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INTRODUCTION
Many laboratories of the world still continue the search for 

producing a high-conductivity channel in the atmosphere [1-8], 
capable of conducting a short-circuit current [9] in a natural or artifi cial 
electrical circuit. Authors of [7] demonstrated a 1.5-fold increase 
in the length of the discharge gap broken under laser irradiation 
when switching extended (~1m) high-voltage (up to 390kV) electric 
discharges by 100-ns UV pulses of a KrF laser. Laser-based lightning 
protection systems, as is known, rely on the so-called long laser spark, 
which provides the conditions for connecting a thunderstorm cloud 
with a grounded metal rod, i.e., a classical lightning rod. Maximum 
lengths (~16m) of the laser-spark-controlled electric discharge at a 
voltage of 3mV were obtained in Russia and Japan [3] using a 0.5-
kJ pulsed CO2 laser with spherical optics. Such a high conductivity 
channels can be used in energy transmission, overvoltage protection 
systems, transport of charged particle beams, plasma antennas, etc. 
[8].

Laser as a Main Tool for Producing Sparks in the 
Atmosphere 

It was shown in [10,11] that a laser spark produced using conical 
optics demonstrates much better characteristics from the point of view 
of formation of conductivity channels in the atmosphere. Currently, 
among the huge variety of diff erent lasers, only two types are being 
actively studied to be used in the formation of laser-spark-controlled 
high conductivity channels in the atmosphere: sub-microsecond 
pulsed gas and chemical lasers (CO2, DF) and femtosecond solid-state 
lasers [4,6,12]. 

Th e main advantage of femtosecond lasers is the ability of 
producing superlong ionized channels (so-called fi laments) with a 
characteristic diameter of about 100μm in atmosphere along the laser 
beam propagation direction. With an estimated electron density of 
1016cm-3 in these fi laments and the laser wavelength in the range of 
0.5-1.0μm, the plasma hardly absorbs the laser light. In this case, the 
length of the track consisting of many fi laments is determined by 
the laser intensity and can reach many miles at a femtosecond pulse 
energy of ~100mJ. However, these lasers could not be used to form 
long high-conductivity channels in atmosphere. Th e ohmic resistance 
of the thus formed conducting channels turned out to be very 
high, and the gas in the channels could not be strongly heated (the 
femtosecond laser energy is less than 1J). In particular, an Electric 
Breakdown (EB) controlled by radiation of a femtosecond solid-state 
laser was implemented in [5,6] only at a length of 3 m (with a voltage 
of 2MV across the discharge gap). 

As was shown in [13,14], to form a high-conductivity channel 
in the atmosphere, which could commute an artifi cial or natural 
discharge (lightning), the gas must be heated to a temperature from 
6000 to 8000K, when thermal ionization begins. Th is condition is 
crucial, because the high initial electron density in the atmosphere 
is a necessary but not suffi  cient condition for realizing high 
conductivity in a long atmospheric channel. As was mentioned in 
[13], it is important not only to produce but also to maintain the 
electron density in an atmospheric channel that is suffi  cient for the 
breakdown. During gas heating thermal ionization becomes the main 
mechanism of electron ‘production’ in the channel. Specifi cally this 
is the main reason why the streamer mechanism cannot lead directly 
to an electric breakdown in the presence of high electron density 
(fi laments) in a cold channel [13]. 

In the case of submicrosecond CO2 or DF lasers with a high 
energy per pulse (several hundreds of joules), long conducting laser-
plasma channels can be formed with conical optics. In contrast to 
spherical optics, one can use methods of lens dynamic correction 
to increase aberrations and elongate the focal segment by passing 
to a conical phase front [11]. For example, an axicon transforms the 
phase front of a plane wave so that it becomes conical rather than 
spherical and converges to the z axis at an angle γ. For small angles 
(γ <<1°), it is simply expressed in terms of the angle γ at the axicon 
base and the refractive index N of the axicon material: γ = (N-1) α. 
Each ring element of a conical wave front with a radius R and width 
δR is focused into an axial element of length δz = δR/γ and the entire 
focal segment has the length L = R/tgγ = R/γ [11]. Th is length can be 
made signifi cant. For example, at R = 10cm and γ = 0.5°, it amounts to 
L~11m. Th e cylindrical symmetry of focusing suggests that the type 
of transverse intensity distribution is independent of the coordinate 
z, a situation corresponding to a ‘diff ractionless’ wave beam. In 
reality, such beams also undergo diff raction; however, the diff raction 
energy loss from the central part of the beam is compensated for by 
the distributed lateral supply of radiation. Note that the theoretical 
length of the focal segment formed by the axicon is independent 
of the laser beam energy and power and is determined by only the 
beam diameter. At R = 100 cm and γ = 0.5°, it amounts to L~110 m. 
According to our estimates, when using CO2 lasers with an energy of 
~5 kJ per pulse, the length of these channels for wide laser beams and 
conical optics can be fairly large (much more than 100 m).

