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Formation of extended conducting channels in atmosphere

V.V. Apollonov, N.V. Pletnev

Abstract. Some mechanisms of the formation of an extended (~1 km)
conducting channel in atmosphere using the laser engine technology
(Impul’sar program) are considered. The electric conductivity of a
channel formed by electric explosion of a 90-um copper wire up
to ~1.6 m long (in electric breakdown) at a voltage not higher than
10 kYV is studied. The requirements to the products of laser engine
exhaust to atmosphere for producing a conducting channel, contain-
ing dispersion and condensation aerosols of hot particles of copper
oxides (CuO, Cu,0) and copper with an oxidised surface (from 50 nm
to 300 pm in diameter), are formulated. Possible mechanisms of
electric breakdown at the field strength E > 52 V cm™! in the dis-
charge gap are discussed. The electric conductivity of the channel
formed by the laser plasma upon focusing the solid-state laser radi-
ation on targets made of different materials has also been studied.

Keywords: long laser spark, formation of a conducting channel in
atmosphere, explosing wire, electric breakdown, laser plasma, solid-
state and gas pulsed lasers, laser engine.

6. Introduction

Currently, the research in many laboratories is aimed at devel-
oping an efficient laser lightning-protection system [1—3] and
forming a controlled high-conductivity channel in atmosphere
[4-8], which can conduct a short-circuit current [9] in natural
or artificial electric circuits. Zvorykin et al. [7] increased the
length of the discharge gap broken under laser irradiation
when switching extended (~ 1 m) high-voltage (up to 390 kV)
electric discharges by 100-ns UV pulses of a KrF laser. Laser
lightning-protection systems are known to be based on the
so-called long laser spark, which provides conditions for con-
necting a thunderstorm cloud with a grounded metal rod:
classical lightning arrester. Maximum lengths (~ 16 m) of an
electric discharge controlled by a laser spark at a voltage of
3 MV were obtained in Russia and Japan [3] using pulsed CO,
lasers with a spherical optics at energies below 0.5 kJ. These
controlled conductivity channels can also be used to transfer
energy, transport charged-particle beams, form overvoltage-
blocking systems, design plasma antennas, etc. [8].

It was shown in [10, 11] that a laser spark obtained using a
conical optics is much more appropriate to form conductivity
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channels in atmosphere. Currently, only two types of lasers are
actively considered to be used in forming high-conductivity
channels in atmosphere, controlled by laser spark: pulsed
submicrosecond gas and chemical lasers (CO,, DF) and fem-
tosecond solid-state lasers [4, 6, 12].

The main advantage of femtosecond lasers is their ability
of forming superlong ionised channels (the so-called filaments)
with a characteristic diameter of ~ 100 wm in atmosphere along
the laser beam propagation direction. At estimated electron
densities below 10'® cm= in these filaments and laser wave-
lengths in the range of 0.5—1.0 um, the plasma barely absorbs
laser radiation. In this case, the length of the track composed
of many filaments is determined by the laser intensity and
may reach many kilometers at a femtosecond pulse energy of
~100 mJ. However, these lasers could not be used to form
long high-conductivity channels in atmosphere. The 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 1 J).
In particular, an electric breakdown (EB) controlled by radia-
tion of femtosecond solid-state laser was implemented in [5, 6]
only at a length of 3 m (with a voltage of 2 MV across the dis-
charge gap).

As was shown in [13,14], to form a high-conductivity
channel in atmosphere, which could commute an artificial or
natural discharge (lightning), one should heat the gas to a
temperature from 6000 to 8000 K, a range where thermal
ionisation begins. This condition is of fundamental impor-
tance, because the high initial electron density in atmosphere
is a necessary but insufficient condition for implementing
high conductivity in a long atmospheric channel. As was men-
tioned in [13], it is important not only to produce but also to
retain an electron concentration in an atmospheric channel
that is sufficient to break it. During gas heating thermal ionisa-
tion becomes the main mechanism of generating electrons
in the channel. Specifically this is the main reason why the
streamer mechanism cannot lead directly to electric breakdown
in the presence of high electron concentration (in filaments) in
a cold channel [13].

