens of nanoseconds (later stages were not studied in
this research). No growth of any filaments with an electron
density of >1018cm−3 from the cathode toward the anode is
observed.

As a separate point, note that, when the pressure is reduced
merely by several tens of Torr relative to the point of P =
100 Torr under the experimental conditions described above,
the generation of highly ionized cathode plasma (with Ne >

1018cm−3) is not observed in principle, with the sensitivity
of the used laser diagnosing techniques taken into account.
Moreover, when the pressure is reduced relative to 100 Torr,
the cathode plasma generation becomes sporadic from shot
to shot, i.e., its generation could be or not, up to a certain
pressure value at which its generation completely vanishes.
Thus, we state that the generation of highly ionized cathode
plasma, as in the case of the formation of microchannels,
appears as a threshold phenomenon.
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V. DISCUSSION OF THE EXPERIMENTAL RESULTS

A. Ionization processes and the generation
of highly ionized plasma

According to the results of the theoretical and model anal-
ysis in Ref. [45], the evolution of the parameters of the
considered pulsed nanosecond discharge in air occurs as fol-
lows. At the first stage (prebreakdown one), rapid shorting
of the discharge gap by a streamer emerged near the point
electrode (cathode) occurs [46,47]. As a result, a plasma
channel with a relatively low degree of ionization and a ra-
dius of about 150–300 µm is formed between the electrodes.
The appearance of such a weakly ionized plasma channel
can also occur in a streamer-free discharge regime because
of the intensive multiplication of electron avalanches during
the rapid increase of the applied high-voltage pulse. These
processes are clearly demonstrated in Refs. [10,48] by means
of subnanosecond photography of a pulsed discharge, the
parameters of which are close to those considered in the
current study. The subsequent evolution of the parameters of
the formed weakly ionized plasma channel can be described
in the current approximation. In a relatively high electric field
E/N (Td) and in the most part of the discharge gap there is an
increase in the electron density and discharge current with a
practically constant radius of the plasma channel. Then, near
the cathode tip, where the current density and specific power
of the energy input into the gas discharge medium are greater
than in the mid-gap (due to the smaller radius of the channel),
the discharge channel filamentation occurs alongside with
the formation of a current channel (or channels) with a high
degree of ionization–filaments.

At a high electron density, the time of the energy exchange
between the electron and ion components of the plasma is
sharply reduced [1]

τei = 250 × Aion × (Te, K)3/2

Neln�
, (7)

where ln� is the Coulomb logarithm, Aion = 14 (for an ion
N+). At the electron concentration Ne > 1019cm−3 and tem-
perature Te < 5 eV, the relaxation time does not exceed τei <

1 ns, which agrees with the numerical results in Refs. [11,49].
Owing to the smallness of the value of τei, a rapid equal-
ization of the electron, ion, and translational temperatures of
atoms and molecules occurs, so that the state of the plasma
becomes close to local thermodynamic equilibrium. Note that,
when estimating the electron-ion relaxation time in Eq. (7),
we took the Coulomb logarithm value of ln� = 2 for the
observed plasma conditions (with Te = 3–4 eV and ne up to
5 × 1019cm−3), which satisfy the weakly nonideal plasma cri-
terion. This estimation of the Coulomb logarithm for a weakly
nonideal plasma was derived from numerical studies reported
in Ref. [50], where ln� was evaluated from the calculated col-
lision time curve for 532 nm wavelength at electron densities
ne < 5 × 1019cm−3.