When laser radiation is focused by an axicon in a real experiment, 
the longitudinal intensity distribution I(z) along the focal length L 
depends on z, since the transverse intensity distribution I(R) of 
the input beam is transformed by the axicon into the longitudinal 
distribution I(z) of the Bessel beam. When the radiation intensity 
in the beam reaches the threshold, there occurs a breakdown in the 
medium and an extended plasma channel is formed along the focal 
length of the axicon [11]. Initially, the channel has a diameter of 20-
100μm and a length that is on order of the focal length L of the axicon. 
If the breakdown is stable, the plasma channel, in contrast to the case 
of spherical optics, becomes continuous for few nanoseconds. Th e 
density of the plasma, depending on the parameters of the medium, 
the wavelength λ, and other experimental conditions, varies from 1017 
to 3·см-3, the temperature reaches 30-40eV, and specifi c conductivity 
is 10 (Ohm m)-1. A few microseconds later the channel expands to 
10 mm accordingly, the temperature drops to 1eV and retains at this 
level for about 100 μs, followed by a relaxation of the plasma [11]. 

Figure 1a shows a scheme of focusing laser radiation by a conical 
lens and a photograph of a plasma channel in scattered heating 
radiation with a wavelength λ = 1.06μm at the breakdown onset 
(τu≈50ns, exposure time 5ns, delay time td = 0 ns) [14]. Th e channel 
structure is aff ected by the combination of such parameters as the 
pulse width and the angle γ. For example, for a long pulse, laser-
supported detonation may arise at inhomogeneities of the channel 
structure [15], as a result of which the structure becomes herringbone 
[11]. Th e photograph of a Continuous Laser spark (CLS) in fi gure 1b 
was obtained by focusing CO2-laser radiation in the atmosphere by a 
conical mirror with an opening angle γ = 177.8° [8]. One can see that 
a laser spark looks like a continuous cord, composed of bright tapered 
elements. Th ere are no discontinuities that are characteristic of sparks 
produced by focusing radiation by spherical optics. A similar pattern 
was observed at laser energies below 300 J [8]. In the photograph of a 
CLS fragment in fi gure 1c the longitudinal structure of the spark looks 
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like a set of bright tapered elements, which are in contact and equally 
spaced. Figure 1d shows a photograph of the electric breakdown in 
the atmosphere for a channel formed by a CLS. When studying the 
spark between two rods immersed in its plasma and spaced by d = 
80cm [8], an electric breakdown occurred at a laser energy of 140J 
and minimum average electric fi eld strength Emin≈77 V/cm. 

Th e up-to-date experiments aimed at implementing laser-spark-
guided electric discharges shows another fundamental diff erence in 
the case of femtosecond solid-state and long-wavelength lasers. In 
the presence of a laser-plasma channel composed of fi laments, the 
breakdown voltage decreased by 30% [5]. Th e use of CO2 and DF 
lasers made it possible to reduce it by a factor of more than 10.

As was pointed out in [16], the guiding properties of CLS (with 
a high voltage delayed by T = 10-20 μs) are similar to the action 
of a chain of metal balls. Aft er an optimal time of ~10-20μs, the 
expansion of individual breakdown ‘zones’ leads to the formation 
of a continuous quasi-cylindrical conducting channel with a low gas 

density (~0.1 of the normal density), high equilibrium temperature 
(2700-2900K), and electron density in the range from 107 to 108cm-3. 

High Repetition Rate P-P Laser 

Another approach to the formation of a conducting channel 
relies on the application of a P-P laser. It was shown in [17] that 
electric-discharge and gas-dynamic lasers with a high peak power can 
operate in a high-frequency pulse-periodic regime. Th is lasing regime 
allows one to produce a long conducting channel in the atmosphere, 
which exists for a long time. To this end, it is necessary to align a laser 
beam with an inverted Cassegrain telescope system, which consists 
of two spherical mirrors. Th e fi rst (main) mirror of large diameter is 
immobile, while the second mirror can move according to a certain 
law. When moving the second mirror, the common real focus of the 
system changes its position in time from infi nity to some minimum 
value, which is determined by the optical scheme of the telescope. 
Calculations show that, at a certain repetition frequency of laser pulses 
and a certain motion law for the second mirror, continuous extended 
plasma channels can be formed. However, practical implementation 
of this scheme with a ‘running’ focus meets a number of fundamental 
diffi  culties. Th e light distribution in the focal plane, yielded by a 
well correlated lens, is in essence due to the Fraunhofer diff raction. 
Th e specifi c features of the out-of-focus 3D monochromatic images 
of a point source, obtained with a round hole, were considered for 
the fi rst time by Lommel. Along the optical z axis, the length of the 
focal segment that determines the longitudinal size of the energy-
accumulation region depends quadratically on the focal length of 
the system. Th e transverse size of this region is proportional to the 
focal length and the angular divergence of laser radiation; therefore, 
the volume within which energy is concentrated is proportional 
to the focal length in the fourth power. For this reason, to form a 
homogeneous plasma channel several kilometres long, one must use a 
P-P laser with a shaped pulse energy and the second telescope mirror 
moving according to a complex program. A practical implementation 
of this method with a pulse-periodic CO2 laser with an average power 
of 1 kW yielded a continuous plasma channel ~1m long [18]. 