In the case of submicrosecond CO, or DF lasers with a
high energy per pulse (several hundreds of joules), long con-
ducting 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 con-
verges to the z axis at an angle y. For small angles (y << 1°),
it is simply expressed in terms of the angle at the axicon base and
the refractive index N of the axicon material: y = (N — 1)a.
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Each ring element of a conical wave front with a radius R and
width 8R is focused into an axial element of length 8z = dR/y,
and the entire focal segment has the length L = R/tany = Ry
[11]. This length can be made significant. For example, at
R =10cm andy = 0.5°, it amounts to ~ 11 m. The cylindrical
symmetry of focusing suggests that the type of transverse
intensity distribution is independent of the coordinate z, a
situation corresponding to a ‘diffractionless’ wave beam.
In reality, such beams also undergo diffraction; however, the
diffraction 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 axicon is independent of the laser beam energy and power
and is determined by only the beam diameter. At R = 100 cm
and y = 0.5°, it amounts to ~110 m. According to our esti-
mates, when using CO, 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).

Nevertheless, when laser radiation is focused by an axicon
in a real experiment, the longitudinal intensity distribution
I(z) along a focal segment of length L depends on z; i.e., the
transverse intensity distribution I(R) of the input beam is
transformed by axicon into the longitudinal distribution 7(z)
of a Bessel beam. When the radiation intensity in the beam
reaches the threshold value, a breakdown occurs in the medium,
and an extended plasma channel is formed along the axicon
focal segment [11]. In the initial stage the channel has a diam-
eter of 20—100 wm and a length of the same order of magni-
tude as the length L of the axicon focal segment. If the break-
down is stable, the plasma channel, in contrast to the channel
formed using a spherical optics, becomes continuous for few
nanoseconds. In this case, the plasma density, depending on
the parameters of the medium, wavelength A, and other experi-
mental conditions, varies from 10!7 to 3x10% cm=, the tem-
perature reaches 30—40 eV, and the specific conductivity is
10 (@ m)~!. Few microseconds later the channel expands to
10 mm. Accordingly, the temperature falls to 1 eV and retains
at this level for about 100 ps, after which plasma relaxation
begins [11].

Figure 1a shows a scheme of focusing laser radiation by a
conical lens and a photograph of a plasma channel in scat-
tered heating radiation with a wavelength 4 = 1.06 um at the
breakdown onset (z, ~ 50 ns, exposure time 5 ns, delay time
tq = 0) [11]. The channel structure is affected by the combina-
tion of such parameters as the pulse width and the angle y.
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].

The photograph of a continuous laser spark (CLS) in Fig. 1b
was obtained when focusing CO,-laser radiation in atmo-
sphere by a conical mirror with an opening angley = 177.8° [8].
It can be seen that a laser spark looks like a continuous cord,
composed of bright tapered elements. There are no disconti-
nuities that are characteristic of sparks produced when 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 Fig. 1c the longitudinal structure of the spark
looks like a set of bright tapered elements, which are in contact
and equally spaced. Figure 1d shows a photograph of electric
breakdown in atmosphere for a channel formed by a CLS.
When studying the spark between two rods immersed in its
plasma and spaced by d = 80 cm [8], an electric breakdown
occurred at a laser energy of 140 J and minimum average elec-
tric field strength E;, ~ 77 V. em™L.
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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 2 = 1.06 um at the breakdown onset (z, ~ 50 ns,
exposure time 5 ns, delay time 74 = 0) [11]; (b, ¢) photographs of a con-
tinuous laser spark for CO,-laser radiation focused by a conical mirror
with an opening angle y = 177.8°; and (d) a photograph of electric break-
down in atmosphere in a CLS-induced channel.

The up-to-date experiments that are aimed at implement-
ing electric discharges guided by a laser spark, with the aid of
femtosecond solid-state and long-wavelength lasers, revealed
another difference of fundamental importance. In the pres-
ence of a laser-plasma channel composed of filaments, the
breakdown voltage decreased by 30% [5]. The use of CO, and
DF lasers made it possible to reduce it by a factor of more
than 10.