B. Explosive processes at the cathode
and the generation of an ionization wave

Let us discuss the stage of the near-cathode plasma for-
mation. In air at a pressure of 760 Torr its generation is

accompanied by the appearance of a cathode spot with a
transverse size of about 20 µm at a discharge current of
about 100 A [30], which gives an estimate of the current
density j ∼ 108 A/cm2 in the spot region. At the stage of
a developed channel, its diameter is about 200 µm with a
current of approximately 300 A and a current density of
0.75 × 106 A/cm2. The normal current density in the cathode
layer region at P � 760 Torr is jn � 120 A/cm2 ( jn × P =
240 µA × cm−2 × Torr−2) [1]. Hence, in the considered con-
ditions, the discharge develops in a highly abnormal mode.
As a result, one should expect a significant excess of the
field in the cathode layer over the normal value and, accord-
ingly, a significant increase in the probability of the explosive
thermionic emission [1]. In addition, because of the electric
field enhancement at microtips, a transition to the explosive
electron emission is possible in the near-cathode region [43].
The characteristic lifetime of a fine-scale zone, wherein such a
transition occurs, can be several tens of picoseconds [52]. The
initiation of the transition to the explosive electron emission
can be influenced by various dielectric films on the cathode
surface, layers of adsorbed molecules and atoms of an air en-
vironment [53], as well as by the spatial charge of positive air
ions concentrated around the tip of the point cathode [52]. As
a result of a significant energy input into a relatively small area
at the cathode, a certain part of the electrode material passes
into the state of atomized metal plasma, which significantly
reduces the potential barrier for the electron exit from the
metal. During a time period comparable to a typical time of
electron-phonon oscillations in metal, which is significantly
shorter than typical times of the kinetic reactions in air plasma,
a narrow region with a very high emission capacity arises.
Through this region, a large number of electrons are injected
into the air; it is assumed that electrons begin to leave the
metal with an average thermal velocity of vTe = √

kTe/me ∼
107–108 cm/s at Te = 1–5 eV [54]. The injected electron flow
sharply increases the ionization of the air medium in the
cathode region, which results in the formation of an ionization
wave propagating toward the anode. We identify the posi-
tion of the ionization wave front with the top of a growing
highly ionized channel–a filament observed in the images in
Figs. 2–4.

Note that in air at atmospheric pressure the frequency of
electron-neutral collisions becomes less than the frequency of
electron-ion collisions at Ne > 1018cm−3 [1,2]. So, the plasma
channel conductivity depends weakly on Ne and is determined
mainly by the electron temperature Te [1], which ensures the
conductivity in the channel behind the ionization wave front at
a sufficiently high level. For example, at Te ≈ 3 eV and Ne >

1018cm−3 the plasma conductivity can be σei = Nee2/meνei ∼
200 Ohm−1 × cm−1. Owing to this, the channel’s plasma is
polarized very quickly, and the region with a high electric field
is transferred to the top of the growing filament. It should be
noted that a certain part of electrons (in the high-field zone)
near the top of the growing filament can reach the runaway
regime, but this effect is unlikely to have a significant impact
on the discharge dynamics, since the filament growing occurs
in the weakly ionized plasma medium formed between the
electrodes at the prebreakdown stage.

Thus, the injection of a large number of electrons into
the air under the condition of an explosion at the cathode,
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wherein high gas and plasma temperatures are reached during
extremely short time periods (compared to the plasma forma-
tion processes occurring far from the electrode), and a sharp
increase in the ionization of the air medium are the key factors
determining the formation of an ionization wave propagating
toward the anode.

C. Electron density dynamics depending on the air pressure

The main processes that determine the characteristics of
the filamentation mechanism at times of about 1 ns (at at-
mospheric pressure) are the stepwise dissociation of nitrogen
molecules [55]

e + N2 → e + N2
(
A3�+

u , B3�g,C3�u
)
, (8)

e + N2
(
A3�+

u , B3�g,C3�u
) → e + N(4S) + N(2D), (9)

and the stepwise ionization of the formed atomic particles

e + N(4S) → e + N(2D,2P), (10)

e + N(2D,2P) → e + N+ + e. (11)

These processes result in a rapid increase in the electron
density and a rapid heating of the gas.