Formation of a High Conductivity Channel According to 
the “Impulsar” Program

A completely diff erent approach to the formation of a current-
conducting channel can be realized using laser fi ring according to the 
“Impulsar” program [19]. Motion of an Impulsar laser engine under 
irradiation by a high-frequency pulse-periodic laser with a pulse 
energy suffi  cient for producing a breakdown in the focus of the optical 
system of a Laser Reactive Engine (LRE) gives rise to a continuous 
conducting channel in air as a result of the formation of a mixture of 
aerosol [20] with atmospheric air and its subsequent ionization [19]. 
In this case, according to the calculations, the aforementioned range 
of laser pulse repetition rates provides continuity of the conducting 
channel at optimal velocities of the focusing system. Indeed, each 
laser pulse focused by the optical system forms some extended 
plasma region with a high conductivity, which occupies a relatively 
small segment of the focusing system trajectory. If the laser pulses 
have a low repetition rate [21], these regions will form somewhat like 
a dashed line at some velocities of the focusing system. If the pulse 
repetition rate exceeds 10 kHz and the motion velocities are optimal 
for solving the problem stated, these high-conductivity regions 
will have no discontinuities, and a continuous conducting channel 
will be formed. However, when the moving optical system enters 
rarefi ed atmospheric layers, a problem of medium defi cit arises. To 

C
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Figure 1: (a) Schematics of focusing laser radiation by a Conical Lens (CL) 
and a photograph of the channel in scattered heating Laser Radiation (LR) 
with a wavelength   1.06 μm at the breakdown onset ( 50 ns, exposure time 
5 ns, delay time  = 0) [11]; (b, c) photographs of a continuous laser spark 
for CO2-laser radiation focused by a conical mirror with an opening angle  = 
177.8°; and (d) a photograph of electric breakdown in atmosphere in a CLS-
induced channel.
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solve it, the displaced optical system must have an effi  cient source 
of an appropriate medium (a material containing microscopic metal 
particles, which can easily be sublimated under laser irradiation) 
in the vicinity of the focus. In particular, one can use copper oxide 
(СuO) nana-powder [22], which provides synthesis of conducting 
aerosol copper particles upon laser heating. Th e presence of aerosol 
particles of heavy metals in the sublimated material makes it possible 
to increase the specifi c impulse of the LRE thrust, simultaneously with 
increasing the channel conductivity. To implement a long conducting 
channel, one must solve several problems:

(i) development of a high-frequency P-P CO2 laser with an 
average power P~100kW and a peak power suffi  cient for 
initiating a breakdown in the focus of the LRE optical system;

(ii) Development of a system of dynamic correction for the wave 
front of a wide-aperture laser beam with a diameter D#10 cm 
in the presence of small-scale turbulence in atmosphere;

(iii) Consideration of the laser radiation absorption and scattering 
by aerosol particles in the LRE exhaust;

(iv) Alignment of the starting position of LRE with the laser and 
the pulsed high-voltage (up to several MV) source;

(v) Obtainment of maximally possible specifi c impulse of the LRE 
thrust to reduce the time of aerosol channel formation;

(vi) Choice of the material of aerosol heavy-metal particles and 
their dispersion composition that could provide high channel 
conductivity upon heating to the sublimation temperature in 
the LRE;

(vii) Determination of the lower limit for the size of dispersion 
aerosol particles to ignite electric breakdown of a channel 
capable of transmitting a current, corresponding to a short-
circuit current in natural or artifi cial electric circuits at a 
minimally possible average strength of electric fi eld.

To address the latter two problems, we conducted a series of 
experiments. Th e results obtained are reported below. We consider 
urgent the problems of determining the dynamics of change in the 
channel conductivity at long delay times and its maintenance at the 

Figure 2: (a) Schematics of the experiment on igniting an electric breakdown in a wire-explosion channel for a horizontally oriented wire: (1, 2) brass 
electrodes, (3) ebonite insulators, (IRT-3) ignitron switcher; (RL) Rogowski Loop; (VD) Voltage Divider; (TP) Triggering Pulse; (EFW) Exploding Fine Wire; 
(PD) Photodiode; (QF) silica fi ber; (A) Anode; (C) Cathode; (b) a photograph of controlled electric breakdown; and (c) a photograph of wire explosion in the 
absence of breakdown).
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optimal level by introducing additional high-frequency generators 
into a chain; they will be analyzed in the next stage of the Impulsar 
program.

Electrical Breakdown in the Channel Formed by an 
Exploding Wire 

Th e formation of a conducting channel based on the Impulsar 
technology was simulated using the results of the laboratory 
experiments on a controlled electric breakdown in an atmospheric 
channel containing aerosols [22,23] of hot copper and copper oxide 
(CuО, Cu2О) particles, formed as a result of wire explosion. Note that 
the proposed method for generating particles of variable size with a 
necessary concentration appears to be fairly effi  cient in terms of the 
price-quality criterion when one must carry out many experiments 
aimed at modeling the optimal conditions for high-conductivity. 
Th ere are a number of factors facilitating the electric breakdown 
(including the streamer stage) of long gaps in an atmospheric channel 
formed as a result of wire explosion at average external electric fi elds. 

As was noted in [14], the main problem in the analysis of the 
formation of a spark channel in a discharge gap in atmosphere using 
a fi eld of arbitrary confi guration is to determine the mechanism of 
gas heating, which provides thermal ionization of the gas in the spark 
channel. Th e heating in the discharge channel was generally believed 
to be caused by the increase in the concentration of the charged 
particles supplied by shock gas ionization. However, the concentration 
of charged particles in the range of 1011-1013cm–3 is limiting for shock 
ionization. Th e development rate of thermal processes in a gas is 
limited by the velocity of the electrons that transform the electric fi eld 
energy to the thermal energy of gas molecules. Th e thermal inertia 
of the gas excludes the possibility of step changes in its temperature 
and therefore, its conductivity, both during heating and cooling the 
channel. 