As was noted in [16], the guiding properties of CLS (with
a high voltage delayed by 7' = 10-20 us) are similar to the
effect of a chain of metal balls. After an optimal time of
10-20 us, the expansion of individual breakdown ‘zones’
leads to the formation of a continuous quasi-cylindrical con-
ducting channel with a low gas density (~0.1 of the normal
density), high equilibrium temperature (2700-2900 K), and
electron density in the range from 107 to 108 cm™.
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Another approach to the formation of a conducting chan-
nel is related to the application of repetitively pulsed lasing. It
was shown in [17] that electric-discharge and gas-dynamic
lasers with a high peak power can operate in a high-frequency
repetitively pulsed regime. This lasing regime allows one to
form a long conducting channel in 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. The first (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 infinity to some minimum value, which is deter-
mined 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 difficulties.
The light distribution in the focal plane, yielded by a well-
correlated lens, is in essence due to the Fraunhofer diffrac-
tion. The specific features of the out-of-focus 3D monochro-
matic images of a point source, obtained with a round hole,
were considered for the first time by Lommel. Along the opti-
cal 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. The 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 repetitively pulsed laser with a shaped pulse energy
and the second telescope mirror moving according to a com-
plex program. A practical implementation of this method
with a repetitively pulsed CO, laser with an average power of
1 kW yielded a continuous plasma channel ~1 m long [18].

A conducting channel can be formed in a radically new way
using laser firing according to the Impul’sar program [19].
Motion of an Impul’sar laser engine under irradiation by a
high-frequency repetitively pulsed laser with a pulse energy
sufficient for implementing 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 forma-
tion of a mixture of aerosol [20] with atmospheric air and its
subsequent ionisation [19]. In this case, according to the cal-
culations, the aforementioned range of laser pulse repetition
rates provides continuity of the conducting channel at opti-
mal 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 fre-
quency [21], these regions will form somewhat like a dashed
line at some velocities of the focusing system. At the same
time, 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. How-
ever, when the moving optical system enters rarefied atmo-
spheric layers, a problem of deficient medium arises. To solve
it, the displaced optical system must have an efficient source
of 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 (CuO) nanopowder [22], which provides
synthesis of conducting aerosol copper particles upon laser
heating. The presence of aerosol particles of heavy metals in
sublimated material makes it possible to increase the specific
impulse of the LRE thrust, simultaneously with increasing the
channel conductivity.

To implement a long conducting channel, one must solve
several problems:

(1) development of a high-frequency repetitively pulsed
CO, laser with an average power P2 100 kW and a peak
power sufficient for initiating a breakdown in the focus of the
LRE optical system;

(i1) 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 atmo-
sphere;

(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 specific impulse of the
LRE thrust to reduce the time of aerosol channel formation;

(vi) choice of the material of aecrosol heavy-metal particles
and their dispersion composition that could provide high chan-
nel conductivity upon heating to the sublimation temperature
in the LRE;

(vii) determination of the lower limit for the size of disper-
sion aerosol particles to ignite electric breakdown of a channel
capable of transmitting a current, corresponding to a short-
circuit current in natural or artificial electric circuits at a min-
imally possible average strength of electric field.

To solve the latter two problems, we performed a series
of experiments. The 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
support at the optimal level by introducing additional high-
frequency generators into a chain; they will be analysed in the
next stage of the Impul’sar program.

7. Generation of electric breakdown in a channel
formed by explosion of a thin wire

The formation of a conducting channel based on the Impul’sar
technology was simulated using the results of the laboratory
experiments on controlled electric breakdown in an atmo-
spheric channel containing aerosols [22,23] of hot copper and
copper oxide (CuO, Cu,0) particles, formed as a result of
wire explosion. Note that the proposed method for generat-
ing particles of variable size with a necessary concentration
appears to be fairly efficient in terms of the price—quality cri-
terion when one must carry out many experiments aimed at
modelling the optimal conditions for high conductivity. There
are a number of factors facilitating electric breakdown (includ-
ing the streamer stage) of long gaps in an atmospheric channel
formed as a result of wire explosion in intermediate external
electric fields.