Let us consider the dependence of the discharge filamen-
tation time on the gas pressure in terms of the mechanism
described by Eqs. (8)–(11). At relatively high fields, E/N >

150 Td, efficient excitation of Nex
2 = N2(A3�+

u , B3�g,C3�u)
by electron impact occurs. In air, at relatively low ionization
degrees, the main quenching of Nex

2 is realized on oxygen
molecules. However, with increasing an ionization degree,
the dominant quenching channel becomes the electron impact
dissociation of Nex

2 ; the reaction described by Eq. (9). At
E/N > 150 Td this channel becomes the main one at Ne/N 

4 × 10−4. Oxygen molecules dissociate rapidly, resulting in a
mixture dominated by nitrogen molecules (N2) and oxygen
atoms (O). However, the contribution of direct atomic oxygen
ionization to the overall electron production is significantly
smaller than that of stepwise ionization processes involving
N2(A3�+

u , B3�g,C3�u) metastable states and nitrogen atoms
(N) [45]. The N(2D) atoms are either quenched upon collision
with N2 and O or participate in stepwise ionization reactions
(11).

According to Refs. [45,49], a rapid increase in the electron
density (which determines the characteristic filamentation
time of the discharge channel) begins after the main positive
ions become atomic nitrogen ions, which have a relatively
low electron-ion recombination coefficient. The dominance of
N+ ions becomes possible only after reaching a sufficiently
high dissociation degree of nitrogen molecules, [Na]/[N2] >

1 (where [Na] and [N2] are the concentrations of nitrogen
atoms and molecules, respectively). If we assume that all the
formed Nex

2 molecules participate in the stepwise dissociation
reactions, then the rate of the atomic nitrogen production can
be written as

d[Na]/dt = 2 × kex × Ne × [N2], (12)

where kex is the rate constant of excitation of nitrogen
molecules Nex

2 by electron impact in reaction (8). Then the
characteristic time, at which the condition [Na]/[N2] = 1 is

FIG. 9. Dependence of the filamentation time τex on the reduced
field E/N in air at P = 100 Torr and 760 Torr.

satisfied, will be

τex = (2 × kex × Ne)−1. (13)

In this case, the electron density can be determined from the
equation

Ne = νion/krec, (14)

where νion is the electron impact ionization frequency, and krec

is the effective electron-ion recombination coefficient. From
Eqs. (13) and (14) we obtain the relationship

τex = (2 × kex × νion/krec)−1. (15)

Figure 9 shows the calculated dependence of the filamenta-
tion time τex on the reduced field E/N described by Eq. (15).
The calculations were performed with the assumption that
at the initial stage of the discharge development the main
positive ion will be O+

2 having the recombination coefficient
krec = 2 × 10−7 × (300/Te)0.7cm3 /s [56]. The ionization and
excitation rates kion and kex were calculated as a function
of a reduced electric field on the basis of the solution of
the Boltzmann equation in a two-term approximation using
BOLSIG+ code [57]. A self-consistent set of cross sections for
electron collisions with N2 molecules were taken from Ref.
[58], and for O2 molecules from Refs. [59,60], respectively.

Based on the data in Fig. 9, it can be assumed that it
is the increase in the filamentation time with decreasing air
pressure that is the main reason why at P = 100–200 Torr an
extended filament with a high ionization degree does not have
time to form, similar to that which forms at high pressures.
Moreover, this effect occurs even when highly ionized plasma
with high Ne, Te, and Ti has already formed at the cathode. In
other words, although explosive processes at the cathode do
influence the emergence of an ionization wave in the direction
to the anode, its development far from the electrode is not
determined by the processes occurring in the near-cathode
region, but is associated with the filamentation mechanism
driven by the processes (8)–(11).

065211-10



THRESHOLD EFFECTS IN THE DEVELOPMENT OF … PHYSICAL REVIEW E 112, 065211 (2025)

D. Specific energy input into the gas discharge medium

A distinctive feature of the created plasma, in addition to
very high concentrations and temperatures of electrons, is the
achievement of high gas pressures. This is a consequence of
relatively short gas heating times τh, which do not exceed sev-
eral nanoseconds [2,11], so that τh turn out to be significantly
less than gas-dynamic times τg (gas pressure equalization
times), τh � τg. Because of high gas temperatures and very
small transverse dimensions (with radii R � 30 µm) of a
number of plasma channels, in the considered conditions char-
acteristic gas-dynamic times can be τg = 10–20 ns, which is
confirmed by the data on the dynamics of the gas pressure in a
spark channel presented in Ref. [51], wherein the pressure was
decreased from 300 bar to 50 bar in approximately 20–25 ns.
Note that, according to Ref. [51], the pressure in the channel
becomes close to the atmospheric one only at times >1µ s.