It was noted in [13] that ionization in a highly ionized plasma 
diff ers signifi cantly from the similar process in a weakly ionized 
plasma, where molecules are ionized by the electrons gaining energy 
directly from the electric fi eld. A fi eld in a highly ionized plasma 
supplies energy to all gas electrons. Th e latter are thermalized as a 
result of collisions and obey Maxwell’s distribution. Th e gas is ionized 
by the electrons that acquire suffi  cient energy during the energy 
exchange with other particles rather than directly from the fi eld. It is 
much easier to maintain a highly ionized equilibrium plasma than a 
weakly ionized nonequilibrium plasma, because the former situation 
requires a much weaker fi eld. For example [13], in an equilibrium 
plasma column of nitrogen arc at atmospheric pressure, which burns 
in a cooled tube of radius r=1.5cm at a current i = 10A, the fi eld 
supporting the arc column has a strength E=10V cm–1. Under these 
conditions, T = 8000 0K, the gas density Na = 1018cm–3, ne = 2×1015cm–3, 
the degree of ionization x1 = ne/N = 2×10–3, and E/Na = 10–17Vcm2. In 
a non-equilibrium glow discharge column in nitrogen, the strength 
of the discharge-supporting fi eld is larger by an order of magnitude: 
E = 200Vcm–1. Such a sharp diff erence is caused by the diff erence 
in the nature of ionization processes. In the case of weakly ionized 
plasma, the fi eld must be suffi  ciently strong to accelerate electrons 
to an energy of 13-15eV (ionization threshold). At the same time, 
for highly ionized equilibrium plasma, the fi eld can be much weaker, 
because in this case it is suffi  cient to accelerate electrons to only kT~1 
eV. As was indicated in [13], electrons supply atoms with energy, and, 
during the energy exchange, all particles jointly concentrate energy in 
separate electrons, which serve as ionization sources. 

Our experiments on the formation of a high-conductivity 
channel in atmosphere was performed with a PEV-2 copper wire in 
an enamel shell; the wire was 90-155cm long and had a diameter of 
90mm. Figure 2a shows a schematic of the experimental setup; the 
arrangement of the sensors for measuring current by a Rogowski 
loop and voltage on the capacitor battery using a voltage divider; and 
the position of the end face of polished quartz fi ber, which transfers 
radiation from the discharge channel to a high-speed pin-photodiode. 
Th e end face of the polished quartz fi ber was located at a distance of 
2-10cm from the wire axis near the discharge cathode or anode. Th e 
shape of the current pulse was measured using a diff erential screened 
Rogowski loop with a time resolution of ~30ns [24]. Th e shape of 
the voltage pulse across the discharge gap was determined with the 
aid of a screened voltage divider of mixed type (connected to the 
capacitor battery anode), which yields a measurement error of ~1 
% at a width of the current-pulse leading edge >1μs [25]. Recording 
was performed using a Tektronix TDS 220 digital oscilloscope. Th e 
capacitor with a capacitance C = 2μF was charged from a voltage 
source to U0 = 7-10kV. When switched on by an external triggering 
pulse from a controlled discharger (IRT-3 ignitron), the capacitor 
was discharged through a copper wire 90μm in diameter (with 
allowance for the enamel shell, the wire diameter was ~110μm). As 
the experiments showed, the presence of an enamel shell facilitates 
the formation of a thin straight-line electric breakdown channel 
with a conducting region 4-8 mm in diameter in atmosphere and 
promotes a unique mechanism of aerosol formation in the form of 
balls 330-20μm in diameter with a black surface (oxidized during 
wire explosion). Large pieces of the enamel shell (up to 10cm long) 
remain integer, with burn-through areas on the surface. During the 
wire explosion and electric breakdown, the enamel shell stabilizes the 
spatial arrangement of the balls in the channel, which are centers of 
ionization plasma formations. 

Figure 2b shows a photograph of electric breakdown in a 
channel formed during explosion of a horizontally oriented wire 
(D90 μm, length 105cm). Th is photograph was recorded through an 
FS-1 blue fi lter and a neutral NS-9 fi lter by an OLYMPUS C-5050 
ZOOM digital camera. At an exposure of 1.6 s the photographs 
have an integral character; i.e., the exposure during photographing 
the discharge was determined by the discharge duration. Th e digital 
camera matrix operated with a maximum resolution. When taking 
pictures of the entire discharge channel, the distance l from the 
wire centre to the digital camera objective was ~2m. To reveal the 
electric breakdown details: Sizes of individual hot particles formed 
during the wire explosion and the diameter of the channel and the 
in homogeneities in the structure of channel luminescence, we took 
pictures in the macroscopic regime, in which the digital camera 
objective was located rather close (at 25-50cm) to the wire. When 
taking pictures of the wire explosion products, l was chosen to be 3 
cm (super macroscopic regime). Th e digital camera was used in the 
ZOOM regime. Th e spherical shape of the wire explosion products 
(D330-20μm) is primarily explained by the eff ect of surface tension 
forces on the molten copper drops during their formation. Th e large 
spread of particle diameters is explained by the fragmentation and 
aggregation of metal drops during wire explosion [26]. Th e black 
color of the particles is due to the formation of copper oxide on their 
surface as a result of the interaction of copper drops with air oxygen. 
Th e oxidation is reversible; i.e., upon heating to ~1200 0K, copper 
oxide is reduced to copper [22]. During the wire explosion, the 
oxygen concentration in the channel formed should sharply decrease 
as a result of the oxidation. It was shown in this experiment that, by 
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the instant of electric breakdown, the voltage across the discharge 
gap Uа = 7kV provides the electric fi eld strength in the channel Eс = 
Uа/d»67Vcm–1. 