As was noted in [14], the main problem in the analysis of
the formation of a spark channel in a discharge gap in atmo-
sphere using a field of arbitrary configuration is to determine
the mechanism of gas heating, which provides thermal ionisa-
tion of the gas in the spark channel. The heating in the discharge
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channel was generally believed to be caused by the increase in
the concentration of the charged particles supplied by shock
gas ionisation. However, the concentration of charged particles
in the range of 10''=10'3 cm™ is limiting for shock ionisation.
The development rate of thermal processes in a gas is limited
by the velocity of the electrons that transform the electric field
energy to the thermal energy of gas molecules. The 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 ionisation in a highly ionised
plasma differs significantly from the similar process in a weakly
ionised plasma, where molecules are ionised by the electrons
gaining energy directly from the electric field. A field in a
highly ionised plasma supplies energy to all gas electrons. The
latter are thermalised as a result of collisions and obey the
Maxwell distribution. The gas is ionised by the electrons that
acquire sufficient energy during the energy exchange with
other particles rather than directly from the field. It is much
easier to maintain a highly ionised equilibrium plasma than a
weakly ionised nonequilibrium plasma, because the former
situation requires a much weaker field. For example [13], in
an equilibrium plasma column of nitrogen arc at atmospheric
pressure, which burns in a cooled tube of radius r = 1.5 cm at
a current i = 10 A, the field supporting the arc column has
a strength £ = 10 V cm™'. Under these conditions, 7' = 8000
K, the gas density N, = 10" cm™, n, =2x10'> cm, the degree
of ionisation x; = n./N ~ 2x1073, and E/N, ~ 1017 V cm?.
In a nonequilibrium glow discharge column in nitrogen, the
strength of the discharge-supporting field is larger by an order
of magnitude: £ =200 V em™'. Such a sharp difference is caused
by the difference in the nature of ionisation processes.

In the case of weakly ionised plasma, the field must be
sufficiently strong to accelerate electrons to an energy of
13—15 eV (ionisation threshold). At the same time, for highly
ionised equilibrium plasma, the field can be much weaker,
because in this case it is sufficient to accelerate electrons to
only k7 ~ 1 eV. As was indicated in [13], electrons supply
atoms with energy, and, during exchange energy, all particles
jointly concentrate energy in separate electrons, which serve
as ionisation 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—155 cm long and
had a diameter of 90 um. Figure 2a shows a schematic of the
experimental setup; the arrangement of the sensors for mea-
suring current by a Rogowski loop and voltage on the capaci-
tor battery using a voltage divider; and the position of the end
face of polished quartz fibre, which transfers radiation from
the discharge channel to a high-speed pin-photodiode. The
end face of the polished quartz fibre was located at a distance
of 2—10 cm from the wire axis near the discharge cathode or
anode. The shape of the current pulse was measured using a
differential screened Rogowski loop with a time resolution of
~30 ns [24]. The shape of the voltage pulse across the dis-
charge 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 7y = 1 us [25]. Recording
was performed using a Tektronix TDS 220 digital oscilloscope.
The capacitor with a capacitance C = 2 uF was charged from
a voltage source to Uy = 7—-10 kV. When switched on by an
external triggering pulse from a controlled discharger (IRT-3

