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Preface

For many years, attempts to create super-long conductive channels were made to
study the upper atmosphere and to settle special tasks, related to energy trans-
mission. Consequently, the program to develop “Impulsar” attracted great interest,
since this program combining high-voltage, high-repetition-rate electrical source
can be useful to solve the above-mentioned problems. This could be considered a
“renaissance of Nikola Tesla ideas” for the days of high-power lasers. The principle
behind the production of super-long conductive channels can be concisely descri-
bed as follows. “Impulsar”-LJE vehicle-propulsion takes place under the influence
of powerful high repetition rates of pulse-periodic laser radiation. In the experi-
ments, CO2-laser and solid-state Nd YAG laser systems have been used. Active
impulse appears, thanks to air breakdown (<30 km) or to the breakdown of ablated
material onboard (>30 km), placed in the vicinity of the focusing mirror-acceptor
of the breakdown waves. With each pulse of powerful laser, the device rises up,
leaving a bright and dense trace of products with a high degree of ionization and
metallization by conductive nanoparticles due to the ablation process. The inves-
tigation of conductive dust-plasma properties in our experiments has been produced
on the basis of two very effective approaches: high-power laser-controlled ablation
of various materials and by the electrical explosion of wire. In this work, experi-
mental and theoretical results of conductive-canal modeling will be presented. The
estimations show that, based on already experimentally demonstrated figures of
specific thrust impulse, the lower layers of the ionosphere can be reached in several
hundred seconds and that is enough to keep the high level of channel conductivity
and stability with the help of a high-repetition-rate high-voltage generator. At
present, many laboratories continue the search for an efficient laser-based
lightning-protection system and to produce a controlled high-conductivity chan-
nel in the atmosphere that is capable of conducting a short-circuit current in a
natural or artificial electrical circuit. A 1.5-fold increase in the length of the dis-
charge gap broken under laser irradiation has been demonstrated when switching is
extended (*1 m) by high-voltage (up to 390 kV) electric discharges with 100-ns
UV pulses of a KrF laser. Laser-based lightning-protection systems, as they are
known, rely on the so-called long laser spark, which provides the conditions for
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connecting a thunderstorm cloud with a grounded metal rod, i.e., a classical
lightning rod. Maximum lengths (*16 m) of the laser-spark-controlled electric
discharge at a voltage of 3000 kV were obtained in Russia and Japan using a 0.5 kJ
short-pulse CO2 laser with spherical optics. Such control conductivity channels can
be used in energy transmission, overvoltage protection systems, transport of
charged-particle beams, plasma antennas, and so on.

The most productive theoretical and experimental investigation of
high-repetition-rate P-P mode of operation for high-power lasers (COIL, HF/DF)
has also now been achieved. The experimental realization of the P-P regime has
been demonstrated for 100 KW GDL and LD-pumped SSL. A greater than two
orders of magnitude ratio of peak to average power with minimal energy loss has
been obtained. Both the high efficiency and excellent beam quality of disk lasers
mean that they can be widely used in modern science and industry for a very large
range of applications, including the treatment of the surface of dielectric materials
in microelectronics, cutting, drilling, welding, polishing and cleaning of the surface,
and other technological operations with solid and composite materials. Disk lasers
can be used effectively for other important challenges faced by science and tech-
nological advances in the future. Today, we can say that the creation of a
megawatt-class mono-module P-P disk lasers with large cross sections of the active
medium opens up great prospects for their use to solve the set of problems: small
satellites launching by lasers, formation of super-long conductive channels in space
and the atmosphere, cleaning space debris from of near-Earth space, and so on.

In the first part of High-Conductivity Channels in Space, scientific problems
involving electric discharge guided by a continuous laser-induced spark are con-
sidered. The purpose of this chapter is to estimate the CO2-laser energy required for
producing CLS in a practical lightning-protection system. Taking into account the
estimates of the plasma-channel length required to initiate a lightning discharge and
a linear-energy input of 200 J m−1 required for the CLS production, which was
experimentally obtained in this work, the output laser energy should be not less than
few kJ. At present, there already exist many CO2 lasers with an output energy of
5–10 kJ for laser-based technology development, and further improvement of their
output characteristics is under intense attention. It is important to note that we
provide an understated estimate that does not take into account the increase in the
transverse dimension of the laser-induced spark with the increasing cone angle that
was reported in this chapter.

Lightning strikes on industrial objects like petrochemical complexes, nuclear
power plants, ultrahigh-voltage transmission lines and substations, and
rocket-launching devices may turn out to be extremely hazardous. The electro-
magnetic pulse from a close-range strike of lightning can also result in a breakdown
of telecommunication equipment and its operation, computer networks, and control
systems. Consequently, stringent requirements are imposed at present for
lightning-protection measures. The traditional lightning-protection systems used
currently are not always in a position to ensure the desired level of efficiency. This
stimulates the quest for new approaches to solve this problem. This is the subject
matter of the second chapter of our book. Laser protection against lightning is one
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of the most prospective trends being developed actively at present. While using this
approach, it is assumed that the lightning-discharge channel being developed is
guided toward the conventional rod of the metal lightning rod along the plasma
channel formed as a result of the laser-induced breakdown of the atmosphere.

Our experimental studies have shown that, in spite of its discontinuous structure,
a LLS created in the vicinity of an earthed electrode may capture the channel of
leader discharge that develops in the gap between the electrode and a CAC. The
capture takes place for an electric field of a quite high strengths at the electrode, its
value being close to that of the field required for the emergence of an ascending
positive leader in the absence of a laser spark in the gap.

The creation of a LLS near the tip of an earthed electrode enables a considerable
decrease in the time of formation of a stable leader that starts propagating toward
the cloud and captures a part of the LLS. As a result, its velocity increases com-
pared to the case when the discharge develops in the absence of a laser spark in the
gap. This circumstance is of fundamental importance for laser systems for lightning
protection. Indeed, owing to its interaction with the laser spark, the leader discharge
developing from the tip of the lightning rod may well precede the ascending dis-
charges from the object being protected during its advance toward an approaching
descending leader, capturing the latter and thus protecting the object.

Lightning and the ecology of the atmosphere is the topic under consideration in
Chap. 3. Taking into account recent experimental data and based on them, theo-
retical estimations have created a new description of OES as an open dissipation
system, supported in the state of dynamic equilibrium by the entering it energy
flow, in the first turn of radiant energy of the sun. It has been established that
electrical energy is generated predominantly in the regions of reduced atmospheric
pressure and in the zones of cold fronts and comprises in average 5 � 1013 George,
which is two orders of magnitude higher than the energy concentrated in the orbital
spherical capacitor the Earth–ionosphere. The average speed of the dissipation of
electrical energy, namely 4 � 1011 W, exceeds the speed of the dissipation of
energy in the tectonic and magmatic processes and is characterized by an OES as a
completely dynamic system with a very short time of the renovation of electrical
energy. The process of the transformation of energy in the atmosphere is accom-
panied by the generation of dissipative structures of various scales and in the details
of convective systems and aero-electrical structures, which clearly are possible to
visualize in the form of the global processes of the accumulation of electrical energy
and its dissipation in the atmosphere. In the near future, and on the basis of higher
than aforesaid, the study of power engineering of the atmosphere and the structure
and dynamics OES will remain a vital problem of atmospheric electricity.

It is necessary to say a few words about the interrelationship of atmospheric
electricity and the formation of the composition of the atmosphere and climate of
our planet. Over many years, attempts have been made to the create conducting
channels of adequate length for the study of the upper atmosphere and the solution
of special problems. In this connection, great interest has been focused on the
“Impulsar” program that combines high-power/energy lasers and the high-voltage
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high-frequency Tesla’s source which can be useful in the solution of the cited
problems.

Part II of High-Conductivity Channels in Space is devoted to the problems of the
interaction of optical pulsating discharges with gas. The reason for that consider-
ation is to analyze a new set of physical effects produced by laser light in the
atmosphere. The transformation of high-repetition-rate pulse-periodic laser radia-
tion into a low-frequency QSW in an OPD has been studied for the first time.
Unlike a continuous optical discharge, no physical constraints are imposed on the
velocity of OPD propagation in a gas. In contrast to a single laser spark, the SWs
generated by an OPD merge to form a QSW propagating in a preferred direction in
the surrounding gas. About 25% of the laser power is transformed into SW in an
OPD, which may exert a considerable influence on the surrounding medium.
An OPD can be stationary or move at a high velocity in a gas. Stable SW generation
occurs only for certain relationships between the radiation intensity, laser-pulse
repetition rate, their filling factor, and the OPD velocity. The OPD generates a QSW
in the surrounding space if it is stationary or moves at a subsonic velocity and its
parameters satisfy the above conditions. The mechanism of SW merging operates in
various media over a wide range of pulsation energies. The results of preliminary
investigations show that the efficiency of the laser radiation can be increased
substantially when a QSW is used for producing thrust in a laser jet engine and
eventually for producing a long conductive channel.

The ensuing chapter has the goal to investigate the mechanism of SW merging in
a LJE that was proposed for use in projects involving the launching of light SC into
orbit and later for the production of a super-long conductive channel. With the help
of a focusing reflector, repetitively pulsed radiation produces laser sparks that, in
turn, should generate SW. A part of the momentum of the latter is imparted to the
SC. In Part II, we propose a new approach to develop an efficient LJE, which is based
on the merging of SW generated by an OPD at short radiation pulses with a
high-pulse repetition rate. In this case, the OPD energy is transformed most effi-
ciently in an LJE into a constant force accelerating the motion of an SC. High-power
GDL, which may generate pulses with time duration tr = 150–250 ns and a pulse
repetition rate of up to 100 kHz under a continuous pumping of the active medium,
offers great promise for use in the LJE technology. The use of repetitively pulsed
lasers is especially efficient if the LJE consists of an RA. The model presented in the
book is based on the estimates and numerical simulation in the two-dimensional
axisymmetric approximation for thrust pulses generated by the OPD.

It is very important that the LJE is considerably more economical than traditional
engines operating on chemical fuel. At the initial stage of the flight, the atmospheric
air is used as the working substance and—beyond the atmosphere—as a small
space-borne store of a gas or easily sublimated substance. In this case, the specific
cost of freight launching into outer space can be reduced to 200–500 USD kg−1, i.e.,
approximately by two orders of magnitude compared to the current cost. The
possibility of maintaining the parameters of the orbit at a specified level with the
help of the laser system used for launching is also highly estimated.
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At present, the possibility of building an LJE is being investigated in the
developed countries all over the world. For example, at present, such systems are
being developed in the USA within the framework of the “Lightcraft” project. Thus,
the Lightcraft Technologies Company has successfully tested a rocket model, which
rose to 70 m for 12.7 s under the action of a jet produced by high-power laser
radiation. A 10 kW low-repetition-rate pulse-periodic CO2 laser was used in the
experiments. The reactive momentum was produced by carrying out a special
polymer material from a concave surface located in the lower part of the rocket
irradiated by the laser beam.

As early as 1973, the possibility of building a LJE has been investigated by our
team under the supervision of Acad. A. M. Prokhorov at the Lebedev Physics
Institute, Academy of Science of the USSR. The engine unit operated by irradiating
a reflector located at its rear part by a laser beam. The reflector concentrated laser
radiation in the air, which resulted in a microexplosion and produced the reactive
thrust. The tests of reflectors of various types, which served simultaneously as
receivers of the incident shock wave providing the thrust, were successful.

A LJE uses repetitively pulsed-laser radiation and the atmospheric air as a
working substance. A reflector to focus the radiation is located in the tail of the SC.
The propulsion is produced by the action of the periodic shock waves produced by
laser sparks on the reflector. The laser air-jet engine is attractive due to its simplicity
and high efficiency. It was pointed out in many papers that the LJE can find
applications for launching SC if *100 kJ repetitively pulsed lasers with
hundred-hertz pulse repetition rates are developed, and the damage of the optical
reflector under the action of shock waves and laser plasma is eliminated. These
problems can be solved by using high-pulse repletion rates ( f * 100 kHz), an
optical pulsed discharge, and the merging of shock waves. The efficiency of the use
of laser radiation in the case of short pulses at high-pulse repetition rates is con-
siderably higher. It is shown in this book that factors damaging the reflector and a
triggered device cannot be eliminated at low-pulse repetition rates and are of the
resonance type.

Many laboratories of the world still continue the search for an efficient laser-
based lightning-protection system and for producing controlled high-conductivity
channels in space that are capable of conducting a short-circuit current in a natural
or artificial electrical circuit. Laser-based lightning-protection systems, as they are
known, rely on the LLS, which provides the conditions for connecting a thunder-
storm cloud with a grounded metal rod, i.e., a classical lightning rod. Maximum
lengths (*16 m) of the laser-spark-controlled electric discharge at a voltage of 3
mV were achieved in Russia and Japan using a 0.5 kJ pulsed CO2 laser with
spherical optics. Such control conductivity channels can be used in energy trans-
mission, overvoltage protection systems, transport of charged-particle beams,
plasma antennas, etc. It is shown in our book that a laser spark produced using
conical optics demonstrates much better characteristics from the point of view
of the formation of conductivity channels in the atmosphere. Currently, among the
huge variety of lasers, only two types are being actively studied for use in the
formation of laser-spark-controlled high-conductivity channels in the atmosphere:
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sub-microsecond pulsed gas and chemical lasers (CO2, DF) and femtosecond
solid-state lasers.

The main advantage of femtosecond lasers is their ability to produce super-long
ionized channels (so-called filaments) with a characteristic diameter of about 100
µm in the atmosphere along the laser-beam propagation direction. With an esti-
mated electron density of 1016 cm−3 in these filaments and laser wavelengths in the
range of 0.5–1.0 µm, the plasma hardly absorbs the laser light. In this case, the
length of the track consisting of many filaments is determined by the laser intensity
and can reach many miles at a femtosecond pulse energy of *100 mJ. However,
these lasers could not be used to form long high-conductivity channels in atmo-
sphere. The ohmic resistance of the thus formed conducting channels turns out to be
very high, and the gas in the channels cannot be strongly heated. 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. The results of the model experiments showed that nanoparticles in the
plasma channel can merge into larger aggregates during LRE operation. The
experiments on electric breakdown showed also that a high-conductivity channel
with a diameter of *8 mm and a minimum specific resistance of *5 X/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, and the minimum average electric-field strength in the channel decreased
to the level of *50 V/cm.

When using the controlled electrical breakdown in a plasma channel that is
produced by an exploding wire and is capable of passing a current in the
short-circuit mode, one should know the temperature and radius of the channel. The
notion of the radius of the channel refers to its part through which a main fraction
of the current passes at the main stage of the discharge. Quantities such as the
expansion rate of the channel and its maximal diameter, which is observed in a
high-conductivity high-temperature area, are of importance for describing the
specific energy deposition and pressure at the front of a cylindrical shock wave that
propagates in the atmosphere. A spark-discharge channel in the atmosphere usually
can be studied by using Tepler’s shadow method combined with a rotating mirror
method. In Chap. 9, we use a simple technique that does not require
optical-detection methods to see how the expansion rate of the conductivity channel
produced by the explosion of a thin copper wire depends on time for a maximal
possible specific energy. A new experimental technique for determining the
high-conductivity channels’ expansion rate as a function of the propagation time
has been suggested and is described in this chapter. This technique was applied in
experiments on the controlled breakdown and extended up to 1.9-m gaps produced
by an exploding wire for a maximal specific energy deposited into a channel of
about 1 kJ/m. With this technique, the main parameters of the breakdown, namely
the specific energy deposited into the discharge channel and the variation in the
resistivity of the discharge gap, were measured as accurate up to 5%. In terms of the
equilibrium plasma model, these data allow us to find the maximal temperature in
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the discharge channel and thereby more accurately determine the breakdown
voltage and specific energy deposition in considering controlled breakdowns over
great lengths.

Since the 1970s, the possibility of using LJE to launch light satellites into orbit
has attracted the attention of researchers. The solution of related problems is still of
current interest. Specifically, this relates to an increase in the efficiency—the cou-
pling coefficient Jr of using laser radiation (the ratio of the propulsion to the
radiation power)—by several times and the prevention of the shock damage of the
apparatus, which appears when high-power repetitively pulsed-laser radiation with
low repetition rates f is used.

To solve these problems, it was proposed to use repetitively pulsed radiation
with f * 100 kHz, the OPD, and the effect of merging shock waves produced by
the OPD. The merging criteria were confirmed in experiments. The OPD is laser
sparks in the focus of repetitively pulsed radiation, which can be at rest or can move
at high velocities. The high-frequency repetitively pulsed regime is optimal for
continuously pumped Q-switched high-power lasers. In this case, the pulse energy
is comparatively small and the stationary propulsion is possible.

Part III, Lasers and Laser Components for High-Conductivity-Channel
Implementation, is devoted to various aspects of laser-power sources and unique
laser components for wireless power transmission in space development. As was
shown also in Part I, to form a high-conductivity channels in the atmosphere that
could commute an artificial or natural discharge (lightning), the gas must be heated
to a temperature from 6000 to 8000 K, when thermal ionization begins. This
condition is crucial because the high initial electron density in the atmosphere is a
necessary but not sufficient condition for realizing high conductivity in a long
atmospheric channel. It is important not only to produce but also to maintain the
electron density in an atmospheric channel that is sufficient for the breakdown.
During gas heating, thermal ionization becomes the main mechanism of electron
“production” in the channel. Specifically, this is the main reason why the streamer
mechanism cannot lead directly to an electric breakdown in the presence of high
electron density (filaments) in a cold channel. In the case of sub-microsecond CO2

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 dynamic correction of lenses to increase
aberrations and elongate the focal segment by passing to a conical phase front.

A completely different approach to the formation of a conducting channel can be
realized using high-repetition-rate P-P lasers. The motion of a light-driven engine
under irradiation by a high-frequency P-P laser with a pulse energy sufficient to
produce a breakdown in the focus of the optical system of a LJE gives rise to a
continuous conducting channel in air as a result of the formation of a mixture of
aerosol with atmospheric air and its subsequent ionization. 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
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focusing-system trajectory. If the laser pulses have a low repetition rate, 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 rarefied atmospheric layers, a problem of
medium deficits arises. To solve it, the displaced optical system must have an
efficient 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.

Currently, in technological processes with high-average power (over l-kW)
lasers, advantage is taken only of sources operating in two regimes—continuous
and P-P with a repetition rate from a few to hundreds of Hz at pulse durations
within tens to thousands of microseconds and even milliseconds. In this case, the
discussed processes usually rely on purely thermal mechanism because use is made
of the possibility of a laser source to deliver a sufficient amount of energy to a small
area of the surface of the material being processed. High-repetition-rate P-P laser
systems with a high average power, which provide the required pulse train dura-
tions from a few to hundreds of nanoseconds, enable implementation of a funda-
mentally different mechanism of interaction of radiation with matter-sublimation
(ablation), ensuring a local energy release not only in space but also in time. This
results in an explosive local evaporation of a substance without an intermediate
liquid phase. This mechanism can significantly extend the range of technological
applications of laser sources. However, it has found no real use in practice because
of the great complexity of its implementation in the case of the mean powers
required in a significant number of technologies. In general, such mean-power
lasers are used in microsurface treatment, product marking, scribing, term cleavage,
microdrilling, and laser-induced chemical etching.