At the storage capacitance C = 2μF, depending on the charging 
voltage and wire length, wire explosion may occur without electric 
breakdown. Figure 2c shows a photograph of a channel (D90 
μm, length 115 cm) formed as a result of explosion in the absence 
of electric breakdown. It can be seen that the channel structure 
is intermittent: it consists of individual isolated plasma zones of 
superheated drops of wire material [27-29]. At a charging voltage 
U0 = 10kV and storage capacitance C = 2 μF, the voltage across the 
capacitor battery decreases to 7.6 kV by the end of the wire explosion. 
At a constant charging voltage U0, the maximum pulse current during 
wire explosion is mainly determined by the initial wire resistance R0 
and amounts to 1.25 kA. When changing the length of 90-μm copper 
wire within 90-155 cm, the measured resistance ranged from 2.7 to 
4.2 W. At U0 = 10 kV and C = 2-4 μF, the maximum amplitude of the 
pulse current was in the range of 1-1.4 kA. Aft er the wire explosion, 
a current i =10 A fl ows for some time through the hot channel 
and then decays to zero. As a result, the residual voltage across the 
capacitor battery decreases to 7 kV. Despite the presence of residual 
current aft er the wire explosion, which heats additionally the channel, 
the electric breakdown does not occur at these parameters of the 
discharge circuit. Th e amount of energy W spent on wire explosion, 
calculated from the current and voltage characteristics, was found to 
be ~35 J. 

In the series of experiments performed on a horizontally oriented 
wire, the capacitance of the capacitor battery was taken to be constant: 
C = 2 μF; the only variable parameters were the wire length (90-155 
cm) and charging voltage (7-10 kV). It was found experimentally that, 
at a wire length of 100 cm, the minimum charging voltage at which 
there is no electric breakdown in the gap does not exceed 7 kV; a value 
corresponding to the minimum accumulated energy: W0 = 49 J. 

In the next series of experiments on the electric breakdown in 
a channel, we considered a vertically oriented wire. Th is version is 
preferred, because it takes into account the possible infl uence of 
the vertical component of electric fi eld at the Earth’s surface on the 
electric breakdown in the channel formed by wire explosion. 

Figure 3а shows a photograph of electric breakdown in a channel 
formed by a vertically oriented wire (D 90 μm, length 143 cm) at the 
initial stored energy W0 = 190 J, which corresponds to the charging 
voltage U0 = 10 kV and the storage capacitance C = 3.8 μF. Th e 
electric breakdown can be seen in the oscillograms of discharge 
channel current, voltage, and luminescence, which were recorded by 
a high-speed pin-photodiode with a time resolution of = 1 ns. Th e 
light arrived at the photosensitive area of pin photodiode through a 
silica fi ber ~2 m long, whose polished receiving end face was located 
near the discharge anode at a distance of 1.5-4 cm from the discharge 
channel. Th e radiation pulse width at half maximum was ~30 μs and 
hardly diff ered from the corresponding current pulse width during 
electric breakdown (the light-pulse oscillogram in fi gure 3e shows 
only the arc phase of the breakdown). Th e oscillogram of the discharge 
current (Figure 3b,3d) indicates that it is close to zero during the 
current pause [30,31], whose duration is DT = 140 μs. Th e results of 
our studies showed that the current during the pause amounted to 
10-50 A (depending on the discharge-circuit parameters). 

Th ere are many theories explaining this phenomenon; they will be 
considered elsewhere. As was shown in [31], the electric breakdown 

delay for a copper wire depends on the average electric fi eld strength 
Ec in the channel at the instant when the arc phase of the breakdown 
begins. Th e voltage oscillogram demonstrates that the breakdown 
occurred at a voltage of ~8.4 kV. Using the current and voltage 
oscillograms, one can also determine the channel resistance during 
the electric breakdown at the instant corresponding to Imax = 360 A. 
In this case, Rmin = 17 W. Here, in contrast to the data of [32,33], 
the discharge-channel diameter is of little importance, because the 
discharge is slow, and the inductive component can be neglected 
when estimating the voltage drop across the discharge channel. In 
fi gure 3b, which illustrates the case of the electric breakdown in a 
channel formed by wire explosion at C = 3.8 μF and inductance L= 
2 μH, the wave resistance ρ= (L/C) 0,5= 0.7ohm. Judging by the volt–
ampere characteristics of the discharge gap, L≈143 cm in the case of 
the electric breakdown at Rp≈18 Ohm, Rp > 2ρ and18 > 1.4 Ohm, 
which corresponds to the aperiodic shape of the discharge.