As we mentioned, at electron densities above Ne >

1019cm−3, the rapid equilibration of electron, ion, and neutral
temperatures justifies treating the plasma as being in local
thermodynamic equilibrium (LTE) with a unified temperature
T . The experimental data obtained for nanosecond-contracted
discharges in atmospheric air in Refs. [10,51,66] indicate
a peak temperature of T = 50 ± 10 kK. We can there-
fore estimate the corresponding specific energy input ε into
the gas-discharge medium. Modeling the heating as a fast
isochoric process, where the temperature rise is given by
�T = (γ − 1)ε/k (with k being Boltzmann’s constant and
γ the adiabatic index), and using γ = 1.25–1.3 for the high-
pressure conditions (P > 30 bar) [67], we obtain an estimate
for a specific energy input of ε = 14–16 eV/molecule for
�T = 50 kK.

E. Fine-scale spark filamentation
and the emergence of microchannels

Experimental measurements show that the head of a highly
ionized filament is unstable and begins to break up into indi-
vidual microchannels during the filament growing at a certain
distance from the cathode tip. In air at 760 Torr, microchan-
nels have typical diameters of the order of 20 µm, and the
microchannel plasma can be close to a state of complete ion-
ization at electron densities of Ne = (1–5) × 1019cm−3 [16].
According to the research [19], in high-voltage discharges
with a sharply nonuniform distribution of the electric field, the
development of instabilities in the plasma and the formation
of plasma microstructures in both the avalanche and plasma
phases of the discharge are possible. In this regard, it is of
interest to compare the observed transverse dimensions of
the microchannels with the sizes of the heads of electron
avalanches. In Ref. [1], it is shown that the growth of the
transverse size of an avalanche head slows down and stops
when its size becomes equal to α−1, where α = νion/vdr is the
first Townsend coefficient and vdr is the electron drift velocity
in an air medium. According to the available experimental
data on the dependence of νion/vdr on the value of E/N
[61], at E/N � 200 Td we have νion/vdr � 4 × 10−18cm2.
That is, at the air pressure P = 760 Torr and gas temperature
Tg = 300 K we obtain α−1 � 100 µm, which is much larger
than the experimentally measured radius of the observed
microchannels. This fact indicates that the microchannel

formation more likely occurs in the plasma phase of the dis-
charge.

At present, however, there are no fundamental models or
theoretical approaches that would explain the mechanism of
the fine-scale spark filamentation—the splitting of a primary
ionization wave into narrower plasma channels. The key dif-
ficulties here are stipulated by a large number of factors that
need to be taken into account when describing the fine-scale
spark filamentation process. Let us clarify that a detailed ex-
amination of the well-known instabilities such as ion-acoustic,
Buneman, and filamentation (a special case of a two-stream
instability) instabilities, which successively transform into
each other [62–65], has not yet given a comprehensive answer
to the question of what initiates the filamentation process
and how it is carried out. A certain challenge consists in the
need to consider the ionization wave propagation in a weakly
ionized plasma channel formed between the electrodes at the
prebreakdown stage of the discharge. After the gap break-
down, the discharge voltage drops sharply to units of kV, i.e.,
microchannels propagate under conditions of a relatively low
field E/N .

Thus, the description of the fine-scale spark filamentation
mechanism is an open problem requiring further investigation.
In addition, one should take into account the threshold nature
of this phenomenon, which consists in the fact that the forma-
tion of a microchannel system ceases to be observed when the
air pressure decreases from 400 to 300 Torr.

VI. CONCLUSION

In conclusion, let us briefly outline the key findings. To
maintain the generality of the results obtained, we formulate
some states based on the data obtained earlier in previous
studies.