However, a more differentiated and balanced assessment of the many innova-
tions in the field of laser shows that there is no such thing as a perfect design—or an
ideal laser. There is always room for improvement and further development. It is
possible that, in the near future, a laser with the disk geometry of the active medium
will become the dominant technology. However, despite this, a number of existing
laser technologies (with some exceptions, of course) will continue to improve for
quite a long time. Based on these considerations, we must continue to develop most
types of lasers, each time clearly specifying their undeniable technological niche
and knowing well their advantages and disadvantages.

The high efficiency and excellent beam quality of disk lasers mean that they can
be widely used in modern science and industry for a very wide range of applica-
tions, including the treatment of the surface of dielectric materials in microelec-
tronics, cutting, drilling, welding, polishing and cleaning of the surface, and other
technological operations with superhard and fragile metals and composite materials.
P-P Q-switched disk lasers and high-average-power, mode-locked laser systems
ensure optimal conditions for ablation (sublimation) of a material. A number of
advantages of high-repetition-rate P-P lasers emitting short pulses, as applied to a
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wide range of industrial technologies, are the basis of many modern concepts of
disk lasers. High-intensity light with an insignificant thermal lens effect in the
central high-loaded zone of the active medium has led to the lifting of restrictions
on the brightness of the pump diode.

The question arises as to how the average power of a few megawatts can be
achieved on the basis of solid-state lasers. And it is this power that is needed to
address many problems associated with the removal of debris from near-Earth
space, with launching of missiles with the help of lasers, with the creation of
long-range conducting channels, and others. Fiber lasers are not applicable for these
purposes because of the smallness of the area of the exit pupil of the fibers and
hence the impossibility of operation of such lasers in the high-frequency P-P regime
with high peak power at an average power of a few megawatts. The laser system
based on “slabs” also seems difficult to implement as adjustment of the system and
its maintenance in a safe operation mode are comparable to the complexity of
working with a multi-element system for the solution to the problem of controlled
thermonuclear fusion. Proceeding from these considerations, the answer is quite
clear: Such a laser can and should be based on the mono-module disk laser
geometry!

Consider the most important aspects of the problem of static POE fabrication—
the most important component of high-power/energy laser system. The task of this
part of our book is to investigate the conditions needed to achieve high
optical-damage thresholds for a mirror surface. We obtained and describe here the
expressions for the limiting intensities, leading to the optical destruction of POE,
and the stability parameters of optical surfaces based on them. This set of theoret-
ical and experimental works in the field of high-power/energy optics led to one very
important point: Effective development of any of the areas of modem cutting-edge
technologies, as a rule, yields results not only in the related fields of technological
applications, but also in completely different branches of science and technology.
Thus, the appearance of one- and two-dimensional cooled high-power laser diode
arrays, large astronomical cooled POE based on silicon carbide and complex
composite materials is largely a consequence of the success of power optics—a
recognized effective donor for many areas of science and advanced technology
of the twenty-first century.

It is important to very clearly conclude here that the very near future will reveal the
details of a physical–technical solution regarding the best laser that will be used
effectively for the many important challenges and technological advances faced by
science. However, today we can say that the creation of a class of high-power/energy,
high-frequency P-P lasers with large cross sections of the active medium and high
compactness and low weight will open up great prospects for their use in solving the
problems of launching small satellites by lasers, the formation of super-long con-
ductive channels in space (vacuum and atmosphere), the clearing space debris from
the near-Earth space, and other special tasks of our time.

Moscow, Russia Victor Apollonov
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Part I
High Conductivity Channels for a Laser

Lightning-Protection System



Chapter 1
Electric-Discharge Guiding
by a Continuous Laser-Induced Spark

1.1 Introduction

The solution of some scientific and applied problems requires the production of
long plasma channels in the atmospheric air with controllable location and shape.
Such channels can find application for energy transfer [1–3], the transportation of
charged particle beams [4, 5], the production of plasma antennas [6], and for
lightning protection [7–10]. In the investigation of these problems, considerable
attention was given to the control of the trajectory of an electric discharge or, in
other words, to the production of guided electric discharges [1–3, 11, 12].

One of the most promising methods for producing a plasma channel or
controlling the trajectory of an electric discharge is the exposure of gas to laser
radiation. Of all kinds of laser action, an optical breakdown leads to the longest and
most intense gas perturbation. The length of optical breakdown channel, called a
long laser spark (LLS), under real atmospheric conditions can amount to tens of
metres and over [13, 14], which makes it possible to produce guided electric
discharges several metres long [1, 8].

In [9], the length of a guided discharge was equal to 16 m for a 3-MV voltage
across the discharge gap and a 460-J output energy of a pulsed CO2 laser used to
obtain the LLS. However, an LLS produced by spherical optics consists of separate
breakdown nuclei located at random in the caustic of the focusing element, i.e., it is
immanently discontinuous. For this reason it has not been possible to attain good
reproducibility in attempts to control the trajectory of very long discharges with the
use of an LLS. This is also evidenced by the results of the tests of a laser
lightning-protection system under real thunderous conditions in Japan, which failed
because two events of time coincidence of a thunderbolt to the lightning rod with
the triggering of a laser were observed, but the trajectories of the lightning channel
and the LLS did not coincide [10].

A continuous optical breakdown channel devoid of gaps, or a continuous
laser-induced spark (CLS), can be obtained by focusing laser radiation with a conic
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lens (an axicon) [15]. A *1-m long CLS was experimentally obtained [16] by
focusing Nd-laser radiation k ¼ 1:06 lmð Þ with an axicon. The electrical charac-
teristics of a 9–12 cm long CLS produced by a Nd laser emitting 40-ns pulses were
investigated in [3]. For an output laser energy of 100 J, the resistance of the spark
under investigation was 0:5�1X. On applying a voltage of 1–25 V across the
spark, the electric current reportedly started flowing immediately after the optical
breakdown. The results of [3] demonstrate that the efficient control of the trajectory
of electric discharges is possible using CLSs produced by focusing laser radiation
with conic optics. However, considerably longer CLSs may be needed for practical
applications. For instance, estimates made in [17] show that the plasma channel
length in real lightning protection systems should be equal to *20 m.

Increasing the wavelength of laser radiation results in a lowering of the optical
breakdown threshold, which should permit increasing the CLS length—a parameter
critical for practical applications [18]. In this paper, we investigate the feasibility of
producing a CLS with the use of a CO2 laser k ¼ 10:6 lmð Þ, and also the feasibility
of its application for guiding electric discharges and transferring the electric
potential.

1.2 Experimental Setup

The schematic diagram of the setup for studying CLSs is shown in Fig. 1.1. The
radiation of an electric-discharge TS-300 CO2 laser [19] with a maximum output
energy of 300 J and the radiation divergence at half-maximum of � 3:5� 10�4 rad
was focused with conic aluminium mirrors (1) with a cone angle c ¼ 177:8 or
179.16°. The angle of incidence of the laser beam (2) on the focusing mirror did not
exceed 5°. The radiation of a laser spark in the visible range was recorded with a
fast photodiode (3) and was also photographed with an Olympus C-3030 digital
camera (4).

The laser beam with a cross section in the form of a frame with external and
internal dimensions of 10 � 10 cm and 3.3 � 3.3 cm, respectively, was formed by

Fig. 1.1 Schematic of the setup for CLS production: (1) conic mirror; (2) laser beam;
(3) photodiode; (4) digital photographic camera; (5) transmission bolometer; (6) photodetector
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an unstable telescopic resonator with a magnification M = 3. The output laser
energy was recorded with a transmission bolometer (5) in every shot; the
shot-to-shot energy spread was within 5%. The output laser energy was varied
during experiments by varying the pressure of the working laser medium and the
voltage of the pump source, because introducing plastic film or metal mesh filters
into the laser beam resulted in beam wafefront distortions and deterioration of CLS
quality.

The shape of output laser pulses was monitored with an FP-3 photon drag
detector (6) through the alignment opening in the rear resonator mirror. Typical
oscilloscope traces of an output laser pulse are given in Fig. 1.2. One can see from
Fig. 1.2a that the shape of the output pulse is typical for electric-discharge CO2

lasers—a short (*40 ns) primary peak and a long (*3 ls) tail. Due to spontaneous
modelocking, the pulse was modulated with short (*3 ns) peaks spaced at *10-ns
intervals (see Fig. 1.2b).

The electrical CLS characteristics were investigated employing the circuit shown
in Fig. 1.3a. The ends of two metal rods 2 mm in diameter were introduced into the
CLS plasma. The rods were connected to oppositely (relative to the common
ground) charged capacitors C with capacitances of 0.25 lF each and were variously
spaced in different experiments. The highest capacitor charging voltage was 50 kV,
so that the potential difference across the rods could be as high as 100 kV. When
studying the electric breakdown of the air between the metal rod and the CLS
plasma column, one or both rods were shifted perpendicular to the CLS axis
through a distance required in the experiment. The polarity of the rod moved aside
could be altered.

The circuit for studying the electric field distortion and potential transfer with the
aid of an LLS is shown in Fig. 1.3b. In these experiments, one of the rods dipped
into the plasma was connected to a resistive voltage divider
R1 ¼ 5 kX;R2 ¼ 60 Xð Þ. The other rod remained connected to the capacitor,
whose charging voltage did not exceed 600 V, allowing us to avoid the develop-
ment of ionisation in the electric field.

The electric field perturbation and the potential transfer during the production of
a CLS were also investigated employing a capacitive voltage divider. The
high-voltage arm of the divider was the capacitance between the CLS plasma
channel, or the electric-discharge channel, and the metal plate mounted on the
divider. This capacitance could be varied by varying the plate area and the distance
between the plate and the plasma channel. A ceramic capacitor, whose second plate
was connected to the grounded body of the divider, served as the low-voltage arm.

The voltage dividers were calibrated directly at the measurement site by
applying voltage drops of different amplitude across them from a capacitor C (see
Fig. 1.3b). When calibrating the capacitive divider, the CLS was simulated by
metal rods of different diameters. As in the setup of Fig. 1.1, the instants of spark
initiation and the electric-discharge development in it during the study of electrical
CLS characteristics were recorded with a fast photodiode. The signals from the
photodetectors and voltage dividers were recorded employing a Tektronix TDS 220
oscilloscope with a pass band of 100 MHz.
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1.3 Experimental Results and Discussion

The photograph of a CLS produced by focusing the CO2-laser radiation with a
conic mirror with a cone angle c ¼ 177:8� is shown in Fig. 1.4a. One can see that
the laser spark looks like a continuous column consisting of bright cone-shaped
elements. The breaks characteristic of the sparks produced by beam focusing with

Fig. 1.2 Oscilloscope traces of the pulse of CO2-laser radiation
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spherical optics are absent in this case. This pattern is observed for an output laser
energy of 180–300 J. The CLS length, determined by the cone angle and the beam
dimensions in the cross section of the cone, was equal to *90 cm. The CLS onset
is displaced from the mirror surface because the radiation is absent in the beam
centre. When the output laser energy was less than 150 J, at the ends of the spark,
where the input of laser energy is lower than in the central region, visible breaks
appeared in accordance with the energy distribution over the beam section.

The photograph of a CLS fragment is shown in Fig. 1.4b, in which the longi-
tudinal spark structure in the form of bright cone-shaped elements is clearly visible.
The same structure was observed when the CLS was produced by Nd-laser radi-
ation [3, 16], but the structure period and the transverse dimension of the CLS were
significantly smaller than in the case under study due to the different emission
wavelengths of Nd and CO2 lasers.

For comparison, Fig. 1.4c shows the photograph of an LLS obtained by using
the mirror with a cone angle c ¼ 179:16� for an output CO2-laser energy of
300 J. One can see that the increase in cone angle, as expected, led to the increase
in the spark length up to *3 m. However, the spark was no longer continuous,
because the laser energy inputted per unit length of the spark was not high enough.
The transverse dimension of the plasma nuclei in the spark also increased appre-
ciably (by a factor of *1.5). However, even for an output laser energy insuffi-
ciently high to produce a continuous channel, the radiation focusing with a conic
mirror makes it possible to attain a higher density of plasma nuclei per unit length
of the spark compared to that obtained by focusing with spherical optics (the spark
lengths being equal) because of the more uniform distribution of laser radiation
energy over the spark length.

Estimates made on the basis of photographs show that to produce an almost
continuous spark structure by focusing the CO2-laser beam with a conic mirror, a
linear laser energy input of *200 J m−1 is required. Note that these estimates are

Fig. 1.3 Circuits for studying the electrical characteristics of a CLS
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valid only for the shape of output laser pulses shown in Fig. 1.2. The use of
techniques for raising the peak output power, for instance, by injecting a
nanosecond pulse into the resonator [20], will reduce the output laser energy
required for the CLS production.

The electrical properties of the laser spark were investigated by focusing radi-
ation with a mirror with a cone angle c ¼ 177:8� (the total spark length
was *90 cm). These studies confirmed that these sparks can be efficiently applied
for electric-discharge guidance. Even for an output laser energy of 140 J, when
noticeable discontinuities were observed at the spark ends and the length of the
continuous part did not exceed 50 cm, an electric breakdown was observed in the
spark between the rods immersed into the spark plasma and spaced at d = 80 cm
for a minimal average electric intensity Emin � 77 V cm−1.

Fig. 1.4 Photographs of an LLS produced by CO2-laser radiation focusing with a conic mirror
with a cone angle c ¼ 177:8 (a, b) and 179.16° (c)
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Figure 1.5 shows the average propagation velocity Vch of the conducting
channel of laser-guided discharge along the spark as a function of the average
electric intensity in the gap E for d = 80 cm and an output laser energy of
140 J. The velocity Vch was estimated from the time interval between the signals
from the photodiode corresponding to the instants of laser spark initiation and the
appearance of the guided discharge. One can see from Fig. 1.5 that for
E = 385 V cm−1, the channel velocity Vch = 4 � 107 cm s−1.

The experiments on the electric breakdown of the air gaps between the CLS
column and the metal rod were performed using the circuit shown in Fig. 1.3a for a
100-kV voltage across the rods, an output laser energy of 270 J, and a horizontal
rod separation d = 45 cm. For a positive polarity of the rod displaced relative to the
CLS, the longest vertical distance H between the rod upper end and the CLS plasma
column at which the electric breakdown occurred amounted to 13 cm. The pho-
tograph of a laser-guided discharge in this case is shown in Fig. 1.6.

Figure 1.7 shows the oscilloscope trace of signals from the photodiode recorded
under the same conditions. The first peak in the oscilloscope trace reflects the CLS
production, while the other, with a *100-ls delay, corresponds to the current of
the guided discharge. Under the same experimental conditions and a negative

Fig. 1.6 Photograph of a CLS-guided electric discharge

Fig. 1.5 Velocity of propagation of the conducting channel Vch as a function of the electric field
intensity E
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polarity of the rod, the longest distance H at which the electric breakdown of the air
gap occurred was only 6 cm. Therefore, upon the breakdown of the air gap between
the CLS plasma column and the rod, we observed a distinct polarity effect indi-
cating that the real transverse dimension of the CLS is significantly larger than that
demonstrated by the photographs (*1 cm). Indeed, when the CLS was replaced by
metal rods of different diameters, the polarity effect in the air gap breakdown
comparable to the polarity effect observed in the CLS-guided discharge experiment
manifested itself only for a rod diameter of over 4 cm.

Therefore, our experiments showed that the CLS produced by focusing the
CO2-laser radiation with a conic mirror behaves similarly to a conducting rod, its
conductivity, as follows from the oscilloscope trace in Fig. 1.7, persisting for a
rather long period of time.

The CLS conductivity and the feasibility of transferring the electric potential via
the CLS were investigated using the circuit shown in Fig. 1.3b for an output CO2-
laser energy of 150 J. Under these conditions, only the central *65-cm long part of
the spark was continuous. The distance d between the rods immersed into the CLS
plasma was varied between 10 and 60 cm. The position of the rod under potential
remained invariable in the experiment, and only the rod connected to the resistive
voltage divider was moved. The polarity of the rod under potential was negative.
Figure 1.8 shows the oscilloscope traces of the signals from the voltage divider and
the photodiode (recording the CLS plasma emission) obtained for d = 10 cm. One
can see that these signals commence simultaneously, i.e., the CLS is conducting
since the instant of its initiation. The leading edge of the voltage pulse at the divider
has a characteristic step shape, the regions of rapid voltage build-up being replaced
with the regions of slow voltage growth. The voltage rise time sf and, accordingly,
the CLS plasma conductivity rise time are independent of the rod separation d and
are equal to *28 ls. The large duration sf points to an important role of gas
dynamic processes in the production of CLS conductivity.

Fig. 1.7 Oscilloscope trace of the signal from the photodiode: the CLS radiation (the first peak)
and the radiation of CLS-guided electric discharge (the second peak)
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Figure 1.9 shows the ratio U=U0 (where U is the voltage amplitude recorded by
the resistive divider and U0 is the charging voltage of the rod under potential) as a
function of the distance d between the metal rods immersed into the CLS plasma.
This dependence reflects the CLS-assisted potential transfer. The scatter of points
may be due to an inaccurate mounting of the movable rod in the plasma channel.

Fig. 1.8 Oscilloscope traces of the signals from the voltage divider at the spark axis (1) and from
the photodiode (2)

Fig. 1.9 Dependence of
U=U0 on the distance
d between the rods dipped
into the CLS plasma
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This dependence allows us to estimate, taking into account that the resistance of the
resistive divider is Rd ¼ 5:06 kX, the resistance Rs of the CLS produced with a
conic mirror: Rs ¼ 988 X for d = 10 cm and Rs ¼ 23:9 kX for d = 60 cm
(the resistance per unit length is 100� 400 X cm−1). This result confirms that the
CLS conductivity is high. Note that a CLS produced by focusing a laser beam with
a spherical mirror is not conducting at all due to the immanent structural discon-
tinuities between the plasma nuclei.

In the experiment being outlined, for d > 70 cm no signal from the resistive
divider was detected as well. This indicates that the spark is nonconducting due to
the appearance of breaks in its structure (recall that the experiment was performed
for an output laser energy of 150 J). However, the capacitive divider produced
signals as d was increased up to 90 cm, which confirms the existance of significant
electric-field distortions in the gap induced by the spark under study, despite the
discontinuities in the spark structure. This is consistent with the results of mea-
surements of the breakdown fields along the spark considered above.

Of immediate interest was the investigation of electrical conduction of the CLS
in its cross section in connection with the discovery of polarity effect in the electric
breakdown of CLS-rod air gaps. For this purpose, the rod connected to the resistive
voltage divider was displaced perpendicular to the CLS axis. This experiment was
conducted for a separation d = 10 cm and an output CO2-laser energy of 270 J.