ignitron), the capacitor was discharged through a copper wire
90 um in diameter (with allowance for the enamel shell, the
wire diameter was ~ 110 um). 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
330-20 um in diameter with a black surface (oxidised during
wire explosion). Large pieces of the enamel shell (up to 10 cm
long) remain integer, with burn-through areas on the surface.
During the wire explosion and electric breakdown, the enamel
shell stabilises the spatial arrangement of the balls in the chan-
nel, which are centres of ionisation plasma formations.
Figure 2b shows a photograph of electric breakdown in a
channel formed during explosion of a horizontally oriented
wire (&90 um, length 105 cm). This photograph was recorded
through an FS-1 blue filter and a neutral NS-9 filter 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. The digital camera matrix oper-
ated with a maximum resolution. When photographing the
entire discharge channel, the distance / from the wire centre to
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Figure 2. (a) Schematics of the experiment on igniting an electric break-
down in a wire-explosion channel for a horizontally oriented wire: (/,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) quartz fibre, (A) anode,
and (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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the digital camera objective was ~2 m. To reveal the electric
breakdown details: sizes of individual hot particles formed
during the wire explosion and the diameter of the channel and
the inhomogeneities in the structure of channel luminescence,
we performed photographing in the macroscopic regime, in
which the digital camera objective was located rather close (at
25-50 cm) to the wire. When photographing the wire explo-
sion products, / was chosen to be 3 cm (supermacroscopic
regime). The digital camera was used in the ZOOM regime.
The spherical shape of the wire explosion products (330-20
um) is primarily explained by the effect of surface tension
forces on the molten copper drops during their formation.
The large spread of particle diameters is explained by the
fragmentation and aggregation of metal drops during wire
explosion [26]. The black colour 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. The oxidation is
reversible; i.e., upon heating to ~1200 K, 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 the instant of electric breakdown, the voltage across
the discharge gap U, ~ 7kV provides the electric field strength
in the channel E, = U,/d ~ 67 V cm™..

At the storage capacitance C = 2 uF, depending on the
charging voltage and wire length, wire explosion may occur
without electric breakdown. Figure 2c shows a photograph
of a channel (90 um, 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 indi-
vidual isolated plasma zones of superheated drops of wire
material [27-29]. At a charging voltage U, = 10kV and storage
capacitance C = 2 uF, the voltage across the capacitor battery
decreases to 7.6 kV by the end of the wire explosion. At a
constant charging voltage U,, the maximum pulse current
during wire explosion is mainly determined by the initial wire
resistance Ry and amounts to 1.25 kA. When changing the
length of 90-um copper wire within 90—155 cm, the measured
resistance ranged from 2.7 to 4.2 Q. At Uy = 10 kV and C =
2—-4 uF, the maximum amplitude of the pulse current was
in the range of 1-1.4 kA. After the wire explosion, a current
i ~ 10 A flows 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 after the wire explosion, which heats addi-
tionally the channel, electric breakdown does not occur
at these parameters of the discharge circuit. The amount of
energy W spent on wire explosion, calculated from the current
and voltage characteristics, was found to be ~43 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 uF; 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 corre-
sponding to the minimum accumulated energy: W, =49 J.

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

Figure 3a shows a photograph of electric breakdown in a
channel formed by a vertically oriented wire (€90 um, length
143 cm) at the initial stored energy W, = 190 J, which cor-
responds to the charging voltage U, = 10 kV and the storage
capacitance C = 3.8 uF. The electric breakdown can be seen
in the oscillograms of discharge channel current, voltage, and
luminescence, which were recorded by a high-speed pin-photo-
diode with a time resolution of ~ 1 ns. The light arrived at the
photosensitive area of pin photodiode through a quartz fibre
~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. The radiation pulse width at half maxi-
mum was ~30 us and hardly differed from the corresponding
current pulse width during electric breakdown (the light-pulse
oscillogram in Fig. 3e shows only the arc phase of the break-
down). The oscillogram of the discharge current (Figs 3b, 3d)
indicates that it is close to zero during the current pause [30, 31],
whose duration is AT ~ 140 us. The results of our studies
showed that the current during the pause amounted to 10-50 A
(depending on the discharge-circuit parameters).

ZH1500mV  CH2 100mV M 50us

Figure 3. (a) Photograph of controlled electric breakdown for explo-
sion 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 uF and charging voltage
U, = 10 kV; and (f) a photograph of controlled electric breakdown at
C=4.5uF, charging voltage U, = 10 kV, and an interelectrode distance
of 155 cm.

There 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 field strength E. in the channel at the instant when the
arc phase of the breakdown begins. The voltage oscillogram
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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 I,,, ~ 360 A. In
this case, R,;, ~ 17 Q. 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 Fig. 3b, which illustrates the case of electric break-
down in a channel formed by wire explosion at C = 3.8 uF and
inductance £ = 2 uH, the wave resistancep = v £L/C ~ 0.7 Q;
this value is much smaller than R,,;, and corresponds to an
aperiodic discharge (R, > 20).