(1) The generation of highly ionized plasma in the dis-
charge bulk (in the case of millimeter-sized gaps) at all
considered pressures (100–760 Torr) is observed starting from
the gap breakdown only.

(2) Explosive processes at the cathode influence the emer-
gence of an ionization wave propagating toward the anode.
The propagation velocity of the wave is practically indepen-
dent of the air pressure.

(3) At high pressures, P = 400–760 Torr, the ioniza-
tion wave front is unstable and breaks up into many
microchannels—the fine-scale spark filamentation process
runs. Microchannels have typical diameters of ∼20 µm and
high electron densities, Ne = (1–5) × 1019cm−3.

(4) The formation of microchannels ceases to be observed
when the air pressure decreases from 400 to 300 Torr. The
development of the discharge occurs mainly through the for-
mation of a homogeneous highly ionized filament.

(5) When the pressure decreases from 760 to 200 Torr,
a gradual decrease in the maximum electron density is ob-
served, although maximum electron density values Nmax

e
themselves are quite high, Ne > 1019cm−3, and correspond to
almost complete ionization of the resultant atomic particles.

(6) The generation of highly ionized near-cathode plasma
at P = 100 Torr has an explosive nature and is not observed
when the air pressure decreases (by several tens of Torr) below
100 Torr.
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FIG. 10. Phase shift and reconstructed electron density maps obtained for shots 1–3 and 8–10. The maps illustrate filaments developing at
different pressures 100–760 Torr from the point cathode and their sections selected for processing.

(7) The filamentation time increases with decreasing air
pressure, which can be the reason for the observed structural
changes in the development of the discharge channel.

Threshold effects associated with the generation of highly
ionized plasma channels in a pulsed nanosecond discharge in
air are important for creating consistent concepts of plasma
formation processes and refining already developed models
of plasma-chemical kinetics. The experimental and theoret-
ical data on ionization processes in pulsed spark discharges
obtained in the research are also valuable for a broad range
of studies on various types of ionization waves [68–70]. The
advancement of scientific knowledge in this area is also rele-
vant for studies of long spark discharges initiated by megavolt
voltage pulses, which is important within the framework of

laboratory modeling the processes that occur in real lightning.
So, obtaining new experimental data in this research field is a
pressing task. In the current research, with a high temporal
and spatial resolution, we studied in detail the features of
the development of a pulsed nanosecond discharge depend-
ing on the air pressure in the range from units of Torr to
760 Torr. The findings obtained provide new insights into
the physics behind the ionization processes and fundamental
structural changes taking place in the development of a resul-
tant discharge channel. Note specially that the generation of
highly ionized near-cathode plasma at pressures of the order
of 100–200 Torr can be of interest for such applied fields of
a pulsed nanosecond gas discharge as the production of metal
nanoparticles formed at the end of the discharge.
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TABLE I. Estimated plasma parameters for the filament sections identified in Fig. 10. The parameters are defined as follows: �t is the
moment of consideration. Esum = εni/2 is the total energy required to generate a highly ionized plasma. ni is the ion number density. ε ≈ 16
eV/molecule is the effective specific energy input. δ(ni ) is the estimated uncertainty of ni. V is the volume of the analyzed filament segment.
nm = NaP0V/RT0 is the molecula number existing in the volume V in ordinaty air at P0 = 760 Torr and T0 = 300 K. Na is the Avogadro
constant, and R is the molar gas constant. I is the total current throught the discharge gap. j is the mean current density averaged over the
considered filament section. r is the mean radius of the channel across the selected filament section. Q is the total electrical energy deposited
into the discharge gap. N thr

e is the electron density obtained from complete dissociation and single ionization of air particles.