It was noted in [9] that the channel resistance is aff ected by the 
amount of energy released in the channel rather than the current 
through the latter. At a wire length of 143-152 cm and the maximum 
capacitance Cmax = 4.5 μF, a breakdown in a channel formed by 
wire explosion occurred with a probability close to 100 %. Figure 3f 
shows a photograph of a controlled electric breakdown at C = 4.5 
μF, U0 = 10 kV, and an interelectrode distance of 155 cm. In this 
experiment, an electric breakdown was ignited at a voltage of ~8.3 
kV. Th e duration of the current pause was Δ ?200 μs. At a wire length 
of 152-159 cm, an electric breakdown occurred with a probability 
of ~30 %. For wires longer than 159 cm the breakdown probability 
(at the same parameters of the scheme) was close to zero. Th us, the 
average minimum electric fi eld strength in the channel formed by 
wire explosion, at which breakdown can occur, is Emin? 52 V/cm. 
Th e suggestion about the possibility of long-term support of current 

Figure 3: (a) Photograph of controlled electric breakdown for explosion of a 
vertically oriented wire (the interelectrode length is 143 cm); (b-e) oscillograms 
of the discharge channel (b, d) current, (c) voltage, and (e) luminescence at a 
capacitance C = 3.8 μF and charging voltage U0 = 10 kV; and (f) a photograph 
of controlled electric breakdown at C = 4.5 μF, charging voltage U0 = 10 kV, 
and an interelectrode distance of 155 cm.
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breakdown with an amount of accumulated energy increased by 
an order of magnitude and the same charging voltage was partially 
confi rmed. Th is problem will be considered in detail elsewhere. 

Th e channel for recording radiation in the visible wavelength 
range has a low sensitivity, because it detects only the radiation 
entering the angular aperture of the polished receiving end face of the 
quartz fi ber. If the distance between the end face and the discharge 
channel is reduced to minimum (~1.5 cm), one can detect the 
following phases in the oscillogram of a visible-light pulse. During 
the fi rst 16 μs aft er the wire explosion, the visible light intensity is 
low (the wire explosion gives rise to radiation with wavelengths in 
the range of λ≈ 2.5-0.5 μm) [29]. Th en the oscillogram of visible light 
pulse exhibits the radiation corresponding to the streamer (weak), 
leader (weak), and arc phases of the breakdown. 

An analysis of many photographs indicates that the electric 
breakdown trajectory (broken line, circle, etc.), which is set by spanned 
copper wire, is highly controllable and contains no branchings. Th e 
experiments revealed that the vertical orientation of exploded wire 
is indeed preferred in the case of streamer breakdown of maximally 
long gaps (Lmax » 159 cm) at U0 = 10 kV and Cmax = 4.5 μF. 

Let us analyze the requirements to an ionized formation that can 
initiate electric breakdown. Th e minimal conditions that are necessary 
for initiating a streamer were reported in [13]. We will consider a 
uniform conducting sphere with a radius Rs, placed in a uniform 
fi eld of strength E0. To form a self-propagating plasma channel, the 
external fi eld must be displaced from the plasma formation and 
amplifi ed beyond it. To displace the external fi eld from the entire 
volume of the sphere, charges must be no uniformly distributed over 
the surface, and there must be no less than N = 3ε0πR2Eо/e electrons 
in the fi eld. Taking into account that the radius of this formation 
should be no less than a-1 (a is the eff ective ionization coeffi  cient), 
we can estimate the lower limit of the number of electrons at which a 
streamer may arise [13] as follows: Ne min≈3ε0πE0/eα2 as an example, 
we will consider air at atmospheric pressure. At the breakdown fi eld 
strength E0 = 31.4 kV/cm and eff ective ionization coeffi  cient ?= 12.4 
cm–1, we have Ne min = 2 109. Th e smaller the plasma formation 
radius, the more severe the limitation on the plasma density is. At 
the minimally allowable value R ~ ?-1 the electron concentration in air 
at atmospheric pressure should be ne min~4 1011 cm–3. Th e plasma 
formation size R also must be no smaller than the ionization length 
?-1, in a fi eld with a strength equal to the external fi eld strength or even 
somewhat higher. In air at atmospheric pressure the ionization length 
is ?-1?0.8 mm. If the initial size of plasma formation in a homogeneous 
fi eld satisfi es the aforementioned requirements, this formation should 
generate ionization waves to both sides along the fi eld, thus forming a 
plasma channel. Th e plasma channel development is accompanied by 
amplifi cation of the fi eld at both leader heads [13]. 

Our experiments showed that all above requirements to an 
ionized formation [13], which must be fulfi lled to ignite an electric 
breakdown, are implemented in the channel of the discharge gap 
formed by wire explosion with the aforementioned parameters. Th e 
characteristics of separate plasma formations (Rs ~ 0.5-4 mm, average 
distances l~ 3-5 mm, and temperature T ~ 3000-5000 °C) with clusters 
of superheated drops and their aggregates at the centre, as well as low 
oxygen content in the wire-explosion channel, reduce signifi cantly 
the average fi eld strength that is necessary for electric breakdown. 
Note that the size of individual plasma formations exceeds that of 
superheated drops of wire material by one to two orders of magnitude. 

Th e average density of the wire-explosion products in the channel is 
ρ ~ 0.1 kg/m3. Th e electric fi eld in separate spherical plasma fractions 
can be amplifi ed by a factor of no more than 3. Further studies should 
reveal new factors leading to electric breakdown in the channel 
produced by wire explosion at Ec = 52 V/cm. We should note the 
original work by Komel’kov [34], who analyzed the leader-discharge 
channel. We showed that the specifi c resistance per unit length in the 
channel of leader positive retarded discharge is 11.8 W/cm, while the 
longitudinal gradient along the channel in the end of the leader phase 
is 55.5 V/cm. Th e main parameters of the leader channel turned out 
to be the same as in the case of arc discharge. Th e result obtained in 
[34] was interpreted in [13] as not quite correct because of incorrect 
analysis of the discharge-gap voltage oscillograms. Our results 
disprove the conclusion of [13]. 