It was noted in [9] that the channel resistance is affected
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 Cy,,, = 4.5 uF, a breakdown
in a channel formed by wire explosion occurred with a prob-
ability close to 100%. Figure 3f shows a photograph of a con-
trolled electric breakdown at C = 4.5 uF, U, = 10 kV, and
an interelectrode distance of 155 cm. In this experiment, an
electric breakdown was ignited at a voltage of ~8.3 kV. The
duration of the current pause was AT ~ 200 us. 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)
were close to zero. Thus, the average minimum electric field
strength in the channel formed by wire explosion, at which
breakdown can occur, is ~52 V em™!. The suggestion about
the possibility of long-term support of current breakdown with
an amount of accumulated energy increased by an order of
magnitude and the same charging voltage was partially con-
firmed. This problem will be considered in detail elsewhere.

The channel for recording radiation in the visible wave-
length range has a low sensitivity, because it detects only the
radiation entering the angular aperture of the polished receiv-
ing end face of the quartz fibre. 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 oscillo-
gram of a visible-light pulse. During the first 16 us after the
wire explosion, the visible light intensity is low (the wire explo-
sion gives rise to radiation with wavelengths in the range of
2.5-0.5 um) [29]. Then 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. The experiments revealed that the vertical orien-
tation of exploded wire is indeed preferred in the case of
streamer breakdown of maximally long gaps (Ly.x ~ 159 cm)
at Uy=10kV and C,, =4.5 uF.

Let us analyse the requirements to an ionised formation
that can initiate electric breakdown. The minimal conditions
that are necessary for initiating a streamer were reported in [13].
We will consider a uniform conducting sphere with a radius
R, placed in a uniform field of strength E,. To form a self-
propagating plasma channel, the external field must be dis-
placed from the plasma formation and amplified beyond it.
To displace the external field from the entire volume of the
sphere, charges must be nonuniformly distributed over the
surface, and there must be no less than N, = 3g,nR2E/e elec-
trons in the field. Taking into account that the radius of this
formation should be no less than &' (« is the effective ionisa-

tion coefficient), we can estimate the lower limit of the num-
ber of electrons at which a streamer may arise [13] as follows:
Ny min ® 3eonE/(ec?). As an example, we will consider air at
atmospheric pressure. At the breakdown field strength E, =
31.4kV cm™! and effective ionisation coefficient & = 12.4 cm™,
we have N, i ~ 2x10°. The smaller the plasma formation
radius, the more severe the limitation on the plasma density
is. At the minimally allowable value R, ~ a7, the electron
concentration 7, ,;,, in air at atmospheric pressure should be
~4x10"" cm™. The plasma formation size R, also must be
no smaller than the ionisation length ¢! in a field with a
strength equal to the external field strength or even somewhat
higher. In air at atmospheric pressure the ionisation length is
a' ~ 0.8 mm. If the initial size of plasma formation in a
homogeneous field satisfies the aforementioned requirements,
this formation should generate ionisation waves to both sides
along the field, thus forming a plasma channel. The plasma
channel development is accompanied by amplification of the
field at both leader heads [13].

Our experiments showed that all above requirements to
an ionised formation [13], which must be fulfilled to ignite an
electric breakdown, are implemented in the channel of the dis-
charge gap formed by wire explosion with the aforementioned
parameters. The characteristics of separate plasma formations
(Ry ~ 0.5—4 mm, average distances 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 significantly the average
field 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. The average density of the wire-explosion products
in the channel is p ~ 0.1 kg m™. The electric field in separate
spherical plasma fractions can be amplified by a factor of no
more than 3. Further studies should reveal new factors lead-
ing to electric breakdown in the channel produced by wire
explosion at E, = 52V cm™!. We should note the original work
by Komel’kov [34], who analysed the leader-discharge channel.
He showed that the specific resistance per unit length in the
channel of leader positive retarded discharge is 11.8 Q cm™,
while the longitudinal gradient along the channel in the end
of the leader phase is 55.5 V ecm™!. The main parameters of the
leader channel turned out to be the same as in the case of arc
discharge. The result obtained in [34] was interpreted in [13]
as not quite correct because of incorrect analysis of the dis-
charge-gap voltage oscillograms. Our results disprove the
conclusion of [13].