Figure 1.10 shows the voltage amplitude U recorded by the voltage divider as a
function of the distance r between the upper end of the measuring rod and the CLS
axis. One can see that the maximum distance r at which the signal from the divider
is still recorded is equal to *2 cm. This is consistent with the results of the
experiment on the modelling of polarity effect when the CLS was simulated by
metal rods of different diameters. Figure 1.11 shows the oscilloscope traces of the
signals from the resistive divider and the photodiode recorded for r = 1.5 cm.
Note that the voltage rise time sf � 3 ls in Fig. 1.11 is substantially (about an order

Fig. 1.10 Voltage U across
the divider as a function of the
distance r between the CLS
axis and the tip of the rod
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of magnitude) shorter than the corresponding time in the oscilloscope trace of the
voltage signal shown in Fig. 1.8 and the voltage drop from the peak value in
Fig. 1.11 occurs considerably faster than in Fig. 1.8.

Note that the duration sf in Fig. 1.11 is approximately equal to the duration of
the initial period of rapid voltage build-up in Fig. 1.8. Therefore, we can assume
that the initial CLS conductivity, both on the axis and in the peripheral regions of
the CLS (in the cross section), is due to the photoionisation of air by the radiation of
initial nuclei of optical breakdown. The ionisation corona around a spark produced
by focusing a laser beam with a short-focus lens was earlier observed in [21].
However, we believe that this interesting effect invites further investigation.

1.4 Conclusions

In conclusion, we estimate the CO2-laser energy required for producing CLSs in a
real lightning protection system. Taking into account the estimates [17] of the
plasma-channel length required to initiate a lightning and a linear energy input of
200 J m−1 required for the CLS production, which was experimentally obtained in
our work, the output laser energy should be *4 kJ. At present there already exist
CO2 lasers with an output energy of 5 kJ, and further improvement of their output
characteristics is also possible [22]. Note, however, that we give here an understated

Fig. 1.11 Oscilloscope traces of the signals from the voltage divider (I) and the photodiode (2) for
r = 1.5 cm
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estimate that does not take into account the increase in the transverse dimension of
the laser-induced spark with increasing cone angle, which was observed in our
work.
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Chapter 2
Experimental Simulation of a Laser
Lightning-Protection System

2.1 Introduction

The problem of protection of terrestrial objects against lightning has not been
solved satisfactorily so far. Lightning strikes on industrial objects like petrochem-
ical complexes, nuclear power plants, ultrahigh voltage transmission lines and
substations, rocket-launching devices, etc., may turn out to be extremely hazardous.
The electromagnetic pulse from a close-range strike of lightning also results in a
breakdown of telecommunication equipment and its operation, computer networks,
and control systems. Consequently, stringent requirements are imposed at present
on lightning protection measures [1, 2]. The traditional lightning protection systems
being used currently are not always in a position to ensure the desired level of
efficiency. This stimulates the quest for new approaches to solve this problem.

Laser protection against lightning is one of the most prospective trends that are
being developed actively at present [3, 4]. While using this approach, it is assumed
that the lightning discharge channel being developed is guided towards the con-
ventional rod of the metal lightning rod along the plasma channel formed as a result
of the laser-induced breakdown of the atmosphere. This method is based on the
concept of an ‘active’ lightning rod, when a laser beam can be used for ‘triggering’
and guiding a positive ascending leader from the tip of a lightning rod to a nega-
tively charged thunderstorm cloud. It is expected that in contrast to the traditional
approach, the use of laser spark will make it possible to control efficiently the very
process of protection from lightning, ensure the selectivity of lightning capture, and
provide safety of tall objects and large areas.

In most experimental works, the effect of the laser spark length on the process of
discharge development was studied only in the gaps between electrodes [5, 6], and
an attempt at striking a lightning in the field tests with the help of a long laser spark
was made only in [3, 7]. Two cases of simultaneous occurrence of a strike on the
lightning rod and triggering of a laser were registered in [7], but the lightning
channel did not coincide with the optical breakdown channel. On the other hand,

© Springer Nature Switzerland AG 2018
V. Apollonov, High-Conductivity Channels in Space, Springer Series on Atomic,
Optical, and Plasma Physics 103, https://doi.org/10.1007/978-3-030-02952-4_2

15

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-02952-4_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-02952-4_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-02952-4_2&amp;domain=pdf
https://doi.org/10.1007/978-3-030-02952-4_2


it is known from the experiments on initiation of discharge in the gap between
electrodes that a long laser spark completely determines the development of the
leader channel and its position in space [5]. However, the conditions under which a
long laser spark can initiate an ascending leader or trap a lightning strike are not
clear, and the field tests of laser protection against lightning carried out in [3, 7]
could not provide an answer to these questions.

Since field experiments are quite complex and expensive, it seems expedient to
continue laboratory-scale studies of lightning protection systems. However, such
studies must be carried out under conditions of the most appropriate simulation of
the actual thunderstorm situation.

In this work, we investigate experimentally the interaction of a laser spark with
discharges induced by an artificial cloud of charged aqueous aerosol. The results
presented in this chapter were published partly in [8].

2.2 Experimental Setup

Figure 2.1 shows the experimental setup consisting of two main parts; a charged
aerosol generator [9] and a 50-J pulsed CO2 laser [10].

The charged aerosol cloud (CAC) is produced by the condensation-type charged
aqueous aerosol generator (1) in which a subsonic convergent nozzle with a
diameter 6 mm of the outlet aperture is used. For a working pressure of 3–8 atm in
the vapour generator, the velocity of outflow of the turbulent vapour jet into the

Fig. 2.1 Schematic of the experimental setup: (1) charged aqueous aerosol generator; (2) earthed
surface; (3) charged aerosol cloud; (4) electrode rod; (5) current shunt; (6) spherical mirror;
(7) digital camera; (8) video camera; (9) current measuring instrument; (10) channel discharge;
(11) string sensor for electric field strength; (12) dynamic aerial; (A and B) two positions of a laser
spark
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atmosphere is 400–430 m s−1. The results of measurement of the outflow velocity
in various cross sections of a charged turbulent flow are given in [9].

The charging unit of the charged aerosol generator ensures a loss current in the
range 80–150 lA. The positively or negatively charged aerosol cloud (3) having a
volume of several cubic meters is formed at a height of 1–3 m above an earthed metal
surface (2). The CAC voltage may be as high as 1.5 MV. An electric field of strength
up to 12 kV cm−1 at the earthed surface and up to 22 kV cm−1 near the CAC
boundaries is produced in the gap between CAC and the earthed surface [11, 12].

When the experiments were carried out, an electrode rod (4) with a spherical or
conical tip was placed on the earthed surface under the CAC. The height of the
electrode could be varied from 10 to 58 cm, and the radius of curvature of its tip
varied from 2 to 20 mm. The CO2 laser beam was directed in such a way that a long
laser spark was formed in the gap between the CAC and the rod after reflection at
the concave mirror (6) with radius of curvature 3.6 m. The spark was formed in the
CAC near its boundaries (version A) or near the tip of the rod (version B). The laser
spark had a length up to 50 cm. The angle between the direction of propagation of
the spark and the horizontal surface could be varied from 40 to 70°. The laser spark
had a discontinuous structure (up to 15 globular plasma formations along the laser
beam), which is characteristic of long sparks obtained by focusing laser radiation
with the help of spherical optics.

The measuring part of the experimental complex included low-inductance cur-
rent shunts (5) (10 and 4 X) for measuring the discharge current in the gap between
the CAC and the electrode rod. The signal from the shunts was supplied to the
oscillograph (9) (Tektronix TDS 220). A digital camera (7) and a video camera
(5) recorded the optical pattern of a long laser spark and channel discharges (10) in
this gap. The electric field produced by CAC was monitored by a string-type sensor
(11) mounted on the earthed surface (2). A dynamic aerial (12) whose signal was
fed to a storage oscilloscope C8-17 tracked the variation of charge in the cloud due
to discharge phenomena.

2.3 Experimental Results and Analysis

In this work, we present the experimental results obtained for a negatively charged
aerosol cloud, since this situation is the closest to real thunderstorm patterns in our
climatic conditions.

The experiment was carried out as follows. The charge of the CAC was increased
to a value for which the electric field formed by it in the gap between the CAC and
the rod was sufficient for creating ascending discharges from the tip of the rod. The
laser was triggered manually, and a long laser spark was produced in the gap at
arbitrary instants relative to the discharge processes occurring between the cloud and
the rod on the surface.

Series of experiments were carried out for two positions of the laser spark in the
discharge gap (A and B, see Fig. 2.1.) and for two heights of the rod above the
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surface (58 and 29 cm). The pressure, temperature and relative humidity of the air
were 740 mm Hg, 18 °C and 70% respectively.

During the spark formation at the tip of the electrode rod (version B, height of
the rod 58 cm, electric field strength of CAC 12–16 kV cm−1 near the tip of the
rod), a strong correlation was revealed between the emergence of the laser spark
and the development of the main discharge between the cloud and the rod at the
surface. In this case, a part of the leader channel of the main discharge in the
vicinity of the tip of the rod developed along a segment of the laser spark (Fig. 2.2).
It is significant that the leader discharge is guided not along the entire spark, but
only along a part of the spark, which is not characterised by the highest density of
plasma formations per unit length. The spark segment in the vicinity of the CAC
boundaries does not participate in this process. Figure 2.3 shows a typical oscil-
logram of the discharge current passing through the rod in the case of ‘capture’ of
its channel by a laser spark. The oscillogram shows all the stages of the discharge
evolution, including the streamer corona burst about 2 ls after the optical break-
down (which is transformed into a leader within about 2–4 ls), and the main
discharge stage of duration *1 ls following the leader after 1–3 ls.

If the height of the rod is reduced to 29 cm (the spark is also formed in the
region B, the electric field strength near the tip of the rod is 10–14 kV cm−1), only
solitary acts of capture of the discharge channel by the laser spark are recorded. In
this case, the duration of all discharge stages was much longer than on the oscil-
logram screen even in the case of capture.

Fig. 2.2 Photograph of a discharge with a laser spark in the gap
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If the laser spark was in the region A, no connection between its emergence and
the formation and evolution of the discharge was observed for all the heights of the
electrode rod in spite of a high electric field strength (10–16 kV cm−1) in this
region (a total of 20 laser shots was carried out for this purpose).

To determine the role of the laser spark in the evolution of the discharge, we
carried out a series of experiments for studying the discharges in the gap between
the CAC and the rod without the laser spark. Figure 2.4 shows a typical oscillogram
of the discharge current passing through the rod in this case. The oscillogram
clearly shows all the stages of the discharge evolution, including the corona burst,
leader stage and the main stage. However, the duration of these stages is much
longer than in the case when a laser spark is present in the gap (Fig. 2.3).

A comparison of the discharge characteristics in the gap between the CAC and the
rod, obtained with/without a laser spark in the gap, and an analysis of the conditions
of their evolution show that the laser spark formed at the tip of an earthed electrode
does not facilitate the emergence of ascending leader discharges if the electric field

Fig. 2.3 Oscillograms of the
discharge current I in the
presence of a laser spark
(upper beam) and the shape of
the laser pulse W (lower
beam)

Fig. 2.4 Oscillogram of the
discharge current I in the
absence of a laser spark
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of the cloud is weaker than that required for the development of a discharge in the
absence of a spark. A fairly high probability of discharge channel capture by a laser
spark is observed only for large values of the cloud charge, when the electric field of
the CAC is in a position to initiate an ascending leader even in the absence of a spark.
Consequently, the emergence of a leader with or without a laser spark occurs for
close values of the external electric field produced by CAC. However, a long laser
spark formed in the vicinity of an earthed electrode may accelerate the process of
formation of a stable leader and its propagation towards the CAC.

Table 2.1 contains the results of processing of the current oscillograms for
discharges ‘captured’ by the laser spark, as well as the discharges observed without
a laser spark. It can be seen that the formation of a laser spark near the tip of the
electrode rod leads to a manifold decrease in the duration Tcor of the streamer
corona burst before its transformation into a leader discharge, while the maximum
current Icor of the streamer corona and the charge Qcor transferred by it decrease by
just about 30%. On the whole, similar relations hold between the duration of the
streamer corona burst and the transferred charge for discharges with and without a
laser spark. It can be assumed that the presence of a laser spark near the tip of the

Table 2.1 Leader discharge parameters with and without a laser spark in the gap

Measured parameters Mean values of measured
parameters and their spread

With a laser
spark

Without a laser
spark

Duration Tcor of the streamer corona burst before the
emergence of the leader/ls

2.37 7.2

1.22–5.88 4.2–11.2

Maximum streamer corona current Icor/A 3.37 3.95

1.88–5.0 2.46–5.0

Charge Qcor of the corona burst/lC 5.0 6.7

2.07–15.8 2.8–14.8

Mean leader current Ilead/A 1.52 0.11

0.93–3.07 0.08–0.15

Duration Tlead of the leader current stage/ls 1.25 13.0

0.68–2.07 5.6–22.9

Leader charge Tlead/lC 1.8 1.68

0.84–3.68 0.4–2.6

Amplitude Im of the main discharge current/A 5.0 4.9

4.4–5.4 4.2–5.3

Duration Tm of the main discharge stage/ls 1.05 3.4

0.75–1.61 2.23–6.25

Charge Qn of the aerosol cloud neutralized at the main
discharge stage/lC

3.64 5.76

2.38–6.05 2.49–8.21

Qn/Qlead 2.28 6.7

0.98–3.79 1.1–22.6
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rod in the streamer corona region accelerates the process of its transformation into
the first leader segment.

The velocity of propagation of the leader increases by almost an order of
magnitude under the influence of a laser spark, thus decreasing the duration Tlead of
the leader stage of discharge from 13 to 1.25 ls. In turn, the average leader current
in the presence of a laser spark is an order of magnitude higher than without the
spark (more than 1.5 A on the average as against 0.11 A). As a result, the total
charge of the leader is found to be almost identical in both cases.

Thus, a laser spark accelerates the propagation of a leader discharge if it traps the
emerging leader. The laser spark may increase the average velocity of the leader
manifold. This is in accord with the results obtained in [5, 6] according to which the
presence of a long laser spark in the discharge gap increases the velocity of
propagation of the leader by more than an order of magnitude in comparison with
its velocity in the unperturbed gap. It is significant that the gap is covered the more
rapidly, the larger the segment of the laser spark coinciding with the leader channel.

This effect is manifested clearly in our experiments also upon an increase in
the length of the discharge gap between the CAC and the rod due to a decrease in
the height of the rod (from 58 to 29 cm) on the earthed surface. In spite of the
development of the ascending leader over the laser spark region, this led to an
increase in the average time Tlead of its propagation from 1.25 to 5.7 ls, since the
total length of the gap increases and the part covered by the laser spark decreases.

The parameters of the main discharge also differ significantly in the presence of a
spark in the gap and without it. Although the current amplitudes of the main
discharge in both cases are 4–5 A (Table 2.1), the duration Tm of the main dis-
charge stage and the charge Qn neutralised in this time decrease to less than half as a
result of ‘capture’ of the discharge. In both cases, a nearly identical growth of the
main stage duration Tm is observed upon an increase in the time Tlead of propagation
of the leader (Fig. 2.5).

In spite of the similarity in the increase in Tm and the increase in Tlead, the
dependences of the charge Qn neutralised at the main discharge stage on the leader
charge Qlead are of different types for charges with a spark and without it. In the
absence of a spark, a tendency towards a decrease in the value of Qn upon an
increase in the leader charge Qlead is manifested clearly. On the contrary, a weak
increase in the value of Qn upon an increase in the leader charge Qlead is observed in
the presence of a spark. It must be noted that the fraction of the charge left by the
leader in the total charge neutralised at the main discharge stage (Qn/Qlead) is much
smaller for discharges without a laser spark in the gap than in the presence of the
spark (on the average, Qn=Qlead � 6:7 in the presence of the spark and 2.28 without
it), especially for small values of the leader charge. For higher leader charges, only
the charge left by the preceding leader is virtually neutralised under all conditions at
the main discharge stage; i.e., Qn=Qlead ! 1.

2.3 Experimental Results and Analysis 21



2.4 Conclusions

Our experimental studies have shown that, in spite of its discontinuous structure, a
long laser spark created in the vicinity of an earthed electrode may capture the
channel of leader discharge developing in the gap between the electrode and a
CAC. The capture takes place for a quite high electric field strength at the electrode,
its value being close to that of the field required for the emergence of an ascending
positive leader in the absence of a laser spark in the gap.

The creation of a laser spark near the tip of an earthed electrode allows a con-
siderable decrease in the time of formation of a stable leader which starts propagating
towards the cloud and captures a part of the laser spark. As a result, its velocity
increases compared to the case when the discharge develops in the absence of a laser
spark in the gap. This circumstance is of fundamental importance for laser systems of
lightning protection. Indeed, owing to its interaction with the laser spark, the leader
discharge developing from the tip of the lightning rod may well precede the
ascending discharges from the object being protected during its advance towards an
approaching descending leader, capture the latter and thus protect the object.

Fig. 2.5 Duration Tm of the main discharge stage as a function of the duration Tlead of the leader
current in the presence (open circle) and absence (filled circle) of a laser spark
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Chapter 3
Lightning and Ecology of Atmosphere

3.1 Introduction

Lightning is an electrical spark discharge that usually manifests as a bright flash of
light and is accompanied by thunder. The electrical nature of lightning was first
studied by the American physicist B. Franklin, who carried out experiments that
attempted to extract electricity from thunderstorms. Similarly, the famous Russian
scientists M. Lomonosov and G. Rikhman also investigated the nature of electricity.
In addition to Earth, lightning occurs on the surface of other planets, including
Venus, Jupiter, Saturn and Uranus.

3.2 Power of Lightning

Let us pause and take a moment to discuss the processes behind the appearance of
lightning. Most frequently lightning appears in rain clouds known as thunderstorms.
Additionally, lightning can be formed in layered rain clouds, in the ash plumes of
volcanic eruptions, in tornados, and in dust storms. Usually linear lightning is
observed, which is related to so-called electrode-less discharges, since they begin
and end in accumulations of charged particles. Until recently, their properties were
not clearly explained, although they were clearly distinguished from discharges
between electrodes.

Although the average length of lightning is 2–5 km, some discharges stretch in
the atmosphere up to the distance to 150 km. Meanwhile, lightning shorter than
several hundred meters does not occur. Lightning appears in electric fields of
considerably weaker strength than inter-electrode discharges. The collection of the
charges transferred by lightning occurs for thousandthds of a second between huge
numbers of small particles that are well isolated from each other. These particles are
typically located within in a volume of several km3.
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There are two main types of lighting: intra-cloud lightning which passes between
clouds and ground-based lightning that strikes the earth. Perhaps the most well
studied process is how lightning develops inside clouds. For lightning to appear, a
relatively small and critical volume of cloud must form an electric field with a
sufficient tension for electrical discharge, which is approximately 1 MV/m.
Meanwhile, the rest of the cloud must have a field with an average tension of
approximately 0.1–0.2 MV/m that is sufficient for maintaining discharge. As
lightning discharges, the electrical energy of the cloud is converted into heat and
light. The processes governing ground-based lightning consist of several stages. In
the first stage, once the electric field reaches a critical value it propels free electrons
in the air towards the earth at significant speeds. These electrons collide with air
molecules, thereby ionizing them. As a result, electron avalanches appear, through
which passes a stream of electrical discharges that are known as streamers. These
are highly conductive channels, which, after merging, create bright thermo-ionized
channels with high conductivity, observed as the stepped leader of a lightning
strike. The motion of leader to the earth’s surface occurs by steps of several tens of
meters with a speed of approximately 50 million meters per second, after which its
motion stops by tens of microseconds and the glow drastically weakens. In the
subsequent stage, the leader moves again by tens of meters. Steps where the leader
is moving are accompanied by a bright glow, during the intermittent stops the glow
weakens. These processes are repeated during the motion of leader to the earth’s
surface with an average speed of 200 km per second.