To check the infl uence of the size of individual plasma formations 
in the channel on the mechanism of electric breakdown, we 
performed experiments with explosion of a copper wire L~30- 36 cm 
long and Ø 90 μm in diameter at U0 = 10 kV and Cmax = 4.5 μF, i.e., 
at a much higher specifi c energy contribution. Th e channel formed 
by wire explosion with these parameters contains a fairly large 
number of wire-material nana-particles [22], whereas large particles 
(individual plasma formations) are completely absent. In this case, 
the second requirement to the development of streamer mechanism 
of breakdown in the channel is violated. As a consequence, a 
fi vefold decrease in the gap length did not lead to breakdown at the 
corresponding parameters of the discharge circuit. It occurred only 
for wires not shorter than L ≥ 60 cm, a minimum value at which 
the size of plasma formations in the wire explosion channel became 
suffi  ciently large to implement a streamer breakdown.

Electrical Discharge in a Plasma Channel Produced by a 
Solid-State Laser 

We also investigated the regime of electric breakdown in a plasma 
channel containing evaporated aerosol particles of metals and their 
compounds, which is formed by focusing radiation of a solid-state 
laser, operating in the modifi ed spike regime, onto targets made of 
diff erent materials [35]. To form a plasma plume on a target, we used 
a phosphate glass laser with a wavelength λ = 1.054 μm, operating 
in a modifi ed lasing regime with a peak power of 100-500 kW. 
Photographs of lasers operating in this regime are shown in fi gures 
4a and 4b. Solid-state lasers of this type are unique. Actually, they are 
laser hyperboloids (concerning the way of extracting radiation from 
a totally refl ecting fl at cavity through a round hole of large diameter, 
which can be seen in the upper photograph). Lasers of this type can 
produce large plasma plumes in both pulsed and P-P regimes. A laser 
pulse with a width up to 700 μs consisted of many (approximately 
150) high-contrast pulses 150-300 ns wide with an average repetition 
rate of 200 kHz (Figure 4c). Th e radiation divergence at the laser 
output α~ 4 10–4 rad, was close to the diff raction one. Th e total energy 
per laser burst reached ~30 J (see the laser in fi gure 4a). Graphite, 
vinyl plastic, text lite, ferrite, Perm alloy, and carbonyl core were 
used as targets. Th eir exposure to focused laser radiation led to the 
formation of a cloud of rapidly expanding plasma, which contained 
aerosol particles of evaporated target material ~ 50-1000 nm in size. 
No large particles were found in the plasma cloud. Note that a copper 
target cannot be used to form an electric breakdown in this plume, 
because evaporated large copper drops have velocities of several 
hundred meters per second and cannot form a quasi-stationary 
channel for electric breakdown. Th e conductivity of this plasma has 
been studied little, while the dynamics of changes in its properties is 
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of great interest to search for the ways of forming super long high-
conductivity channels in order to transfer energy at large distances. 
Th e experiments were performed with a system of electrodes, 
between which an electric discharge was ignited (Figure 5). An anode 
in the form of a copper cylinder was connected to the high-voltage 
output of the capacitor battery with a capacitance C = 2 μF, which 
was charged to a voltage of U0 = 10 kV. A duralumin cathode(K) 
had a hole Ø 6 mm in diameter, through which laser radiation was 
guided to the target using a lens with a focal length of F = 300 mm. 
Th e distance between the electrodes was L~~80 mm. Th e photo of the 
plasma plume on the target made of graphite is shown in panel (b). 
Th e results of image processing on the PC with the use of the HSB 
color model are presented in panel (c).

At a laser pulse energy below 30 J the gap was switched using 
the plasma formed on the target. Typical photographs of the electric 
breakdown in atmosphere on a graphite target (at a laser burst energy 
of 12 J) for a gap ~70 mm wide, obtained using an FS-1 fi lter, a neutral 
NS-9 fi lter, and an OLYMPUS C-5050 ZOOM digital camera, are 
shown in fi gure 6. In highly inhomogeneous fi elds, streamers are 
formed primarily in the regions of maximum fi eld strength near the 
electrodes and, depending on the voltage polarity, are directed either 
to the anode or to the cathode [13]. In the photographs in fi gure 6 
the streamer directed to the anode develops more rapidly than that 
directed to the cathode. Streamers overlap at a distance of ~25 mm from 
the anode, and an electric breakdown of the gap occurs. An analysis 
of this process shows that the breakdown has a random trajectory, as 
well as a natural lightning. In addition, the results of experiments with 

Figure 4: (a, b) General view of solid-state lasers and oscillograms of (c) the 
rough structure of laser radiation and (d, e) separate laser pulses. 

Figure 5: (a) Schematics of the system for studying the conductivity of 
plasma plume products (T indicates a target), (b) a photograph of a plasma 
plume on a graphite target, and (c) the results of image processing in the 
system of HSB color coordinates. 