To check the influence of the size of individual plasma for-
mations in the channel on the mechanism of electric break-
down, we performed experiments with explosion of a copper
wire 30—36 cm long and 90 um in diameter at U, = 10 kV
and Cp,, = 4.5 uF, i.e., at a much higher specific energy con-
tribution. The channel formed by wire explosion with these
parameters contains a fairly large number of wire-material
nanoparticles [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
fivefold 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 60 cm, a minimum
value at which the size of plasma formations in the wire-
explosion channel became sufficiently large to implement a
streamer breakdown.
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8. Formation of electric discharges in a plasma
channel formed 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 modified
spike regime, onto targets made of different materials [35]. To
form a plasma plume on a target, we used a phosphate glass
laser with a wavelength 4 = 1.054 um, operating in a modified
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Figure 4. (a,b) General view of solid-state lasers and (c—e) oscillograms
of (c) the laser radiation and (d, e) separate laser pulses.

lasing regime with a peak power of 100—500 kW. Photographs
of lasers operating in this regime are shown in Figs 4a and 4b.
Solid-state lasers of this type are unique. Actually, they are
laser hyperboloids (concerning the way of extracting radia-
tion from a totally reflecting flat cavity through a round hole
of large diameter, which can be seen in the upper photo-
graph). Lasers of this type can produce large plasma plumes
in both pulsed and repetitively pulsed regimes. A laser pulse
with a width up to 700 pus consisted of many (approximately
150) high-contrast pulses 150—300 ns wide with an average
repetition rate of 200 kHz (Fig. 4c). The radiation divergence
at the laser output, & ~ 4x107* rad, was close to the diffrac-
tion one. The total energy per laser burst reached ~30 J (see
the laser in Fig. 4a). Graphite, vinyl plastic, textolite, ferrite,
Permalloy, and carbonyl core were used as targets. Their
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. The con-
ductivity of this plasma has been studied little, while the

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 process-
ing in the system of HSB colour coordinates.




Formation of extended conducting channels in atmosphere

137

dynamics of changes in its properties is of great interest to
search for the ways of forming (according to the Impul’sar
program) superlong high-conductivity channels in order to
transfer energy at large distances. The experiments were per-
formed with a system of electrodes, between which an electric
discharge was ignited (Fig. 5). An anode in the form of a cop-
per cylinder was connected to the high-voltage output of the
capacitor battery with a capacitance C = 2 uF, which was
charged to a voltage of 10 kV. A duraluminum cathode had a
hole 6 mm in diameter, through which laser radiation was
guided to the target using a lens with a focal length of 300
mm. The distance between the electrodes was ~80 mm.

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
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Figure 6. (a,b) Photographs of electric breakdown of a 70-mm gap in
atmosphere in plasma-plume products (photographing through an
FS-1 filter and a neutral NS-9 light filter) and the results of image pro-
cessing in the system of HSB colour coordinates, (c) a current oscillo-
gram at electric breakdown of the gap (voltage U, = 10 kV, storage ca-
pacitance C = 2 UF) in plasma plume, and (d) a luminescence oscillo-
gram for the discharge channel in aerosol plasma.

(at a laser burst energy of 12 J) for a gap ~70 mm wide,
obtained using an FS-1 filter, a neutral NS-9 filter, and an
OLYMPUS C-5050 ZOOM digital camera, are shown in
Fig. 6. In highly inhomogeneous fields, streamers are formed
primarily in the regions of maximum field 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 Fig. 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 different targets show that electric breakdown occurs
at a minimum average electric field strength of ~300 V cm™.
The 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 ps after the laser irradiation. In Fig. 6c, the capacitance
C =2 uF. The current oscillogram indicates that the damping-
oscillation period 7 ~ 8 us; therefore, the discharge induc-
tance is 0.8 WH. The contour wave resistance p = V.L/C =~
0.6 Q. According to the current—voltage characteristics of the
70-mm discharge gap for the graphite target, the discharge
gap resistance is 0.5 Q, a value corresponding to an oscillatory
discharge with a high damping decrement (R,,;, < 2p). The
long breakdown delay with respect to the laser irradiation
onset is apparently caused by the closing of the discharge gap
by the expanding vapour of the target material and discharge-
gap preionisation by UV radiation of the plasma plume.