The field strength at the leader is strengthened in proportion to its speed towards
the earth and by the action of any reciprocal streamers that are ejected from objects
protruding from the earth’s surface. These reciprocal streamers are connected to the
leader and allow the use of lightning rods. In the final stage, the reverse discharge of
lightning follows the channel ionized by the leader from the ground upwards. This
massive discharge has currents ranging from tens of amperes to hundreds of
thousands of amperes and is characterized by its bright flash, which noticeably
exceeds the brightness of leader, and by its high speed of advance, which is initially
about 100 million meters per second, decreasing to about 10 million meters per
second at the end of the discharge. The channel of the main discharge can have
temperatures exceeding 25 thousand degrees Celsius. The length of the channel of
lightning can be from one to ten kilometers with a diameter of several centimeters.

Afterwards, both the strength of the ionization current along the channel and its
glow weaken. In the final stage, the current of lightning can last the hundredth and
even tenths of seconds and reaches hundred and thousands of amperes. These
protracted lightning discharges frequently cause fires. However, most discharges
occur within the cloud. Discharges at high altitudes can create an arrow-shaped
leader that moves continuously at thousands of kilometers per second. The
brightness of its glow is close to the brightness of a stepped leader. When
arrow-shaped leaders reach the earth’s surface, a second strike follows that is
similar to the first. Usually lightning includes several repeated discharges and can
be as many as several tens of discharges. The duration of repeated lightning can
exceed one second. Strip lightning is created when wind displaces the channel of
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repeated lighting strikes. When lightning enters directly into soil it can sinter quartz
sand and minerals to form unique fulgurites. Intra-cloud lightning usually only
includes the leader stages and their length varies from 1 to 150 km. The portion of
intra-cloud lightning grows in proportion to displacement to the equator, changing
from 0.5 in the temperate latitudes to 0.9 in the equatorial strip. The passage of
lightning is accompanied by changes in electrical and magnetic field power, radio
emission, and so-called atmospheric disturbances. The probability that lightning can
kill a ground-based object grows in proportion to its height and with the electrical
conductivity of soil on the surface or at a certain depth. The action of lightning
conduction is based on these factors. If there is an electric field in the cloud that is
sufficient for maintaining the discharge but insufficient for its appearance, then
lightning can still be “provoked” using long wire cables and products of aircraft or
rocket engine combustion as initiators. This method can be used to cause lightning
in the layered rain and cumulus congestus clouds.

To illustrate the enormous power of lightning and the significant frequency of
their occurence around the world, let us examine an article from the British press
about “Marakaibo’s lighthouse” (Venezuela). Every day around the world, there are
more than three million discharges of lightning (i.e. more than a thousand every
second). The greatest frequency of discharges occurs in the tropical and subtropical
zones of the terrestrial globe. Some of these record places include the following:
Ale hook in Columbia (270 days in the year with the lightning); Tororo in Uganda
(274 days); Bogor in Java in Indonesia (283 days). A completely extraordinary
light storm occurs in Venezuela in the mouth of Katatumbo river that leads into
Marakaibo Lake. This spectacle can be seen one hundred eighty days of the year at
night for more than ten hours at a time. These light shows are completely silent
because their intercloud discharges occur at altitudes up to 10 km. Meanwhile, the
sky is illuminated by bright flashes approximately 300 times an hour, which
comprises more than one million electrical discharges per year with current
strengths from 100 to 400 thousand amperes each. These discharges are visible
from the ocean for many tens of kilometers and for many centuries were used by
seafarers as a natural lighthouse known as “The Lighthouse of Marakaibo”. This
unique phenomenon is created by the mixture of wind from the Andes with the hot
and humid air rising from the earth’s swampy surface in the environment of
Marakaibo. Air rising from the surface of swamps consists of methane, which is
created from rotting plants. The power of each flash of lightning could illuminate all
of the lamps of South America. If only this enormous energy could somehow be
harnessed by humanity for domestic purposes.

3.3 Lightning in the Natural Capacitor “Earth-Cloud”

Why does lighting and sparkle? Electric charges are accumulated in clouds, leading
to the breakdown of air, which is accompanied by a flash of light and by the
formation of a acoustic shock wave. In other words, thunder and lightning are the
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manifestation of the existence of atmospheric electricity. Over the last two and
one-half of centuries, the fundamental connection between thunderstorm phenom-
ena and electricity was reliably confirmed by numerous studies of geophysicists,
meteorologists, specialists on lightning protection. However, in the last two dec-
ades, a qualitative jump in the improvement of the methods of observations has led
to many unexpected discoveries in the study of thunderstorm clouds, lightning, and
the orbital scale of the atmospheric electrical chain. The renewed interest in the
problems of atmospheric electricity has made it possible to look differently at the
mechanisms of shaping of electric field and its role in the dynamics of the atmo-
sphere and ionosphere of the Earth.

The heart of atmospheric electrical machine is actually the contribution of
thousands of thunderstorms within the troposphere that are simultaneously working
together. Thunderstorm clouds do not last for long and only exist for several hours.
However, the occurence of a few thunderstorms will draw others which form
nearby in the lower atmosphere. Contemporary satellite measurements and
ground-based systems of the registration of lightning give researchers sufficiently
reliable maps of the allocation of frequencies of lightning flashes over the Earth’s
surface. The average flash rate above the surface of ocean is lower than that above
the continents in the tropics. The reason for this asymmetry is the intense con-
vection in the continental regions, where the land is effectively heated by solar
radiation. The quick ascent of thoroughly heated air that is saturated by moisture
contributes to the formation of powerful convective clouds that develop vertically,
the upper part of which has temperatures lower than 40 °C. As a result, particles of
ice are formed known as soft hail or hail, whose interaction against the background
of rapidly ascending air current leads to the separation of charges. Cloud heights
over large bodies of water are typically lower than those above the continents and
the processes of electrization are less effective above the ocean. Recently, the
differences in the concentrations of the aerosols found above the ocean and above
the continents have been discussed. Since aerosols serve as the condensation nuclei
necessary for forming particles in supercooled air, their abundance above land
increases the probability of electrization of clouds. However, quantitative analysis
of this factor requires more detailed experiments.

Approximately 78% of all lightning is recorded between 30°S. and 30°N. In
Africa (Rwanda), the maximum value of the average density of the number of
flashes per unit of the earth’s surface exceeds 80 km−2. The Kongo river has a
flowing area of 3 million km2 and it regularly demonstrates the greatest lightning
activity on the planet, although other equatorial centers abound with thunderstorms.
It appears that a significant contribution to the global thunderstorm activity is
provided by the centers of thunderstorms in the subtropics and middle latitudes.
Some of them, for example in northern Argentina and Paraguay, lead in the annual
rate of lightning flashes. The study of the statistical features of specific regions
requires further improvement of satellite and ground based of mapping thunder-
storms. These studies are conducted with the consideration that lightning activity is
extremely sensitive to the climate of the planet, reacting to changes in the tem-
perature, humidity, radiation conditions, and the composition of the atmosphere.
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Progress in the studies of atmospheric electricity is foremost connected with the
mechanisms of the generation and dissipation of electrical energy in the atmo-
sphere. The main concept here is the so-called electrical dynamo, or the generation
of a quasi-stationary electric field and a space charge in a flowing
weakly-conductive medium. In the simplest formulation of a dynamo, very wide
intervals of time-spatial scales are manifested. This means that an electric field
would arise on the scale of several kilometers with a strength of about 30 kV/cm,
allowing for the breakdown of dry air under standard conditions and the random
traffic of charges due to the collisions of cloud solid or liquid particles. This leads to
the addition of micro-currents into the macroscopic current with a relatively high
value (several amperes) that is required for the rapid (tens of seconds) process of the
separation of charges. It is evident from casual observation that within ripe thun-
derstorm cells, lightning discharges occur regularly every 15–20 s. In essence, the
mechanism of charging acting in the cloud is very effective although the average
electric charge density rarely exceeds several nCl/m3.

As showed by measurements of the electric field on the earth’s surface and also
inside the cloud medium (on balloons, aircraft, and rockets), the average “main”
negative charge of a typical thunderstorm cloud is several tens of coulombs and
occupies altitudes corresponding to air temperatures of −10 to −25 °C. The “basic”
positive charge is also several tens of coulombs and it is located above basic
negative charge. Therefore, a large part of cloud-earth lightning discharges return to
the earth as a negative charge. The lower part of the cloud frequently reveals small
positive charges of approximately 10 Cl. To explain the 3-layer structure of the
field and charge in thunderstorm clouds, one must examine the mechanisms of the
separation of charges. These mechanisms depend on factors such as temperature,
phase composition of medium, and the spectrum of the sizes of cloud particles. The
value of the charge that is transferred from the electric field for one collision is very
important. From this parameter, all mechanisms can be subdivided into inductive
and non-inductive classes. For the inductive class of mechanisms, the charge
q depends on the value and direction of an external electric field and is connected
with the polarization of the interacting particles. Meanwhile, non-inductive charge
exchanges between particles in an explicit form that does not depend on the field
strength. In spite of the abundance of different microphysical mechanisms of
electrization, many authors now consider non-inductive charge exchanges to be the
main form. These exchanges involve collisions between small crystals of ice with
sizes up to tens of micrometers and particles of soft hail with dimensions on the
order of several millimeters.

Experiments have established the presence of a characteristic temperature at
which the sign of charge q reverses, which typically lies between −15 and −20 °C.
This feature has gained popularity because the typical temperature profile in the
cloud can be used to explain the 3-layer distribution of charge density. Recent
experiments have shown, however, that many thunderstorm clouds possess an even
more complex structure of space charge. It is especially interesting to note that
mesoscale convective systems (having horizontal scales from ten to hundreds of
kilometers) serve as an important source of thunderstorm activity. Their
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characteristic feature is the presence of a united electrical structure, which includes
the region of intensive convection and is sometimes extended several hundred
kilometers beyond the stratified region. In the region of stratification the ascending
currents are relatively weak but the electric field has a steady multilayer structure.
Near the zero isotherm, a narrow layer of space charge is formed with a thickness of
several hundred meters and a critical charge for the high lightning activity of
mesoscale convective systems. However, the mechanisms and laws governing the
formation of the layer of positive charge near the zero isotherm remains the subject
of debate.

Other examples of the work of electrical dynamos include the electrization and
discharge phenomena within dust and snow storms, within volcanic eruptions, in
nuclear explosions in the atmosphere, and in technological processes that involve
the mixture of aerosol flows, for example in the flour-grinding and cement indus-
tries. The presence of powerful convective and turbulent flows in thunderstorm
clouds and the aforementioned cases of electrization suggest that the interaction of
large charged particles with the sizes of 0.1–10 mm with the particles of
micrometer size in the moving conducting gas medium plays an important role for
electrical dynamos. The poly-phase and multi-flow nature of the medium leads to
the effective transformation of mechanical energy into electrical energy.

The problem of the initiation of lightning discharge remains unanswered and
involves many complex questions. Let us pause briefly to examine two of them.
First, as measurements on balloons, rockets, and aircraft have shown, the maximum
tension of electric field in the thunderstorm clouds does not usually exceed 2 kV/cm,
which is substantially lower than the threshold of the breakdown of dry air at the
heights in question, which is on the order of 10 kV/cm. In the thunderstorm cloud,
however, the discharge is developed in humid air, which contains particles of dif-
ferent size. It is natural to assume that the threshold of the field is reached in a
compact spatial domain on the scale of less than 10 m or more generally on the
microscale because offield strengthening on the particles. Furthermore, it happens in
a sufficiently short period, so that common sensors of field do not have that required
spatial or time resolution for proper measurement. The development of avalanches of
fast “run-away” electrons with energies on the order of 1 meV can serve as the
alternative explanation to initiation of spark in the sufficiently weak field.
Such electrons can be accelerated in the field of cloud because of a drop in braking
power occurs with an increase in the energy of particle. The threshold for the
development of an avalanche is almost an order of magnitude lower than the usual
threshold for the breakdown of dry air. Therefore, when seeding particles that are
highly energized by cosmic rays are present, the development of avalanches in the
cloud can give birth to localized regions of high conductivity that are capable of
initiating a spark.

The second question arises because the classical theory of gas discharge cannot
explain the cloud medium’s rapid passage into the conducting state during the
preliminary stage of lightning. Recently, a new scenario of this stage had been
proposed and investigated that is connected with the cloud reaching a regime of
self-organized criticality. In this model, electrical cells with significant dimensions
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of 1–30 m randomly grow in space and time. Small-scale breakdowns between
pairs of cells can cause “chain reaction” of intra-cloud micro-discharges, or the
development of the stochastic process “of the metallization” of intra-cloud medium.
This model describes the experimentally observed features of the preliminary stage
of the lightning discharge through the dynamics of micro-discharges and charac-
teristics of its radio emission.

The study of thunderstorm phenomena includes experiments on the artificial
initiation of lightning, or triggered lightning. In order to create a discharge in the
atmosphere under the thunderstorm cloud, a rocket is used which leaves behind a
significant trail of soot in the spent oxidizer that is capable of conducting elec-
tricity. Initiation occurs with the sufficiently high tension of field on the earth’s
surface under the cloud, not less than 5–10 kV/m. The first classical diagram of
the initiation of discharges was realized with a rocket pulling a wire from onboard
of research vessel in 1960. Since then, thousands of successful experiments have
been carried out studying the physics of the ascending and arrow-shaped leaders,
the return shock, and the mechanism of the sudden strengthening of the luminosity
of lightning channel because of the sharp current amplification have all been
investigated in great detail. Today, new possibilities of controlling lightning dis-
charges have been opened with the aid of lasers. Powerful lasers are capable of
organizing extensive plasma cylinders in air which can initiate and direct the
lightning discharges similar to the conducting channels used to trigger lightning
from metallic wires or from the products of the combustion of special geodetic
rockets.

In 1925, Ch. Wilson indicated the possibility of accelerating electrons to rela-
tivistic energies in the field of a thunderstorm cloud. This hypothesis was confirmed
recently through a series of experiments showing the generation of relativistic
particles and quanta of high-frequency emission in the atmosphere that correlate
with thunderstorm activity. Measurements on balloons revealed an anomalous
increase in the intensity of X-ray and gamma-radiation more than two or three
orders of magnitude over the course of approximately one minute with a maximum
of the spectrum in the region 50–60 keV. Ground observations also revealed
intense flashes of X-radiation with energy of quanta of several hundred keV, whose
appearance coincided with the creation of the lightning leader’s flash and with the
arrow-shaped leader of trigger lightning. Finally, publications in the last several
years have shown results from satellite observations of the splashes of
gamma-quanta MeV-foot level, X-ray, and ultraviolet radiation of atmospheric
origin. To explain these phenomena, a number of works investigate the atmospheric
electrodynamics, or more precisely, the generation of the run-away electrons and
their breakdown. Energetic quanta can arise from the bremsstrahlung of the fast
electrons which interacts with air molecules. Models describe different situations,
including the development of avalanches of fast electrons when the extensive air is
showered by cosmic rays and the breakdown of run-away electrons in the strong
field of the stepped leader of lightning. One should note that an increase in the
number of fast electrons in the field of a thunderstorm cloud in the presence of
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extensive air showers is accompanied by the generation of a large quantity of
secondary particles, leading to the generation of current pulses and radio emission.
If the energy of the primary particles are sufficiently great (1017–1019 eV), the short
(several microseconds) pulses of radio emission can have enormous energy (up to
1 meV), which explains the appearance of the so-called narrow bipolar pulses that
are sometimes observed during ground-based and satellite measurements and cor-
relate with thunderstorm activity. The formation of such intensive current pulses is
of interest both for understanding of the mechanism of the generation of lightning
and for studying cosmic rays with extremely high energies. It is interesting that in
thunderstorm clouds where the cellular structures of the electric field have ampli-
tudes exceeding the threshold “of running away” proves to be essential for the
process of accelerating electrons to relativistic energies. The randomly oriented
electrical cells together with this acceleration greatly increase the time of life of
relativistic electrons in the cloud because of the diffusive nature of their trajectories.
This makes it possible to explain the significant duration of the splashes of X-ray
and gamma-radiation and the nature of their interrelation with the lightning flashes.
The role of cosmic rays for atmospheric electricity must be further clarified
experimentally to study their correlation with thunderstorm phenomena.

3.4 Lightning in the Natural Capacitor
“Cloud-Ionosphere”

The surge in interest of atmospheric electricity in the last century has led to
observations of various discharge phenomena. The first of which are known as
sprites, which occur in the middle atmosphere and correlate with daily thunderstorm
activity where the glowing region stretches up to 85–90 km above the earth and
whose flash durations last from ones to tens of milliseconds. Similarly, elves are
observed stretching to heights of 70–90 km with durations less than 100 s. Finally,
jet discharges have been observed starting from the upper part of clouds and extend
sometimes to mesospheric heights with a speed of about 100 km/s. Measurement of
high-altitude discharges and diagnostics of their characteristics are complicated by
their short time of life and the sporadic nature of lightning discharges. Therefore,
until now the physical models of sprites, elves, and jets remain the subject of
intense discussions. Presently, sprites are perhaps the best understood of the three
phenomena. Jets and their physical examination is the most interesting subject of
future works.

The optical flash of sprites in the mesosphere appears several milliseconds after
discharge from the cloud to the earth, sometimes across distances of tens of kilo-
meters horizontally from the channel of lightning. Discharge ignites above a critical
altitude, since the threshold of the breakdown of air falls exponentially with its
height. Conversely, the amplitude of the disturbances of the electric field, which
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appear when powerful lightning flashes in the cloud-earth capacitor, decreases
relatively slowly with altitude following a power law and at heights extending
approximately 75 km into the atmosphere that exceed the threshold of breakdown.
In the last decade, the study of high-altitude discharges in the atmosphere became
the subject of extensive investigations and greatly developed the direction of
geophysical electrodynamics. Although the accumulation of data characterizing the
morphology of these phenomena is by no means completed, it is already possible to
switch over to a study of more specific features of the structure and dynamics of
high-altitude discharges and their role in the orbital electrical chain and the balance
of low components of the atmosphere. Experiments and theoretical calculations
show that these discharges must be considered as a part of the dynamic process
which includes the formation of the structure of the field, the charge in the cloud,
and lightning discharges to the earth.

Different approaches to simulations are widely discussed, including the attrac-
tion mechanism of the run-away electrons. Models of the generation of electric field
in the middle atmosphere have been generated in great detail that consider the
special features of the charge distribution and its dynamics in convective systems at
orbital scales which serve as the basic source of positive discharges to the earth.
Accordingly, a physical model has been developed that describes the fine structure
and dynamics of sprites. Sprites are represented as the network of micro-discharges
—streamers—and as a self-sustaining process in an external field. Together with the
metallizing process of thunderstorm clouds that was already mentioned, yet another
example of self-organizing behavior is found when the dynamics of high-altitude
discharge is caused by reaching the threshold of the so-called directed flow along
the branched conducting channels which overlap the entire length of a sprite. The
immediate prospects for studying high-altitude discharges in the atmosphere
involve conducting coordinated ground-based and space experiments and also with
the development of new methods of measurement of the parameters of high-altitude
discharges through the use of radio-wave and laser diagnostics.