Figure 6: (a, b) Photographs of electric breakdown of a 70-mm gap in 
atmosphere in plasma-plume products (photographing through an FS-1 
fi lter and a neutral NS-9 light fi lter) and the results of image processing in 
the system of HSB color coordinates, (c) a current oscillogram at electric 
breakdown of the gap (voltage U0 = 10 kV, storage capacitance C = 2 μF) in 
plasma plume, and (d) a luminescence oscillogram for the discharge channel 
in aerosol plasma. 
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diff erent targets show that electric breakdown occurs at a minimum 
average electric fi eld strength of ~300 V/cm. Th e experiments 
revealed also that the electric breakdown delay (which is shown in 
the oscillograms of discharge-circuit current and luminescence) for 
the graphite target, could exceed 300 μs aft er the laser irradiation. In 
fi gure 6c, the capacitance C = 2 μF. Th e current oscillogram indicates 
that the damping oscillation period T = 8 μs; therefore, the discharge 
inductance is 0.8 μH. Th e contour wave resistance ρ≈ 0.6 ohm. 
According to the current – voltage characteristics of the L≈70 mm 
discharge gap for the graphite target, the discharge gap resistance is 
Rp≈0.5 ohm, a value corresponding to an oscillatory discharge with 
a high damping decrement. Th e long breakdown delay with respect 
to the laser irradiation onset is apparently caused by the closing of 
the discharge gap by the expanding vapor of the target material and 
discharge-gap preionization by UV radiation of the plasma plume. 

Th e targets made of other materials were characterized by a 
shorter possible delay. Changing the delay for the voltage pulse 
applied to the capacitor, one can measure the plasma characteristics 
at diff erent instants and thus estimate the conductivity of the channel 
at diff erent stages of its cooling and expansion. In our opinion, the 
strong electric fi eld in these experiments is due to the absence of large 
particles in the erosion-plasma cloud. To carry out successfully the 
“Impulsar” program, we believe it necessary to study the dynamics of 
plasma conductivity and the residual aerosol products aft er cooling 
the plasma.

Experimental Part

Below we report the estimated values of the channel conductivity, 
which were obtained both in our previous experiments on the 
breakdown of atmospheric air using long- and short-wavelength 
radiation and the experiments with aerosol plasma (this study). 

(i) For the plasma channels obtained on graphite, ferrite, Perm 
alloy, and carbonyl core targets using a phosphate glass laser, 
the gap specifi c resistance was 10 ohm/m and the specifi c 
breakdown voltage was ~300 V/cm. 

(ii) For the plasma containing a set of dispersion and condensation 
aerosols, which was obtained by wire explosion, the gap 
specifi c resistance was ~5 ohm/m and the specifi c breakdown 
voltage was ~50 V/cm. 

(iii) For the plasma channel formed by a pulsed CO2 laser with a 
conical focusing optics, the gap specifi c resistance was 100 – 
400 ohm/cm and the specifi c breakdown voltage was ~80 V/
cm. 

(iv) For the plasma channel obtained with the aid of a femtosecond 
pulsed laser, the gap specifi c resistance was ~0.1 MW/m and 
the specifi c breakdown voltage was ~7.5 kV/cm [4]. 

Th ese estimates, based on the results of the electric-breakdown 
experiments, show that a voltage of 7 МB, at a total introduced energy 
of ~300 kJ, is suffi  cient to form a plasma channel ~1 km long and 8 
mm in diameter. Note that the minimum specifi c resistance of the 
channel depends strongly on the specifi c introduced energy; the 
transverse size of plasma formations; the concentration and size of 
aerosol particles; the repetition rate of laser pulses and their energy; 
and the humidity, temperature, and many other parameters of the 
medium where a conducting channel is formed. Th e results of the 
studies show that the discharge plasma has a high conductivity and 
can effi  ciently be used to form a conducting channel in order to 
transfer energy over long distances. 

CONCLUSION
We determined the range of sizes of copper and copper oxide 

particles (from 50 nm to 300 μm) and their minimum volume density 
(~ 0.1 kg/m3) that are necessary to provide an electric breakdown in 
order to form a plasma channel according to the “Impulsar” program. 
Th e results of the model experiments showed that nana-particles in 
the plasma channel can merge into larger aggregates during the LRE 
operation. Th e experiments on electric breakdown showed also that a 
high conductivity of a plasma channel with a diameter of ~8 mm and 
a minimum specifi c resistance of ~5 ohm/m is implemented at the 
maximum introduced specifi c energy: ~200 J/m. At a larger channel 
diameter, the specifi c energy is proportional to the squared ratio of 
diameters. Th e minimum average electric fi eld strength (~52 V/cm) 
in the channel, at which a streamer-leader electric breakdown of the 
discharge gap begins, is due to the following factors: 

(i) the presence of dispersion and condensation aerosols of hot 
particles of copper oxide (CuO, Cu2O) and copper with 
oxidized surface (smaller than 300 μm in diameter) in the 
channel for a long time (1-10 μs) due to their low mobility; 

(ii) the presence of superheated metal drops at the centre of 
plasma formations, which are in the metastable (unstable) 
state at temperatures T ~ 3000-5000 °C and play a role of hot 
dots [31] during thermionic emission; 

(iii) Formation of large linear aggregates of aerosol particles [20], 
which are formed during wire explosion; 

(iv) Low oxygen content in the channel as a result of fast oxidation 
of aerosol particles formed during wire explosion. 
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