The targets made of other materials were characterised by
a shorter possible delay. Changing the delay for the voltage
pulse applied to the capacitor, one can measure the plasma
characteristics at different instants and thus estimate the con-
ductivity of the channel at different stages of its cooling and
expansion. In our opinion, the strong electric field in these
experiments is due to the absence of large particles in the
erosion-plasma cloud. To carry out successfully the Impul’sar
program, we believe it necessary to study the dynamics of
plasma conductivity and the residual aerosol products after
cooling the plasma.

9. Experimental results

Below we report the estimated values of the channel conduc-
tivity, 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).

(1) For the plasma channels obtained on graphite, ferrite,
Permalloy, and carbonyl core targets using a phosphate glass
laser, the gap specific resistance was 10 Q m™! and the specific
breakdown voltage was ~300 V cm™.

(i1) For the plasma containing a set of dispersion and con-
densation aerosols, which was obtained by wire explosion, the
gap specific resistance was ~5 Q m™!' and the specific break-
down voltage was ~50 V em™.

(iii) For the plasma channel formed by a pulsed CO, laser
with a conical focusing optics, the gap specific resistance
was 100—-400 Q cm™! and the specific breakdown voltage was
~80Vcem™

(iv) For the plasma channel obtained with the aid of a femto-
second pulsed laser, the gap specific resistance was ~0.1 MQm!
and the specific breakdown voltage was ~7.5 kV cm™ [4].
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These estimates, based on the results of the electric-break-
down experiments, show that a voltage of 7 MB, at a total
introduced energy of ~300 kJ, is sufficient to form a plasma
channel ~1 km long and 8 mm in diameter. Note that the
minimum specific resistance of the channel depends strongly
on the specific 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. The results of
the studies show that the discharge plasma has a high conduc-
tivity and can efficiently be used to form a conducting channel
in order to transfer energy over long distances.

10. Conclusions

We determined the range of sizes of copper and copper oxide
particles (from 50 nm to 300 wm) and their minimum volume
density (p ~ 0.1 kg m~) that are necessary to provide an elec-
tric breakdown in order to form a plasma channel according
to the Impul’sar program. The results of the model experi-
ments showed that nanoparticles in the plasma channel can
merge into larger aggregates during the LRE operation. The
experiments on electric breakdown showed also that a high
conductivity of a plasma channel with a diameter of ~8 mm
and a minimum specific resistance of ~5 Q m~! is implemented
at the maximum introduced specific energy: ~200 J m™!. At
a larger channel diameter, the specific energy is proportional
to the squared ratio of diameters. The minimum average elec-
tric field strength (~52 V ecm™!) in the channel, at which a
streamer-leader electric breakdown of the discharge gap begins,
is due to the following factors:

(1) the presence of dispersion and condensation aerosols
of hot particles of copper oxide (CuO, Cu,0) and copper with
oxidised surface (smaller than 300 um in diameter) in the
channel for a long time (1—10 ms) due to their low mobility;

(i) the presence of superheated metal drops at the centre
of plasma formations, which are in the metastable (unstable)
state at temperatures 7 ~ 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.

Acknowledgements. We are grateful to V.R. Sorochenko for
the discussion of the experimental results, to S.Yu. Kazantsev
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P.S. The paper was submitted to the editorial board on
November 2, 2011. Simultaneously, a research team from
University Canterbury Christ-church (New Zealand) pub-
lished the results of their study [36] on November 14, 2011,
where a three-stage Marx generator and a maximum accumu-
lated energy of 69.3 kJ at a pulse voltage of 270 kV were used
to switch a gap 60 m long by exploding an enameled copper
wire 200 pum in diameter. The value of the average electric
field strength (E, ~ 4.5 kV m™!), which was recorded during
electric breakdown, is very close to that obtained in our study:
E. ~ 5kV m™. This team is planning to switch a gap several
hundreds of meters long using a pulsed voltage generator with
an amplitude of several megavolts.
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