The electrical field of the atmosphere is extremely variable. The tension of the
vertical component of the field sags due to ground-winds and thunderstorm
cloudiness that can reach several kV/m horizontally.

Photo of “Sprite” 
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Photo of “Jet”

Therefore, the growth of clear weather corresponds to conditions where wind
speeds do not exceed 6 m/s and in the absence of any sediments, hoarfrost, fog, or
lower cloudiness. But even under these conditions near the earth’s surface there is
an electric field with a tension of approximately 150 V/m, along which the weakly
conducting air flows with electric current having a density of several pa/m2. This
field changes in time and space and these fluctuations range up to tens of percent
relative to the average value. The measurements of electric field, current, and
conductivity under the conditions of clear weather serve as powerful means of
studying the electrical state of the atmosphere. However, this information is only
useful when divided between planetary and orbital scales, from the order of the
height of neutral atmosphere at 100 km to the local disturbances of the electrical
parameters. The latter, in turn, are directly connected with both the changes in the
ionic-aerosol composition and with the dynamics of the conducting medium.
Various studies have established that the boundary layer of the atmosphere is
characterized by the presence of aeroelectrical structures which are manifested by
pulsations of an electric field with a power-law spectrum with short-term periods
from ones to several hundred seconds.

The electrodynamics of fog is of special interest. Full-scale observations show
that under the conditions of fog in the frequency band 10−2–1 Hz, power-law
spectra of the pulsations of field also occur, but the intensity of these pulsations
increases more an order of magnitude compared to the conditions for clear weather.
This is explained by the diffusion of charged drops in the lowest layer of the
atmosphere. The result of structural-temporal analysis made it possible to isolate
two forms of the electrical state of fog, the first of which is characterized by the
formation of intensive aeroelectrical structures and the second by chaotic variations
in the field and current.

3.5 Orbital Electrical Socket

Electricity growth during clear weather is inseparably connected with the thun-
derstorm electricity, as it composes a part of the distributed current outline or the
orbital electrical socket (OES) of the atmosphere. A sharp increase in the
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conductivity of air with the height causes the formation of the OES in the atmo-
sphere. Near the earth’s surface, the conductivity of air is very small and comprises
(2–3) � 10−14 S/m, which corresponds to the concentration of light ions of
approximately 103 cm−3. At increasingly high altitudes above 40 km, because of an
increase in the ionization level by galactic cosmic rays as well as by ultraviolet and
X-radiation from the sun, conductivity grows almost exponentially with a charac-
teristic scale of 6 km. At the height of the lower boundary of the ionosphere (about
80 km) it increases to more than 10 orders of magnitude in comparison with the
troposphere. The conductivity of the earth in the surface layer and all of the water in
the ocean also exceeds the conductivity of the boundary layer of the atmosphere by
10–12 orders of magnitude. Thus, the constantly functioning thunderstorm gener-
ators prove to be concentrated in the narrow weakly conducting layer between the
earth’s surface and the ionosphere.

Frequently a simplified description of the OES extends from the earth’s surface
to the lower boundary of the ionosphere (70–80 km.) and is considered as one
gigantic spherical capacitor at an orbital scale which is discharged in the regions of
clear weather and charged in the regions of thunderstorm activity. In this case, the
quasi-stationary currents of charging are not locked completely to the earth near the
thunderstorm clouds, but are instead partially involved in the superincumbent
region of high conductivity and spread on the ionosphere. The precisely
quasi-stationary currents are considered to bear responsibility for the maintenance
of a potential difference of 350 kV between the ionosphere and Earth. Since the
upper part of the majority of thunderstorm clouds is positively charged, the
potential of the ionosphere also proves to be positive, and in the regions of clear
weather the electric field is directed downwards, thereby causing conduction cur-
rents which close the OES. If the action of these generators ceased, a potential
difference between the earth’s surface and the ionosphere would disappear in less
than 10 min. The orbital electric generator, caused by the nonmonolithic nature of
the rotation of the plasma sheath of planet, can serve together with thunderstorm
generators as a potentially important source of atmospheric electricity. In order to
understand the mechanisms of how OES works and its role in the system of solar to
terrestrial connections, their spatial and temporal dynamics must be studied through
high-precision measurements of their electric field and current on orbital scales and
through measurements of the integral activity of thunderstorm generators. Likewise,
it is necessary to create adequate models of thunderstorm generators that give the
possibility to calculate quasi-stationary and pulsed currents, and also show how the
generators contribute to the complete power engineering of the OES. The results of
calculations show that the contribution of mesoscale convective systems in OES
can substantially exceed the contribution of single thunderstorms. In spite of the
significant disturbance of electric potential in the region of convection, which
reaches hundreds of megavolts, the basic contribution to the complete vertical
current and structure of currents within mesoscale convective systems are deter-
mined by region stratifications. Taking into account recent experimental data and
based on theoretical estimations, a new description of OES shows them as an open
dissipation system that is supported in a state of dynamic equilibrium by the energy
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flowing into it, principally from the radiant energy of the sun. It has been estab-
lished that electrical energy is generated predominantly in regions of reduced
atmospheric pressure and in cold fronts, comprising on average 5 � 1013 George,
which is two orders of magnitude higher than the energy concentrated in the orbital
spherical capacitor between the earth and ionosphere. The average speed of the
dissipation of electrical energy is 4 � 1011 W, exceeding the speed of the dissi-
pation of energy in tectonic and magmatic processes and characterizes the OES as a
completely dynamic system with a very short time of renewal of electrical energy.
The process of the transformation of energy in the atmosphere is accompanied by
the generation of the dissipative structures of different scales, in particular con-
vective systems and aeroelectrical structures, that clearly it is possible to visualize
them in the form of global processes of the accumulation of electrical energy and its
dissipation in the atmosphere. On the basis of this information, in the near future the
study of power engineering of the atmosphere and the structure and dynamics of
OES will remain one of the vital problems of atmospheric electricity [1].

3.6 Conclusions

In conclusion of Part I (Chaps. 1–3), it is necessary to include a few words about
the interrelation of atmospheric electricity with the formation of the composition of
atmosphere and climate of planet. Many years were undertaken attempting to create
conducting channels long enough to study the upper atmosphere. Accordingly, the
program “Impulsar” is of great interest. This program combines high power/energy
lasers with a high-voltage high-frequency Tesla’s source which can be useful to
solve the aforementioned problems.
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Chapter 4
Interaction of an OPD with a Gas

4.1 Introduction

The transformation of high repetition rate pulse-periodic laser radiation into a
low-frequency quasi-stationary wave (QSW) in an optical pulsed discharge (OPD),
which was studied for the first time in [1], is considered in [2]. Unlike a continuous
optical discharge, no physical constraints are imposed on the velocity of OPD
propagation in a gas. In contrast to a single laser spark, the shock waves
(SW) generated by an OPD are merged to form a QSW propagating in a preferred
direction in the surrounding gas. About 25% of the laser power is transformed into
SW in an OPD, which may exert a considerable influence on the surrounding
medium.

The mechanism of wave merging can be described as follows. Periodic per-
turbations (e.g., SW) with an initial velocity exceeding the sound speed C0 are
successively generated in a continuous medium. The velocity V0 of propagation of
the pulsation region is lower than C0. The SW combine to the form a QSW if the
parameters of the pulsations and the medium satisfy the criteria formulated in this
study. Depending on the space-time structure of the pulsations, the mechanism
manifests itself in the form of effects characterised by a long elevated-pressure
region.

This mechanism does not impose any constraints on the type of the medium and
the source of pulsations, and its energy (which is important for producing long
waves). The QSW can move from the source, which has a point size in a preferred
direction. The SW can also combine during supersonic propagation of an OPD [3],
but the length of the combined SW in a direction perpendicular to its front is small.
The initial stage of QSW was observed in water upon successive detonation of two
charges [4]. In the studies devoted to thermooptical generation of sound in a liquid
[5, 6], the SW spectrum could be rearranged by varying the laser pulse repetition
rate f 0, or by modulating the high-frequency component by a low-frequency signal
of frequency F0. It was found that the fraction of power at the frequency F0 is small
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and proportional to the ratio F0=f 0. The mechanism of SW formation considered in
this work is free from such a constraint; on the contrary, its efficiency increases for
large values of f 0 at which waves are merged. For example, it was shown exper-
imentally [7] that the fraction of power at a frequency *36 Hz can be increased
several times by increasing f 0 from 100 to *250 kHz.

Like [2, 7, 8], the present chapter is aimed at studying the interaction between an
OPD and a gas medium under the conditions when the wave merging mechanism is
manifested. Earlier, we considered the situations when the OPD is stationary or
moves along the laser beam axis at a constant relative velocityM0 = V0/C0 < 1. The
criteria for merging SW into QSW in air were determined in [2].

Here, we determine the conditions under which an OPD stably generates peri-
odic SW, and study the behaviour of QSW in various media in a wide energy range
of laser sparks. The applicability of QSW in a laser engine is also substantiated.

Let us briefly discuss the importance of the problems being studied here. It is
found experimentally that an OPD exists at any gas velocity V0 = 0–400 m s−1 if
the radiation power exceeds a certain threshold value. However, the transformation
of laser radiation into intense interacting SW is possible only for a certain ratio of
the parameters of the OPD and the medium. Hence, it is important to find the
conditions for the formation of QSW in various gases and to determine whether any
constraints are imposed on the spark energy. Apart from the acoustics, OPD and
QSW are also of interest for solving aerospace problems. For example, it was found
experimentally [3] that the aerody-namic drag decreases approximately to half its
value if an OPD is initiated in front of a body in an incoming supersonic flow. The
creation of high-power OPD sustained by laser or microwave radiation was con-
sidered in [9]. Increasing the coupling factor J characterising the efficiency of laser
radiation application for speeding up an aircraft is one of the main problems in the
development of a laser engine [10, 11]. We believe that the value of J can be
increased substantially by using QSW and high power/energy pulses of duration
*0.1–1 ls with a high pulse repetition rate (tens of kHz). Great progress in the
development of such lasers was achieved in [12] where an average power *10 kW
of periodic pulses was attained and the possibility of its further increase was
demonstrated.

4.2 Conditions of Stable SW Generation

An OPD can propagate in a moving gas with an unchanged focal length, or in a
stationary gas with a moving focus of the laser beam. For a low pulse repetition rate
f 0, the periodic laser pulses successively produce a chain of isolated sparks on the
axis along which the focus moves. As the value of f 0 increases, the sparks form a
channel with a high temperature and a low density of decaying laser plasma in the gas
[13–15]. Calculations show that the pressure in the sparks levels out under thermal
expansion with the surrounding gas pressure over a time tc = 0.38 td (td is the
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dynamic time, see below). Under the conditions of our experiment, tc * 15–20 ls.
By this time, the gas concentration in a spark decreases to*2–5% of the unperturbed
gas concentration N0. The gas concentration is restored to the level N0 due to tur-
bulent heat and mass transfer with a characteristic time of *1–2 ms [14, 15]. It can
be assumed that the necessary condition for obtaining a stable OPD and efficient
generation of SWs is that the focus of radiation must leave the low-gas-density
region over the time 1=f 0 between two laser pulses. This corresponds to the fol-
lowing relation between OPD parameters: f 0\V0=Ls if the spark length Ls is much
larger than the spark radius r0 [13]. For a spherical spark, the minimum distance
between the centres of the sparks is determined by the relation [2]:

f ¼ tdf
0\fb ¼ 2:5M0: ð4:1Þ

The time and distance are normalised to the dynamic time td ¼ Rd=C0 and the

dynamic radius Rd ¼ ðq=p0Þ1=3 (in metres) respectively, where q is the spark energy
(in joules) and p0 is the unperturbed gas pressure (in pascals). A single spark can be
treated as an explosion [16]; for this reason, the quantities td and Rd used in the
theory of a point explosion can also be applied for describing OPDs. Straight line
(1) in Fig. 4.1 shows the dependence of the threshold frequency on M0; above this
line, the focus cannot leave the low-pressure region.

Fig. 4.1 Theoretical dependence (1) of the maximum laser pulse repetition rate f on the velocity
M0 of OPD motion [the OPD stably generates SWs in the region below line (1)] and experimental
values of f and M0 (symbols for which the SW pressure was measured for the averaged power
W = 1.3 kW of the absorbed laser radiation, average SW power Wa= 140 W, f 0 ¼ 51 kHz, q �
25mJ (♦);W = 1.3 kW,Wa = 50–76 W, f 0 ¼ 116 kHz, q � 11mJ (◊);W = 0.764 kW,Wa = 58–
179 W, f 0 ¼ 53:8 kHz, q � 40mJ (▲); W = 0.35 kW, Wa= 26–31 W, f 0 ¼ 104 kHz, q � 33mJ
(Δ). The experimental points (circles) correspond to variation of f 0 for V0 = const. The symbols on
lines (2) and (4) correspond to an OPD generating repetitively pulsed SWs, while symbols on line
(3) correspond to an OPD generating SW trains with a repetition rate F0 ¼ 1:2 kHz
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4.3 Experimental Setup

Expression (4.1) was verified in the following experiment. An OPD in stationary
argon (in a chamber) or in an argon jet effusing into the atmosphere was produced
by 1-ls pulses from a * 1.5-kW CO2 laser. The jet and the radiation propagated in
the same direction along the common axis. In this case, the OPD as an SW source is
stationary relative to air. The jet was narrow (diameter 3 or 6 mm) and had little
effect on SW passed into air.

The pressure in the SW was measured with a piezo-electric transducer located at
a distance of 5 cm from the OPD on a fine passing through the OPD at an angle of
90° to the jet axis. Such a position of the transducer was chosen taking the
weakened effect of the background into account. At small distances from the OPD,
the background intensity is much lower than the intensity of SWs generated by the
OPD. The intensity of laser radiation incident on an OPD and transmitted through it
was measured.

We studied the regimes of periodic laser pulses or periodic trains of laser pulses
with a repetition rate f 0 � 20� 120 kHz. The repetition rate of pulse trains was
F0 = 1.2 kHz. Accordingly, the OPD produced periodic SWs or SW trains. The
effect of the jet velocity M0 ¼ V0=C0 and frequency f ¼ f 0td on the SW generation
stability and the efficiency of transformation of laser radiation into SW were
studied.

Figure 4.1 shows some values of M0 and f at which the SW pressure was
measured. The jet velocity V0 was varied at a fixed pulse repetition rate f 0, or vice
versa. The SW generation efficiency can be estimated from the shape of signals
from the piezoelectric transducer (Figs. 4.2 and 4.3) and the mean SW power
(Fig. 4.4). One can see from the time dependence of pressure that each laser pulse
produces SW in the entire range of parameters being studied. However, SW are
unstable for f [ fb; their average power and the efficiency g of transformation of
laser radiation into SW decrease. The SW instability is a consequence of the fact
that weaker pressure jumps and, hence, weaker SW, are produced in a hot gas.

We found in experiments that OPD burns and efficiently absorbs radiation
ðg� 70%Þ in the entire velocity range under study (up to 400 m s−1), including the
case of a stationary gas. The value of g differs from 100% because the breakdown
developed over a time of *200 ns and the leading edge of the pulse was partly
absorbed. The value of g can be as high as *90–95% if the pulse has a steep front
and its intensity is much higher than the breakdown threshold of the gas. We also
considered the limiting case, when periodic laser pulses with a repetition rate f 0 ¼ 1
or 30 kHz produced an OPD in stationary argon (under a pressure p0 = 1 atm).
Measurements of parameters of incident and transmitted laser radiation show that
each laser pulse was absorbed in the OPD.

To confirm this result, we measured emission of the OPD spark plasma using a
streak camera. The time sweep was carried out along the spark axis coinciding with
the radiation beam and jet axis. Figure 4.5 shows the streak camera traces obtained
for the case when the OPD was produced by periodic laser pulses with a repetition
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rate f 0 ¼ 100 kHz and burned in the jet moving at a low velocity V0 ¼ 100 m s−1.
The point with coordinates f = 2.2 and M0 ¼ 0:316 in Fig. 4.1, which lies in the
unstable SW generation region, corresponds to these parameters. The following
conclusions can be drawn from an analysis of this and other pictures. Each laser
pulse produces a spark. The velocity of propagation of the plasma front towards the
beam is close to the velocity of light-detonation mode. The position of the focus on
the axis is repeated regularly from pulse to pulse. During the pause � 1=f 0 ¼ 10 ls
between the pulses, the gas in the jet moves over a distance �V0=f 0 ¼ 0:1 cm,
which is much smaller than the spark length Ls � 0:5 cm. Consequently, sparks are
produced in the channel formed by the previous sparks. One can see from Fig. 4.5
that for z[ 0 (z is the coordinate along the axis of the radiation beam and the jet),
the slope of the luminescence region corresponds to a velocity of the order of 0.5–
1 km s−1. This is a manifestation of the effect of plasma acceleration due to its

Fig. 4.2 Pressure
oscillograms for repetitively
pulsed SWs in the case of an
OPD burning in a jet
(V0 = 100 m s–l) for various
frequencies f 0
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Fig. 4.3 Pressure
oscillograms for SW trains for
various values of V0,
W = 610 W, Wa ¼ 58W, g ¼
9:5% (a) and W = 764 W,
Wa ¼179 W, g ¼ 23.4%
(b). The repetition rate of the
trains F0 ¼ 1.2 kHz, the SW
repetition rate in trains f 0 ¼
179W 53.4 kHz, the jet
diameter is 3 mm

Fig. 4.4 Dependence of the
average SW power and the
efficiency of transformation of
laser radiation absorbed in an
OPD into SWs on the
dimensionless frequency
f. The OPD is produced by
periodic laser pulses in a jet
propagating at a velocity
V0 = 100 m s−1
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outflow from the high-pressure region to the ‘vacuum’ channel formed by the
moving OPD [17].

Detailed investigations of an OPD burning at low values of V0 and at V0 = 0 are
beyond the scope of this study. We can provide only a qualitative explanation of
this process. The necessary condition for the burning of a OPD is that the gas
concentration in the focal region should be restored during the pause 1=f 0 between
laser pulses to such a level for which not only the optical breakdown can occur at
the focus, but also the conditions are created for the observed light-detonation mode
(streak camera traces) of the motion of the plasma front towards the beam. This is a
must for efficient absorption of laser radiation. The characteristic time t1 of tur-
bulent thermal conductivity responsible for the restoration of concentration is of the
order of 1 ms [14] (for a single spark). Since t1 � 1=f 0, this is not the main
mechanism. The most probable reason behind maintaining a fixed gas density and
the conditions for OPD burning is the combined action of the convective thermal
flow and strong pulsations of the gas concentration in the vicinity of the focal
region. We can estimate the gas velocity in the focal region required for replace-
ment of the gas as � 0:5dcf 0 � 30 m s−1, where dc * 0.2–0.3 cm is the spark
cavity diameter.