Shot 2 Shot 3 Shot 4 Shot 8 Shot 9 Shot 10

P [Torr] 200 300 400 500 600 760
ni [counts] 3.44 × 1013 2.11 × 1014 1.5 × 1014 1.59 × 1014 1.02 × 1014 6.45 × 1013

�(ni ) [%] ≈7.3 ≈3.7 ≈6 ≈4.3 ≈3.5 ≈2.2
V [µm3] 9.5 × 106 2.8 × 107 1.8 × 107 1.1 × 107 6 × 106 3 × 106

ni/nm [arb. units] ≈0.562 ≈0.78 ≈0.647 ≈0.898 ≈0.88 ≈0.879
Esum [µ J] ≈44 ≈270 ≈192 ≈204 ≈130 ≈83
Q [mJ] ≈4.2 ≈5.2 ≈7.3 ≈6.7 ≈9.3 ≈4.8
�t [ns] 9.2 ± 0.1 11 ± 0.1 11.7 ± 0.1 10.2 ± 0.1 10.4 ± 0.1 6 ± 0.1
I [A] ≈268 ≈257 ≈262 ≈250 ≈249 ≈240
j [A/cm2] ≈1.127 × 106 ≈0.9 × 106 ≈1 × 106 ≈1.13 × 106 ≈2 × 106 ≈3.18 × 106

r [µm] 87 ± 15 95 ± 26 91 ± 5 78 ± 4 63 ± 7 49 ± 2
N thr

e [cm−3] 1.42 × 1019 2.13 × 1019 2.84 × 1019 3.55 × 1019 4.26 × 1019 5.4 × 1019
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APPENDIX: SUPPLEMENTARY DATA

Figure 10 presents phase shift maps obtained by processing
interferograms of the filaments (spark channels) in shots 1–3
and 8–10 registered in the pressure range of 100–760 Torr.
For each phase map, we identified the filament region most
amenable to accurate processing and reconstruction of the
electron density (i.e., solving the inverse diffraction problem).
For these corresponding regions, the reconstructed electron
density distributions are displayed as 2D maps of 3D axisym-
metric plasma objects (recall that the problem was solved
under the axial symmetry approximation). The filament sec-
tions were selected based on the following criteria:
(1) The maximum electron density should not exceed the
threshold (N thr

e ) for complete single ionization and disso-
ciation. This reliably excludes the contribution of cathode
metal vapors, which could augment the plasma’s electron
component.
(2) The selected channel section must exhibit axial symmetry
or be symmetrizable with a minimal error (i.e., no microstruc-
ture or strong inhomogeneity in the channel cross-section).
This is essential for correctly solving the inverse problem.

For the selected channel sections, the total number of ions,
ni, was calculated with an uncertainty of ≈7% or less. This
value does not exceed the original number of air molecules,
nm, that occupied the same volume V under normal con-
ditions. The corresponding data are listed in Table I for
the channels’ sections registered in the shots presented in

Fig. 10. Consequently, we conclude that the ion population
in the selected region is dominated by ions originating from
air particles. This argument, however, is challenged by the
near-cathode plasma formed at P = 100 Torr, which consists
primarily of the ionized cathode vapor [42].

The formation of the highly ionized plasma in the specified
regions constitutes a very small fraction of the total energy
input. Based on the estimate of the specific energy input into
the gas-discharge medium (in Sec. V D), one can take its
value to be ε = 16 eV/molecule and use this value to estimate
a characteristic total energy Esum = εni/2 ∼ 40 − 270 µJ re-
quired to create the plasma in the selected volumes V . The
total electrical energy Q ≈ ∫ �t

tbr
U (t )I (t )dt deposited into the

discharge gap by the time �t of the plasma observation is
typically about 4–10 mJ; see Fig. 11. The initial energy stored
in the cable generator is CU 2/2 ≈ 335 mJ, wherein the to-
tal capacitance C is derived from a specific capacitance of
67 pF/m for the 75 � cable with a length of 4 m.

For reference, in Table I we also provide additional plasma
and discharge parameters relevant for further analysis. These
include the filament volume V of the processed region, the
current I and the average current density j in the channel at

FIG. 11. Total electrical energy Q deposited into the discharge
gap for shots given in Table I.
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the observation time �t (under the assumption that all current
flows through the highly ionized channel), and the average

channel radius r (calculated over the entire selected filament
area).
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