4.4 Combination of OPD-Generated SW

According to the above hypothesis, the wave combination mechanism operates in
various media for all energies and all types of pulsation sources. The following
questions are considered in the present study: can we introduce a universal criterion
of wave combination for different gases? Does the mechanism hold for an arbitrary
pulsation energy? Which constraints on the parameters of the pulsation source
(OPD) are imposed due to the requirement of nonlinearity of interaction of the
source with the medium? The wave combination mechanism allows us to analyse
the results obtained in [2, 7, 8] from a unified point of view.

Certain constraints were employed in the course of our investigations. We
considered a stationary OPD or one propagating in a gas at a constant velocity

Fig. 4.5 Streak camera traces of the OPD spark plasma emission. The sweep is carried out along
the z axis coinciding with the direction of propagation of laser radiation and the jet. The focus is
situated at the point z = 0
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lower than C0. Equations of gas dynamics in the two-dimensional axisymmetric
approximation were solved. For a better generalisation of the results, the spark
shape was simulated by a sphere, the velocity (V0) of the OPD was varied as well as
the spark repetition rate and the spark energy (q ¼ 10�3 � 103 J). Calculations were
made for air and inert gases xenon, argon and helium, in which the sound speeds are
substantially different (C0 = 340, 169, 316 and 965 m s−1 respectively). A detailed
description of some properties of a QSW in air and the derivation of the criterion for
its existence are given in [2].

QSW formation by a moving OPD. Figure 4.6 shows a QSW and a part of the
field of SW produced by an OPD. On the whole, the perturbation field has the shape
of a sphere expanding with the sound speed C0. Periodic laser pulses of short
duration (*0.5–1 ls) successively produce laser sparks at the beam focus. The
focus moves in the gas and a train of sparks is formed, each spark producing a SW.
At subsonic OPD velocities ðM0 � 0:6� 0:9Þ, the SWs catch up with one another
and produce a region of elevated pressure (QSW) in front of the OPD, which
pulsates only at the trailing edge of the QSW in the vicinity of the OPD. Figure 4.7
shows the pressure distribution in the QSW on the OPD axis. The time and distance
along the z axis are normalised to td and Rd, respectively. The wave whose length
L at the asymptote (more than *100 sparks) is equal to �ð10� 30ÞRd (i.e., much
larger than the compression phase length for a SW from a single spark) is regarded
as a low-frequency QSW. For the sake of better visualisation, Figs. 4.6 and 4.7a
show only the initial stage of QSW formation corresponding to n = 11 sparks.
Figure 4.7b shows the QSW pressure corresponding to a later instant of time and
n = 280. The QSW propagates in the same direction as OPD. SW form a directional
field pattern in the opposite direction due to interaction with the plasma trace and
the low-pressure phase of the QSW. If the QSW formation conditions are not
satisfied, the SW field resembles that produced by a moving acoustic source
(Doppler effect).

SW merging conditions. The SW produced by a moving OPD combine to form a
QSW if any two of the three dimensionless parameters ðM0 ¼ V0=C0; zs ¼
zsp=Rd; f ¼ f 0tdÞ satisfy certain requirements (zsp is the separation between the
centres of sparks) [2]. The parameters M0 and zs are convenient for the case of
detonation, while the pair M0 and f is suitable for an OPD. The parameter M0 is of
special importance since a QSW is formed only for M0 < 1. The conditions for
merging of SWs and formation of a QSW can be formulated in terms of M0 and f:

2:5M0 [ f [ 5:88ð1�M0Þ1:5: ð4:2Þ

This relation can be used to determine the velocity range 0.6 < M0 < 1 in which
an OPD produces SW that form a QSW (Fig. 4.8). The left-hand side of formula
(4.2) corresponds to line (1). Below this line, the OPD generates SWs stably. The
right-hand side defines the range of parameters M0 and f [above curve (2)] in which
the SWs combine to form a QSW. Consequently, a QSW is formed in the region
between the curves (1) and (2), to the right of the point of their intersection.
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Expression (4.2) was derived for the air. Because the SW compression phase length
(in dimensionless form) depends weakly on the type of the gas, it could be expected
that condition (4.2) is also applicable for other gases. In order to verify this, we
carried out a number of calculations whose dimensionless parameters are presented
in Fig. 4.8. The practical significance of inequality (2) is that it makes it possible to
determine the OPD parameters required for producing a QSW. Note also that the
computation of a single version (*100 sparks) may require several hundred hours
of machine time on a modern PC.

If the SW parameters are stable, each point on the M0, f plane in Fig. 4.8
corresponds to a large number of combinations of independent dimensional
quantities V0, f 0, q, p0, q0, and c0, where q0, and c0 are the gas density and adiabatic
exponent. For example, the point + in Fig. 4.8 corresponds to calculations

Fig. 4.6 Pressure field in SW
produced by a moving OPD
and the diagram of QSW
formation. Dark shade
corresponds to p[ p0, and
the light shade to p� p0 [I—
QSW, II—SW, III—shadow
region ðp� p0Þ, IV—last
spark]. The OPD moves from
right to left at a velocity
V0 = 300 m s−1 in air;
p0 ¼ 1 atm, q ¼ 103 J,
f 0 ¼ 2:5 kHz, Rd = 21.5 cm,
td = 632.4 ls, f = 1.58,
M0 = 0.882
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performed in air for spark energies q = 10−3 and 103 J. Figure 4.7a shows the
pressure distribution in a QSW. The criteria of QSW formation are satisfied in the
entire energy range q = 10−3 to 103 J investigated by us.

Fig. 4.7 Gas pressure distribution in a QSW on the z axis at various instants s ¼ t=td in the case
of SW generated a in air for p0 = 1 atm, M0 = 0.882, V0 = 300 m s−1, f = 1.58, q = 103 J (1) and
10−3 J (2), and b in helium for p0 = 1 atm, M0 = 0.8, V0 = 772 m s−1, f = 2.46, f 0 ¼ 400 kHz,
q = 0.021 J. The OPD propagates from right to left

Fig. 4.8 Theoretical dependences of the repetition rate f on the velocity M0 of OPD motion; the
OPD stably generates SW in the region below line (1); SW produce a QSW above curve (2); SWs
do not interact with one another below curve (3). The OPD produces a QSW on the right of the
point of intersection of curves (1) and (2). The symbol + corresponds to an OPD in air for
q = 10−3 and 103 J (see Figs. 4.6 and 4.7). Symbol * corresponds to an OPD in air for an unstable
energy absorption; ◊, ♦—He, Δ, ▲—xenon, o, ●—argon, and ■—water (explosion from two
charges) [4]. Dark symbols correspond to the case when SW produce a QSW, while light symbols
correspond to the case when no QSW are produced. The computational parameters are close to the
experimental ones when the average power W * 1.5 kW, and the spark energy q = 0.015–0.1 J
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Between curves (2) and (3), the SW interaction decreases as we move away from
curve (2) and approach curve (3). In this case, the pressure pulsations increase over the
entire length of the QSW. SW do not interact with one another below curve (3).
Curve (3) corresponds to the dependence f ðM0Þ ¼ ð1�M0Þðtd=tsÞ� 0:81ð1�M0Þ.
This expression was obtained from the condition V0=f 0 ¼ C0ð1=f 0 � tsÞ, where ts is
the time measured from the beginning of a laser pulse to the instant when an SW is
detached completely from the cavity.

For f [ 2:5M0 [the region above line (1)], the beam focus does not manage to
leave the cavity formed by the preceding spark. Here the OPD generates SW
intermittently, which may affect the structure of the QSW even if the wave merging
condition is satisfied. Points * in Fig. 4.8 corresponds to the computations carried
out for such a case. Their height is equal to the spread of frequencies f created by the
instability of the absorbed energy *0.015–0.034 J. The dependence of q on gas
concentration was taken into consideration during computations. The problem of
QSW formation criteria under conditions of instability of OPD parameters has not
been studied extensively. However, it is obvious that the spread of dimensional
parameters of OPD will correspond to a certain region in Fig. 4.8, and SW will
form a QSW if this region is situated above curve (2). For example, we carried out
computations in which the parameters were changed in such a way that the tra-
jectories on the plane of Fig. 4.8 correspond to a smooth transition from the region
above curve (2) to the lower part of the plane, and vice versa. In this case, the QSW
was found to disintegrate into isolated fragments.

Merging of SW generated by a stationary OPD. An OPD can produce SW in a
stationary gas also if the constraint imposed by formula (4.1) on the stability of SW
formation is removed. In our experiments and in [7, 8], an OPD burning in a narrow
argon jet generated SW and was stationary relative to the air in which the SWs
propagated. In this case, two different values ofM0 should be used. The gas velocity
in the jet must satisfy condition (4.1) for stable generation of SW by an OPD, which
gives

M01 [ 0:4f :

The OPD is stationary relative to the air in which the interaction of SW takes
place, hence M0 = 0 on the right-hand side of formula (4.2). Three frequency
regions can be singled out in this case (see Fig. 4.8):

(1) the region f1\0:8, in which SW do not interact with one another;
(2) the region 0:8\f2\5:88, corresponding to the transient region in which SWs

combine partially;
(3) the region f3 [ 5:88, in which SWs combine.

Figure 4.2 corresponds to the region of frequencies f1 (13.8 kHz), while
Figs. 4.2 and 4.3 correspond to the region of frequencies f2 (51.3 and 53.4 kHz
respectively).

Repetitively pulsed SW regime. An OPD is produced by periodic laser pulses.
The shape of an SW and its power spectrum are determined by the frequency f [7].
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In the f1 and f2 frequency regions, the fundamental harmonic of the spectrum
corresponds to the pulse repetition rate f. In the f1 region, the SW power is mainly
contained in higher harmonics. This is due to the fact that the duration of an SW is
much shorter than 1/f1. In the f2 region, most of the SW power is concentrated in the
first harmonic. Investigations were not made for the f3 region.

Periodic SW train regime. An OPD is produced by periodic trains of laser
radiation with a low repetition rate F � f. The trains are filled with pulses having a
high repetition rate f corresponding to the frequency range f2 or f3. The OPD
generates SW trains with the same frequencies F and f (Fig. 4.3).

In the f2 region, SWs interact only partly since the SW compression phases do
not combine. At frequency f � 2 ðf 0 � 120 kHzÞ, the spectrum of SW trains
contains a high- intensity component at a train repetition rate F � f [7]. However,
the main part of power in the SW spectrum was at a frequency * f.

According to calculations made in [8], SW com-pression phases in the train
combine in the f3 region. A unified wave (an analogue of a QSW) is produced. If the
train duration is much longer than 1/f the QSW length is also much larger than the
length of the SWs from which it was formed. In this case, the power of periodic
trains is mainly concentrated at frequency F. This distinguishes our method from
the traditional methods based on low-fre-quency modulation of a high-frequency
acoustic signal, in which the power ratio is very small and proportional to F0=f 0.
We could not generate a QSW in the f3 region in our experiments since this requires
a high-power laser with a pulse repetition rate *250 kHz.

Restrictions on the gas pressure, energy, and spark radius. No restrictions are
imposed in expression (4.2) on the spark energy and other OPD parameters. The
restrictions on the most important parameters of the problem can be deter-mined
from the condition under which the following mechanism operates: sparks (or
another source) should produce SW. We do not consider here the restrictions
associated with the generation of pulsations.

The maximum admissible pulse duration tmax can be determined from the
condition that the gas remains stationary during the time of energy supply to the
gas. In this case, the pressure is maximal. According to the results of our calcu-
lations and measurements made in [14, 15], the time tc corresponding to the fast
stage of laser spark propagation is equal to *0.14td. Consequently, tmax = 0.1
tc = 0.014td. For q = 1–5 J, we obtain tc � 9� 15 ls and tmax = 0.9–1.5 ls. Let us
determine the relation between energy q, spark radius r0, and unperturbed gas
pressure p0, for which

p=p0 [ b1 � 1; ð4:3Þ

and the mean free path l of particles in the gas is much smaller than the value of
r�=l ¼ r�N0r[ b2 � 100 (r is the scattering cross section). It follows from the
results of calculations that the value of b1 must not be smaller than *10; otherwise,
the fraction of energy carried away by SWs decreases. Upon thermal expansion of a
spark, the gas concentration in it decreases in proportion to �ðr0=RcÞ3, while the
value of l increases. Hence, we should take the cavity radius Rc instead of r0 for r�
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at the final stage of the adiabatic expansion of the spark. In this case, l � ða=p0Þ
ðRc=r0Þ3, where the parameter a � a1ðT0=273 К) takes into account the type of the
gas (a1 = 0.006 for air) and the temperature dependence of the initial concentration
[18]. Using formula (4.3) and the condition Rc=l[ b2, we obtain

r01\
q1=3

p1=30

3ðc� 1Þ
4pb1

� �1=3
� 0:17

q1=3

p1=30

; ð4:4Þ

r02 [
ðab2Þc=ðcþ 1Þq1=½3ðcþ 1Þ	

pð3cþ 1Þ=½3ðcþ 1Þ	
0

3ðc� 1Þ
4p

� �1=½3ðcþ 1Þ	
� 0:5

q0:152

p0:70
; ð4:5Þ

where c is the adiabatic exponent. The following simplification was made while
deriving formula (4.5): ðr0=RcÞ3 � 1, which is admissible for b1 * 10 or more.

Equating relations (4.4) and (4.5), we find the point of their intersection on the
r0, p0 plane:

p0 ¼ ðab2Þ3=2bðcþ 1Þ=ð2cÞ
1ffiffiffi

q
p ½3ðc� 1Þ=ð4pÞ	1=2

� 20ffiffiffi
q

p ;

r0 ¼ 3ðc� 1Þ
4pab2

� �1=2 ffiffiffi
q

p

bð3cþ 1Þ=ð6cÞ
1

� 0:063
ffiffiffi
q

p
:

ð4:6Þ

The parameters in expressions (4.4)–(4.6) were taken for air at T0 = 300 К and
c ¼ 1:2. Formulas (4.4)–(4.6) define the region on the r0, p0 plane in which a source
produces SW. Of the three quantities q, r0, p0 only one is independent. The
admissible values for the remaining two quantities are obtained with the help
of formulas (4.4)–(4.6). Figure 4.9 shows the dependences (4.4) and (4.5) for

Fig. 4.9 Limiting values of
the spark radius r0 and air
pressure p0 for spark energies
q = 10−3 and 103 J. Curves
(1), (1′) and (2), (2′)
correspond respectively to
maximum and minimum
values of r0. The operational
range of the wave
combination mechanism is
bounded by curves (1) and
(2) for a given value of q

4.4 Combination of OPD-Generated SW 51



q ¼ 10�3 and 103 J respectively. The requirement of the formation of an SW upon
energy absorption is met in the region between curves (4.1) and (4.2) to the right of
the point of their intersection with coordinates r0, p0.

QSW in a laser engine. One of the methods for producing thrust in a laser engine
can be described as follows. Periodic laser pulses are incident on a focusing
reflector producing periodically repeated laser sparks at the focus. The sparks
generate SW producing an alternating force at the reflector (compression and
low-pressure phases in SW). The coup-ling factor J characterizing the efficiency of
employment of laser radiation is equal to *100–500 N MW−1 (see, for example,
[11, 19]).

Here, we suggest that a plane QSW be used for a substantial increase in the value
of J. The QSW produces a high constant pressure on a large area of the reflector.
A simplified scheme permitting calculations in the 2D axisymmetric approximation
can be described as follows. The OPD has the shape of a disc whose plane is
perpendicular to the reflector axis and whose radius r0 is much larger than its length
L and smaller than the distance (*20–50 cm) between the OPD and the reflector.

Fig. 4.10 Pressure distribution a over radius r in a plane QSW interacting with the wall 350 ps
after the initiation of an OPD [(1)—QSW; (2)—OPD; (3)—SWs from the previous pulse; (4)—
plasma region; (5)—wall], b over the z axis (z is measured from the wall; the last spark is located
at a point z = 12.8 cm) and c over the wall (time t is measured from the instant of collision of the
QSW with the wall at t = 380 ls). The OPD propagates in air (p0 = 0.1 atm) from right to left at a
velocity *370 ms−1; r0 = 12 cm, L = 0.5 cm, q � 100 J, and f 0 ¼ 20 kHz
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The SW generated in the direction of the reflector merge to form a QSW in the
region between the OPD and the reflector. Such an idealisation might correspond to
a 2D OPD matrix produced synchronously by many beams. Details of the formation
of a plane QSW and its model will be presented elsewhere.

We carried out computer simulation to estimate the coupling factor J in the case
when a plane QSW is used in a laser engine. The OPD parameters were as follows:
L = 0.5 cm, r0 = 10–15 cm, and q * 100 J. The repetition rate f 0 was chosen
from the conditions of formation of a plane QSW, which differ from conditions
(4.2). The simulation technique consisted in the following. At the initial stage, the
OPD burns in a free gaseous space. After the passage of several hundred
microseconds, a QSW is formed in front of the OPD, in which the gas flows at a
velocity *300 m s−1 in the same direction as the OPD. After this, a wall with
which the wave interacts appears on the path of the QSW. Figure 4.10 shows the
results of computations in air for p0= 0.1 atm. The range of the high-pressure
region increases with time due to the curvature of the leading front of the QSW.
After a certain interval of time, an excess pressure Dp ¼ p=p0 � 1 is established at
the wall, its characteristic value being *2 for a range Ra � ð1:5� 2Þr0. For the
computation conditions used by us, the coupling factor J � 10pRa2D pp0=ðqf 0Þ �
1000 и 1000 N MW−1 (where q is in kJ, f 0 is in kHz, and p0 is in atm). It follows
from our computations that J � 2000 N MW−1 for p0 = 1 atm.

4.5 Conclusions

Thus, an OPD can be stationary or move at a high velocity in a gas. However, stable
SW generation occurs only for a certain relation between the radiation intensity,
laser pulse repetition rate, their filling factor, and the OPD velocity. The OPD
generates a QSW in the surrounding space if it is stationary or moves at a subsonic
velocity and its parameters satisfy the above conditions. The mechanism of SW
merging operates in various media in a wide range of pulsation energies. The results
of preliminary investigations show that the efficiency of the laser radiation can be
increased substantially when a QSW is used for producing of thrust in a laser jet
engine and finally for producing of a long conductive channel [20, 21].
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Chapter 5
Mechanism of SW Merging in a LJE

5.1 Introduction

A laser jet engine (LJE) is proposed for use in projects involving the launching of
light spaceships into orbit [1, 2] and later for a super long conductive channel
production [3]. With the help of a focusing reflector, repetitively pulsed radiation
produces laser sparks (Fig. 5.1) which, in turn, should generate shock waves (SW).
A part of the momentum of the latter is imparted to the spacecraft (SC). The radiation
parameters proposed for realising an LJE are average power 1–3 MW, pulse repe-
tition rate f � 100�300 Hz, energy q � 10 kJ, pulse duration tr = 15–30 ls. These
parameters of an LJE are far from optimal. A specific pulse is maximal if a spark is
produced in the vicinity of the reflector, but then thermal destruction of its surface
and shielding of the emerging radiation by the laser plasma become inevitable. Apart
from this, the reflector of the SC is subjected to strong shock loads.

5.2 Efficient Laser Jet Engine

In the chapter we propose a new approach to develop an efficient LJE, which is
based on the merging of SWs generated by an optical pulsating discharge (OPD) at
short radiation pulses with a high pulse repetition rate [3, 4]. In this case, the OPD
energy is transformed most efficiently in an LJE into a constant force accelerating
the motion of an SS. High-power gas-dynamic lasers, which may generate pulses
with tr = 150–250 ns and a pulse repetition rate of up to 100 kHz under a con-
tinuous pumping of the active medium, offer great promise for the use in the LJE
technology [5, 6]. The use of repetitively pulsed lasers is especially efficient if the
LJE consists of a reflector array (RA). The model presented below is based on the
estimates and numerical simulation in the two-dimensional axisymmetric approx-
imation for thrust pulses generated by the OPD.
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Our approach is illustrated in Fig. 5.1 and can be formulated as follows.
Repetitively pulsed laser radiation with a pulse energy Q � 200 J, f = 100 kHz and
an average power Wa � 20 MW [3, 5] is supplied at the input of an RA consisting
of N = 9 reflectors. Each laser pulse is divided into N parts so that q * Q/N,
Wn = Wa/N. It is also possible to use the RA in the form of a ring having a circular
central reflector with cylindrical walls, and the remaining eight reflectors consti-
tuting the outer part of the ring. All the reflectors have side walls and a spherical
end face which receives the mechanical momentum and focuses the laser radiation.
An OPD burns in each reflector in a gas jet injected through a nozzle at the centre of
the reflector. The jet carries the plasma away from the OPD region, which is
necessary for the efficient generation of subsequent SW. The gas jet velocity
exceeds 1 km s−1. Rapidly propagating SW generated by the OPD merge to form a
quasistationary wave (QSW) which fills the entire volume of the cylinder. The
surface of the reflector is subjected to a force Fa � pR2

r dP [Rr is the radius of the
reflector, dP ¼ ðP� P0Þ[ 0 is the excess pressure, P0 being the atmospheric air
pressure]. The force Fa is constant (time-independent) if the gas flow is created in
the reflector in the same direction as the gas jet, but has a subsonic velocity
*300 m s−1. In the opposite case, it becomes necessary to use laser pulse trains
with a frequency F, the pulse repetition rate in the trains being f � F. The duration
st of the trains is limited by the time in which the density of air decreases in the
reflector. The gas is replaced during the pause sp � apRlen=C0 between the pulse
trains (Rlen is the length of the cylindrical part of the reflector, C0 is the velocity of
light in air, and the coefficient ap � 1� 2).

Reflection at the side walls makes it possible to gather *1/2 of the total
momentum of the QSW or a solitary SW at the surface of the reflector. The

Fig. 5.1 Scheme of the
reflector (a) and possible
structure of the reflector array
(b) in a laser jet engine:
(1) repetitively pulsed laser
radiation; (2) end face of the
reflector: the collector of
radiation and mechanical
momentum; (3) reflector side
wall; (4) cavity; (5) OPD;
(6) SW; (7) reflected SW;
(8) gas jet; (9) plasma jet
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formulation of the problem thus becomes close to the one in the model of a plane
explosion in which the specific momentum Jp is maximal. Figure 5.2 shows the
force Fa and the specific momentum Jp calculated for various relations between Rlen

and Rr. Here, in contrast to the conventional schemes, the dependence of Jp on the
separation between the OPD and the reflector or on the form of the reflector is not
critical. Hence, we can neglect the thermal and impact action of laser plasma on the
reflector.

The laser pulse duration tr is chosen taking into account the following condi-
tions. The fraction of the energy carried away by an SW is maximal if the entire

pulse energy is absorbed in the spark during a time shorter than the time te �
ðq=P0Þ1=3 of broadening of the laser spark, where q is the pulse energy in joules and
te is measured in microseconds. The beam diameter at the reflector is db � Ff (Ff is
the focal length of the reflector and db is measured in cm). Hence, the mechanism of
optical breakdown (light detonation wave or infrasonic radiation wave) operates
over a short distance from the focus (equal to the spark length Zp) and for a short
duration tr. Beyond this, the radiation may be absorbed in the disintegrating plasma
for a certain time te. For a constant power W over the pulse duration, the spark

Fig. 5.2 Time dependence of
the force Fa and momentum
Jp produced by a laser spark
with energy q = 54.8 J
located on the cylinder axis at
a distance Л1 and 1 = 3
(curve 1), 16 (curve 2), and
32 cm (curve 3), acting on the
side wall of the cylinder.
Curve (4) was obtained for
Л1e„ = 16 cm for the reflector
diameter 5 cm. The pulsation
of Jf is the result of reflection
of SWs at the side walls and
their motion over the reflector
surface
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length Zp, the energy q absorbed over it, and the instant tr of time of decay of the
light detonation wave [3] are defined as follows:

Zp
db
Ff

¼ 0:013
W
P0

� �1=2

1:93þ lnP0 þ ln
W
P0

� �1=2

ð6:3þ lnP0Þ3=4
" #( )3=4

;

q
P0

db
Ff

¼ 0:0014
W
P0

� �3=2

1:93þ lnP0 þ ln
W
P0

� �1=2

ð6:3þ lnP0Þ3=4
" #( )5=4

;

tr
db
Ff

¼ 0:0014
W
P0

� �1=2

1:93þ lnP0 þ ln
W
P0

� �1=2

ð6:3þ lnP0Þ3=4
" #( )5=4

;

where W is measured in megawatts. If the value of q is given, W, tr and Zp have the
following values: W ¼ 21:7ðqdf=EfÞ0:617, tr ¼ 0:0455ðqFf=dfÞ0:381, and Zp ¼
0:194q0:352ðFf=dfÞ0:648 at P01 = 1 atm; W ¼ 15ðqdf=FfÞ0:588, tr ¼ 0:665q0:411

ðFf=dfÞ0:588, and Zp ¼ 0:357q0:365ðFf=dfÞ0:635 at P02 = 0.1 atm. Putting q = 100 J
and P0 = 1 atm, we obtain tr = 0.263 ls, W = 372 MW and Zp = 1 cm. Thus the
optimal pulse duration for the LJE is 0.2–0.3 ls.

The mechanism of the merging of SW in an LJE is operative under the following
conditions. SW leave the jet and merge to form a QSW if f � 5:88C0=Rd, which is
always observed in the present formulation. The OPD glowing in the gas jet

transforms laser radiation into SWs if Vg � 86f 2=3ðWn=PgÞ1=3 (i.e., if Vg [ 1:2�
105 cm s−1), where Vg is the velocity of the gas jet, Pg is the static gas pressure in
the jet in atmospheres, f is measured in hertz, and Wn is the average laser radiation
power in megawatts. The conditions of departure of an SW from the jet and

demolition of the OPD plasma are met for a jet radius (in cm) Rg ¼
0:11ðq=PgÞ1=3 � 0:11q1=3.

The reflector array must meet the following requirements. Its transverse diameter
(*1 m) is determined by the conditions of radiation transportation in atmosphere
and the prevention of breakdown at the surface of the reflector. The reflector radius

is Rr � 0:43d1=2ðq=Pg2Þ1=3 and the length of the sidewalls is Lr � 2R1 � 2arRr

ðar ¼ 0:5�1Þ. Here, d � 0:03 is the acceptable fraction of radiation losses at the
OPD plasma, and Fg2 ¼ 0:1 atm is the gas pressure in the jet. Note that Rr=Rd � 1
atm. The force Fa acting on the reflector surface and the specific force J are defined
respectively as follows:

Fa � 81:4q0:67P0:45
0

a1:64r P0:12
g2 d0:18

; J � Fa

Wn
� 81:4� 106P0:45

0

a1:64fq1=3P0:12
g2 d0:18

;

where Fa is measured in newtons and J in N MW−1. The RA is subjected to a force
FMR ¼ NFa:
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The duration st of the pulse trains can be estimated as the time in which the first
SW in a train covers the distance from OPD to the reflector surface and back (lower
estimate): st ¼ 4:6� 10�4q1=3. Here and below, d ¼ 0:03, Pg2 ¼ 0:1, ap = 1. The
ratio of the times sp=st ¼ 0:5ap � Lp=Rlen and their minimum value is equal to
0.5ap. The pulse train frequency for one reflector is F ¼ 2090=q1=3, their energy is
qt ¼ 4:63� 10�4Wnq1=3, the average radiation power in the train is Wm ¼ 2Wn=3,
and the average force in the train is Fam � 2Fa=3. By optimising the reflector, it is
possible to increase st and the energy transformation efficiency of the laser gen-
erating the trains.

The parameters of a reflector array and monoreflector in an LJE are compared in
Table 5.1. The average power supplied to the reflector array and to the
monoreflector is equal to 20 MW. We did not consider the problems of optimi-
sation of the number N of reflectors or the RA geometry. The RA structure should
be chosen by taking into account its use for controlling the flight trajectory and

Fig. 5.3 a Air pressure field generated during an OPD burning in (1) an infinite cylinder of
diameter 24 cm for an incident air flow velocity V0 = 320 m s−1 and P0 = 1 atm, for a
two-dimensional axially symmetric distribution of pressure at the instant t = 3 ms after the ignition
of the OPD (in the dark regions P > P0); and b distribution of excess air pressure in a QSW along
the cylinder axis at t = 6.2 ms (before ignition of the next spark); the distance along the z axis is
measured from the trailing edge of the QSW in the vicinity of the OPD; a plane QSW in which the
pressure is independent of the distance from the cylinder axis is formed in front of the OPD
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producing the required jet energy and the force of traction of the engine. The array
whose data are presented in Table 5.1 contains eight spherical reflectors with
cylindrical walls, and the radiation losses associated with nonoptimal ‘packing’ are
not taken into account. Indices ‘1’ and ‘2’ in the notation correspond to the initial
(P0 = 1 atm) and final (P0 = 0.1 atm) LJE modes. Parameters in the first two rows
are calculated at various frequencies f for ar ¼ Rlen=Rr ¼ 0:5. By reducing ar to
extremely low values (*0.3), high values of Fa can be attained for f = 100 kHz
(3rd row in Table 5.1.). The use of radiation with a frequency f > 50 kHz is
hampered in a multireflector LJE-the jet has to move at a very high velocity
Vg � 5�10 km s�1
� �

. The last two rows show the parameters for an individual
reflector as well as an RA as a whole for f = 100 kHz (ar = 0.3). In this case, the
specific force J is much stronger while the jet velocity is lower. The values of Vg

correspond to an SC velocity range during its acceleration, which facilitates the jet
formation. A significant advantage of the RA is the possibility of controlling the

Fig. 5.4 Time dependences
of the force Fa and
mechanical momentum Ja
produced upon collisions of a
plane QSW with the end face
of the cylinder 350 ls after
the ignition of the OPD
(curve 1) and after 1950 ls
when the wall is at a distance
of 100 cm from the point of
start of the OPD (curve 2) (the
time is measured from the
instant of collision). The
parameters of the
two-dimensional OPD are as
follows: radius R0 = 10 cm,
layer thickness L = 1 cm,
pulse energy q = 330 J,
frequency f = 50 kHz,
velocity of motion along the
cylinder axis V0 = 480 m s−1,
cylinder radius Rr = 26 cm
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flight trajectory with the help of an LJE. For example, the variation of jet param-
eters in an appropriate reflector can lead to a variation of the traction force in it, thus
producing a rotational moment on the RA.

The results of model calculations presented below show that the use of a plane
QSW can increase the traction force J considerably and make it possible to impart
energy to the supersonic gas flow. Such a wave can be formed under conditions of a
point OPD in the presence of side walls and for a subsonic velocity of the OPD
moving relative to the gas. Figure 5.3 shows the gas-dynamic perturbations

Fig. 5.5 Distribution of the
gas velocity and pressure in a
plane QSW along the z axis
(a, b) and along the radius
(c) for the instant of time
before (a, b) and during
collision (c) of a QSW with
the end face of the cylinder.
The QSW is produced by a
plane OPD moving to the left
with a velocity
V0 = 830 m s−1 under the
following conditions:
P0 = 0.1 atm, radius
R0 = 8 cm, layer thickness
L = 0.5 cm, f = 50 kHz,
q = 140 J. Measurements
along the z axis are made
from the point of start of the
OPD, and R is measured from
the axis
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produced when a OPD burns in a cylinder ðRr � 2RdÞ. One can see that a plane
QSW, in which the pressure is constant along the radius and along the direction of
motion of the OPD, is formed in front of the point OPD. The specific force corre-
sponding to an excess pressure dP ¼ 0:2 atm is J ¼ Fa=Wn ¼ 900=0:18 ¼
5000 N MW−1. If a point OPD glows in a supersonic flow, the SW are carried away
by the flow [7] and cannot be used for accelerating the SS.

Constraints on the gas velocity are removed under the conditions of a ‘plane’
OPD which is an array of synchronously pulsating point OPDs. Since there are no
sidewalls between OPD, the SW generated by the OPD array merge to form a plane
QSW. Calculations show that the pressure in it varies weakly over distances
comparable with the characteristic size of the OPD array. Hence, such a wave can
create a continuously operating traction force. Figure 5.4 shows the force Fa and the
mechanical momentum Ja produced by a plane SW upon interaction with the wall.
Here the plane OPD moves in a cylinder. Momentum is accumulated in the
direction of propagation of the OPD as a result of interaction with the sidewalls.
The specific force calculated at half-height Fa/2 is J = 2900 N MW−1. Figure 5.5
shows the distributions of pressure and gas velocity in a plane QSW formed during
the motion of a plane OPD in infinite space (along the radius) with a supersonic
velocity V0 = 830 m s−1. The mass velocity of the gas is approximately equal to V0,
the total pressure P is *6 atm, and the specific traction force is *1300 N MW−1.

5.3 Conclusions

Thus, the mechanism of the merging of SW transforms laser radiation into a plane
QSW which produces a steady thrust in the spacecraft. Together with an RA and a
gas jet, the QSW makes it possible to increase the specific force of traction to a
record-high level exceeding 2500 N MW−1, prevent thermal and impact action on
the reflector and shielding of the radiation by laser plasma, as well as to use
high-power pulse-periodic gas-dynamic lasers generating radiation with a pulse
repetition rate up to 100 kHz for LJE operation.
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Chapter 6
LJE Based on the Resonance
Merging of SW

6.1 Introduction

According to expert estimates, the market for commercial satellite launches for
various purposes increased by 50% in 2007 compared to 2005. Taking this factor
into account, investigations are being performed in developed countries on the
development of new rocket engines that will provide an alternative to modern
engines that operate on chemical fuel, which is often far from being ecologically
faultless.

A laser jet engine (LJE) is one of the most promising new classes of rocket
engines. During the initial part of its trajectory, this spacecraft engine provides
thrust under the action of a long train of laser pulses directed from the Earth.

It is very important to note that the LJE is considerably more economical than
traditional engines that operate on chemical fuel. At the initial stage of flight, the
atmospheric air is used as the working substance. Beyond the atmosphere, the
working substance is a small space-borne store of gas or easily sublimated sub-
stance. In this case, the specific cost of launching freight to outer space can be
reduced down to 200–500 USD kg−1, i.e., approximately by two orders of mag-
nitude compared to the cost at present. Additionally, the possibility of maintaining
orbit at a specified level with the help of the laser system used for launching is
estimated to be exceptional.

At present, the possibility of building LJE is being investigated in developed
countries all over the world. For example, currently such systems are being
developed in the USA within the framework of the Lightcraft project. The
Lightcraft Technologies Company has successfully tested a rocket model which
rose to 70 m in 12.7 s under the action of a jet produced by high-powered laser
radiation. A 10-kW low repetition rate pulse-periodic CO2 laser was used in the
experiments. The reactive momentum was produced by irradiating a special poly-
mer material with the laser beam. This material was carried in a concave surface
located in the lower part of the rocket.
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As early as 1973, the possibility of building a LJE has been investigated by our
team under the supervision of Acad. A.M. Prokhorov at the Lebedev Physics
Institute, Academy of Science of the USSR. The engine unit operated by irradiating
a reflector located at its rear by a laser beam. The reflector concentrated laser
radiation in air, which resulted in a microexplosion that produced the reactive
thrust. The tests successfully used reflectors of various types, which simultaneously
served as receivers of the incident shock wave providing the thrust.

Note that all of these experiments were performed using low-power (10 kW)
electric-discharge CO2 lasers, whereas in order to place various high-tech equip-
ment (e.g. for communication, Internet, photomonitoring) in orbit, a considerably
higher radiation power is required. For example, to put a satellite weighing 1000 kg
in orbit, a laser with the output power of no less than 10 MW is required. Presently,
such a laser can only be gas-dynamic, because in this case the principles of laser
and rocket technologies are extremely similar. In addition, to avoid the screening of
laser radiation by the plasma produced during engine operation and to increase the
laser operation efficiency, the laser should emit short enough pulses with a high
repetition rate.

In the opinion of experts (classical rocket designers), LJE can be used in
low-cost single-stage rockets for the orbital injection of nano- and microsatellites of
mass 10–100 kg, on which basis commercial launches will be performed in the near
future. During the first stage of flight of such an apparatus at heights up to
30–50 km, the atmospheric air can be used as the working substance and then,
before orbital injection, the space-borne store of fuel in amounts not exceeding
15–20% of the satellite weight can be employed.

The experience in the development of high power/energy lasers has been
accumulated at A.M. Prokhorov General Physics Institute RAS and at Energomash
Research and Production Association. The repetitively pulsed regime in high
power/energy and well-developed cw lasers has been successfully studied in recent
years at Eneromashtekhnika Joint-Stock Company in collaboration with the
General Physics Institute RAS, both of whom have made contributions to the
development of the mechanism of efficient utilisation of laser energy in LJE. This
allows these institutions to begin the cooperative experimental development of a
superpower repetitively pulsed gas-dynamic laser, an LJE as a part of a light SiC
carrier with a control system and a ground launching system with the aim of
building a global super-broadband, super-high-speed laser communication space
Internet network. This complex of works should become an important step pre-
ceding the future launches of superlight satellites to a low circumterrestrial orbit and
even the launches of piloted spacecraft. The realisation of this project will make it
possible to build economical reusable LJEs for launching civil and military pay-
loads to outer space.

The main advantage of a new approach is that the source of motion energy and
the payload are uncoupled in space, and the starting weight of a rocket can be
considerably reduced, from 705 tons (Proton rocket) down to a few tons of only a
payload. As early as the beginning of the 20th century, great K.E. Tsiolkovsky
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predicted that future rockets will be launched with the help of electromagnetic
waves directed from an external energy source (lasers did not exist at that time).

Three recent symposia devoted to this problem have shown that high-powered
lasers emitting 100–150-ns pulses at a pulse repetition rate of 50–100 kHz devel-
oped in our country attract great interest of foreign researchers. Such operation
regimes were attained for a high-power gas-dynamic CO2 laser and it can also be
used in other high-power lasers (HF/DF lasers, diode-pumped Nd:YAG lasers, and
chemical oxygen-iodine lasers). At present, a 10–20-MW gas-dynamic laser with a
variable temporal structure of radiation is being developed in our country. The
efficiency of using laser energy in a new lasing regime was considerably increased,
which made it possible to change the estimates of payload weight from a few tens to
hundreds and thousands of kilograms. Note also that the outlook for various
applications have stimulated investigations in this field in Germany, Japan,
England, France, China, Brazil and other countries. It is assumed by almost all
researchers involved in these studies that a gas-dynamic laser is the most promising
system from the point of view of its scaling based on rocket technology up to the
level of a few tens of megawatts and with respect to other important parameters.

By now there exist two directions in the study of the possibility of using laser
radiation in aerospace problems: the orbital injection of light spacecraft [1–9] and
the reduction of aerodynamic resistance acting on bodies moving at high velocities
in the atmosphere [10, 11]. To obtain jet propulsion, repetitively pulsed radiation
from a laser is focused on a reflector near the rear end of a rocket to produce
periodic laser sparks. The sparks generate shock waves, which transfer a part of
their momentum to the reflector [1]. The spark repetition rate f is usually limited by
the time of the gas change in the reflector and is about 100–300 Hz. To achieve the
high average radiation power W � 20 MW, it is necessary to use laser pulses of
energy q ¼ W=f � 200� 70 kJ. At low air pressures (at heights above 15 km), a
long-lived plasma sphere produced by one pulse occupies almost the entire volume
of the reflector (see below), resulting in the screening of subsequent pulses for
approximately *10 ms. The technical difficulty of this method is caused by strong
shock loads and mechanical resonances appearing in the rocket structure at high
pulse energies q (200 kJ) (approximately 50 g in the trotyl equivalent). In the case
of short pulses (tr * 100–200 ns) in a LJE, *95% of laser pulse energy is
absorbed and *30% of the energy is transformed to shock waves. However, the
use of high-energy beams with low repetition rates and, hence, with a very high
peak power is limited by the optical breakdown in the beam path and on the
reflector surface.

We proposed a method to overcome these difficulties, which is based on the use
of short laser pulses with a high repetition rate [9, 12] and the resonance merging of
shock waves generated by an optical pulsed discharge (OPD) [1–4]. In addition, we
showed that the specific thrust can be increased by several times by transforming
the radial component of the shock wave to the longitudinal component.
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6.2 Parameters of a Spark in the LJE

Laser radiation was focused with a reflector, which can have the form of a hemi-
sphere or paraboloid. Figure 5.1a (Chap. 5) presents the typical dimensions of the
reflector, focusing region, one spark, and a cavern produced by the spark. The
distance Ff between the focal point and reflector should be small ðFf=Rd\0:2Þ,
which follows from the conditions to achieve a high value of recoil momentum
J (Rd is the dynamic radius). To avoid the optical breakdown on the reflector and
according to the radiation transport conditions, the beam diameter db on the
reflector should be large. If the radiation intensity exceeds the optical breakdown
threshold, a plasma front propagates towards the laser beam and the air is heated
and ionised due to the absorption of laser radiation. Because the radiation intensity
in a sharply focused beam rapidly decreases (geometrical factor), the detonation
regime of the plasma front propagation is disrupted a small distance from the focus.
Then, radiation is absorbed in the decaying plasma for some time. The limiting
length Zp of a laser spark in the photodetonation regime is

Zp
db
Ff

¼ 0:013
W
P0

� �1=2

1:93þ lnP0 þ ln
W
P0

� �1=2

ð6:3þ lnP0Þ3=4
" #( )3=4

:

ð6:1Þ

Here, db [cm] is the beam diameter on the lens, Ff [cm] is the focal distance,
W [MW] is the laser pulse power, and P0 [atm] is the air pressure. If radiation is
switched off at the instant tr before the quenching of the photodetonation regime,
the spark length for a given power is

Zp ¼ 0:67
Ff

db

� �2=5 W
P0

� �1=5

t3=5r : ð6:2Þ

By equating expressions (6.1) and (6.2), we find the instant of time at which the
photodetonation regime decays:

tr
db
Ff

¼ 0:014
W
P0

� �1=2

1:93þ lnP0 þ ln
W
P0

� �1=2

ð6:3þ lnP0Þ3=4
" #( )5=4

ð6:3Þ

where tr is measured in microseconds. The specific laser radiation energy absorbed
for the time tr is

q
P0

db
Ff

¼ 0:014
W
P0

� �3=2

1:93þ lnP0 þ ln
W
P0

� �1=2

ð6:3þ lnP0Þ3=4
" #( )5=4

:

ð6:4Þ

68 6 LJE Based on the Resonance Merging of SW



These dependences can be approximated in the following convenient to use
form:

For P0 ¼ 1 atm For P0 ¼ 0:1 atm
Zp ¼ 0:0336W0:57Ff=df ; Zp ¼ 0:0667W0:62Ff=df ;

ð6:5Þ

tp ¼ 0:0068W0:618Ff=df ; tp ¼ 0:01W0:7Ff=df ; ð6:6Þ

q ¼ 0:0068W1:62Ff=df ; q ¼ 0:01W1:7Ff=df : ð6:7Þ

Here, tp is the action time of the photodetonation regime and df is the threshold
diameter of the absorption region at which the photodetonation regime is quenched.

By using these expressions, we estimated the parameters of a laser spark
experimententally [7], where for the pulse energy q = 280 J and tr * 30 ms, we
have W � 10 MW. By substituting this value into (6.5)–(6.7), we obtain for P0 =
0.1 atm that Zp = 0.28 cm, tr = 0.05 ls, and q = 0.5 J and for P0 = 1 atm that Zp =
0.12 cm, tr = 0.028 ls, and q = 0.238 J. It follows from this data that for W � 10
MW the photodetonation regime cannot provide efficient absorption of laser pulses.
At low intensities, the regime of a subsonic radiation wave also does not exist. In
this case, the mechanism of a slow combustion wave, whose propagation velocity is
too small (a few tens of metres per second), also probably does not act. It is possible
that radiation was absorbed due to the successive action of optical breakdown in the
focus, a photodetonation wave, a subsonic radiation wave, and bremsstrahlung
absorption in the expanding plasma for *15 ls.

Let us find the optimal values of W and tr for the absorbed energy q. The
corresponding expressions are obtained from (6.5)–(6.7):

For P0 ¼ 1 atm For P0 ¼ 0:1 atm
W ¼ 21:7ðqdf =Ff Þ0:617; W ¼ 15ðqdf =Ff Þ0:588; ð6:8Þ

tr ¼ 0:0455ðqFf=dfÞ0:381; tr ¼ 0:0665q0:411ðFf=dfÞ0:588; ð6:9Þ

Zp ¼ 0:194q0:352ðFf=dfÞ0:648; Zp ¼ 0:357q0:365ðFf=dfÞ0:635: ð6:10Þ

The numerical values of these parameters for df=Ff ¼ 1 and different values of
P0 and q are presented in Table 6.1.

Table 6.1 The numerical values of basic parameters for df=Ff ¼ 1 and different values of P0 and q

q/J P0 = 0.1 atm P0 = 1 atm

W/MW Zp/cm tr/ls W/MW Zp/cm tr/ls

10
100
1000
280 [7]

58.1
225
873
411

0.83
1.97
4.52
2.86

0.17
0.439
1.13
0.665

90
372
1540
702

0.44
0.98
2.21
1.41

0.11
0.263
0.63
0.39
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Thus, of principal interest for LJE are pulses of duration *0.2 ls. The laser
pulse energy is limited by the condition of radiation transport without losses: q ¼
pD2

r qb=4 � 15� 40 kJ. It is assumed here, based on the condition of a weak
divergence of radiation at long paths from a radiation source to a reflector, that the
beam diameter is Dr = 100 cm [1] and qb � 2� 5 J cm−2 is the threshold energy
density (the laser wavelength is 10.6 lm) above which emission is observed in the
atmosphere and acoustic effects appear, which are caused by the heating of aerosols
[14]. The optical breakdown threshold in a gas on aerosols is 10–50 J cm−2

depending on their concentration and size (in wide-aperture beams). Therefore, the
conditions of energy transport and absorption in sparks allow the use of repetitively
pulsed laser radiation with the average power of W � 20 MW, or more specifically,
short laser pulses with a high pulse repetition rate.

The maximum laser pulse energy is limited by the condition of obtaining a high
efficiency use of laser radiation for producing thrust. The momentum carried by a
shock wave in a free gas is nonzero only at small distances from the explosion
centre [14]. The specific momentum for a parabolic reflector is maximal (J1 *

550 N s J−1) at the distance R1, for which R1=Rd � 0:1, where Rd ¼ 2:15ðq=P0Þ1=3
is the dynamic radius (the dimensional units cm, J, and atm are used). As the ratio
R1=Rd increases from *0.1 to 0.33, the value of J1 decreases from *550 down to
200 N s J−1.

The possibility of using small values of R1=Rd in LJEs is limited by the for-
mation of long-lived plasma with the characteristic radius comparable to the
reflector size. At the late stages of the thermal expansion of a spark, a cavern is
formed with a low density ðq � q0Þ and a high temperature (*8000 K) of the
ionised gas. The movement of the contact boundary of a hot region ceases when
pressure in the cavern and surrounding gas are equalised. In the spherical spark
approximation, the cavern radius Rcav during the equalisation of pressures can be
obtained from the expressions

Rcav

Rd
¼ 0:49r0:290

ðq=P0Þ0:097
; ð6:11Þ

tcav
td

� 0:374: ð6:12Þ

Here, r0 [cm] is the initial radius of the spark, td ¼ Rd=C0 is the dynamic time,
and C0 is the speed of sound. By setting r0 � Zp=2, from (6.11) we obtain the
estimate for the cavern radius for the entire pressure range P0 = 0.1–1 atm:

Rcav=Rd � 0:25ðFf=dfÞ0:19 � 0:15� 0:25: ð6:13Þ

One can see from (6.13) that the ratio Rcav/Rd is independent of the gas energy
and pressure; its value being in the range of values of R1=Rd where the maximum
specific recoil momentum produced by the shock wave is achieved. For a
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hemispherical reflector, the maximum of the specific momentum J1 is achieved for
R1=Rd � 1, its value is, however, small (J1 < 250 N s J−1). In this case, the plasma
size is smaller than the reflector size.

Let us examine the cavern radius and its formation time for the laser energy
q = 105 J and pressures P0 = 1 and 0.05 atm. The average power of the laser is
W ¼ 2� 107 W and the pulse repetition rate is f = 100 Hz. We consider the start
stage of a spacecraft and the end of its acceleration stage in the LJE regime (for
higher parameters of the laser, the ablation regime begins). For P0 = 1 atm, we have
Rcav = 15–25 cm and tcav = 1.1 ms, and for P0 = 0.1 atm – Rcav = 32–54 cm and
tcav = 2.36 ms. If t > tcav, the laser plasma is cooled due to its turbulent mixing with
a cold surrounding gas. The characteristic time of this process is more than an order
of magnitude exceeds tcav from [15–17].

We considered here a spherical spark. However, real sparks in LJEs have a
conical shape with a large cone angle, which makes the situation even worse. Under
certain conditions at the late stage of spark expansion, a cumulative jet can be
formed [18, 19] in which a gas moves to the cone base (in our case, to the reflector).
The plasma shape is no longer simply connected and resembles a torus. Thus, in the
case of the maximum radiation pulse, the plasma contacts the reflector surface,
which can result in damage of the reflecting layer. To reduce the gas-replacement
time in the reflector, we proposed the use of an air jet. However, this does not solve
the problem of the negative action of a large plasma sphere on the environment.

6.3 Mechanism of the Resonance Merging of SW in a LJE

The resonant merging of individual shock waves into a low-frequency
quasi-stationary wave occurs generally as follows. Shock waves with an initial
velocity greater than the speed of sound C0 are produced successively in a con-
tinuous medium. The propagation velocity V0 of the pulsation region is lower than
C0. Shock waves merge to produce a quasi-stationary wave if the parameters of
pulsation and the medium satisfy certain criteria. Depending on the spatiotemporal
structure of pulsations, this merging is characterised by a number of properties,
principal of which is a long length of the high-pressure region. The wave-merging
mechanism imposes no restrictions on the type of a medium, pulsation source, and
its energy. Depending on the structure of pulsations, the quasi-stationary wave may
have different shapes.

We will show that the merging of the waves into a quasi- stationary wave solves
the above-considered problems of radiation screening and thermal action of the
laser plasma in a LJE. In addition, the quasi-stationary wave allows one to con-
siderably increase the efficiency of using laser radiation due to an increase in the
specific thrust (per unit power). Let us estimate the laser pulse energy and pulse
repetition rate required for solving this problem. We will consider two methods
based on the use of a spherical and ‘planar’ OPD. In both cases, a plane
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quasi-stationary wave is formed by using both the OPD and reflector geometry and
also by a proper coupling of the laser radiation energy.

Thus, the merging of shock waves into a quasi-stationary wave provides the
reduction of the laser pulse energy, thereby solving the problem of a large size Rcav

of the plasma, because for the pulse energy *1000 J and a high pulse repetition
rate, the transverse dimensions of plasma (caverns) of the OPD are small compared
to the reflector diameter; the plasma itself is drawn out from the reflector by a jet
injected to the central part of the reflector. In addition, the quasi-stationary wave
and the engine geometry used allow the introduction of the laser radiation energy
into a gas away from the reflector surface, which removes the problem of screening
and thermal action; also, the specific thrust (recalculated to the average radiation
power unit) increases.

6.4 Spherical OPD

In the general case a reflector has the shape a cylinder of length Lr, whose end is a
receiver of repetitively pulsed laser radiation focused on the cylinder axis. The
radiation intensity in the focus exceeds the optical breakdown threshold qb in the
atmospheric air. The value of qb depends on the size and concentration of aerosol
particles in the atmosphere and is 20–50 J cm−2 [13] for 1-ls pulses. A gas jet
injected through the reflector end has a high velocity and is used for discharging the
OPD plasma (the radius of caverns does not exceed the jet radius) and providing the
efficient conversion of laser radiation to shock waves. The jet can be formed with
the help of an air collector. The cylinder walls transform the spherical shock waves’
radial component of momentum into the longitudinal direction.

On the reflector, the input trains of laser pulses producing an OPD are incident.
The train repetition rate F depends on the gas-replacement time in the reflector. The
pulses in a train have a high (tens of kilohertz) repetition rate at which individual
shock waves merge to produce an extended region of elevated pressure—a
quasi-stationary wave. Such a wave in a free gas would have a spherical shape and
pressure in it would rapidly decrease as its leading edge moves away from the OPD.
In the limited space and for a certain relation between the reflector size and the OPD
power, constant pressure appears to act for a time that is no shorter than the laser
pulse train duration. The negative excess pressure on the receiving reflector and the
force produced by it, which decelerates a spacecraft, can appear only after switching
off radiation during the replacement of the heated gas by the atmospheric air. Unlike
the case of a spherical or cylindrical explosion, the negative momentum of the
unloading phase of a plane shock wave is small [14].

Let us estimate the parameters of a LJE of the required power for the acceler-
ation scheme of a spacecraft described above. We assume that the pulse energy q is
given. It is necessary to determine the optimal parameters of the reflector, jet, the
pulse repetition rate in trains, and the train repetition rate. We assume that the
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average laser radiation power required for placing light spacecrafts in orbit is
W � 10� 20 MW.

We will also take into account that, to avoid a decrease in the average power of a
gas-dynamic laser, laser radiation should be modulated at a frequency of no less
than 20 kHz. This imposes the restriction q < 103 J on the laser pulse energy. To
avoid optical breakdowns in the path and on the reflector, the characteristic radius
Rr of the reflector should be 30–50 cm.

Earlier [1–3], we found the conditions under which a pulsed source of shock
waves (for example, an OPD) produces the extended region of elevated pressure—a
quasi-stationary wave. The length of this wave considerably exceeds the length of
the compression phases of shock waves from which it is formed. The source of
waves can be immobile or can move at a subsonic speed. The OPD in a LJE is
immobile and burns in the focus of laser radiation. In the absence of walls, such a
discharge can produce a spherically symmetric quasi-stationary wave. Due to
reflection of the latter from the walls, the radial component of its momentum is
partially transformed to the longitudinal component. An excess pressure is estab-
lished over the entire volume of the cylinder. The geometry of the problem then
becomes approximately the case of a one-dimensional plane explosion at which the
recoil momentum is maximal. The reflecting part of the reflector, which also serves
as a receiver of the recoil momentum, is subjected to a force which weakly changes
during the action of the laser pulse train.

The OPD produces a quasi-stationary wave when the conditions of stable gen-
eration of shock waves and the merging of their train are fulfilled. In the general
case these conditions are

2:5M0 [ f 0 [ 5:88ð1�M0Þ1:5; ð6:14Þ

where M0 ¼ V0=C0 is the dimensionless velocity of the OPD propagation in a free
gas along some line and f 0 ¼ ftd is the dimensionless pulse repetition rate. The
left-hand side of (6.14), which restricts the region of stable generation of shock
waves, can be written in the form

fp ¼ VJ

2Rcav
¼ 2:5VJ

Rd

PJ

P0

� �1=3

: ð6:15Þ

Here, P0 is the air pressure in the reflector at the beginning of the action of the
laser pulse train and PJ and VJ are the static pressure and velocity of a gas in the jet
where the OPD is burning. If the laser pulse repetition rate is equal to the limiting
frequency fp of generation of shock waves or lower, the laser plasma is carried out
from the focal region during the period between pulses. Each spark is produced in a
fresh gas, and the OPD transforms *30% of the laser radiation energy to periodic
shock waves.

The OPD burns in the jet, and the shock waves generated by the OPD merge into
a quasi-stationary wave in the surrounding air, which can be considered immobile
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with respect to the OPD. Therefore, M0 = 0 in the right-hand side of (6.14), and the
condition of shock-wave merging can be written in the form

fq ¼ 5:88C0=Rd; ð6:16Þ

where fq is the OPD frequency at which the quasi-stationary wave is established.
Thus, the conditions for the efficient conversion of laser radiation to shock waves
and their merging to quasi-stationary waves can be written in the form

fq\f\fp: ð6:17Þ

Here, the laser pulse repetition rate is

f ¼ W=q: ð6:18Þ

Figure 6.1 shows the dependences (6.15), (6.16), and (6.18) for W ¼ 20 MW.
According to (6.17), the working range of the q and f values is limited by a part in
curve (6.18) between the intersection points with curves fp and fq. The values of fp
and fq depend on the laser pulse energy, gas pressure in the reflector and jet, and the
jet velocity VJ; note that the gas pressure and jet velocity can change during the
acceleration of a spacecraft. This ambiguity in the choice of radiation parameters
can be eliminated in the following way. Let us assume that the air pressure at the
start of the spacecraft is P0 ¼ P01. As the height and velocity of the flight increase,
the values of P0 and PJ decrease and P0 ¼ P02 at the end of the LJE action. We
assume for the convenience of precision that P0 = 1 atm and P02 = 0.1 atm.
Because fp * PJ and fq * P0, curves fp and fq in Fig. 6.1 are displaced downwards

Fig. 6.1 Conditions of the
merging of shock waves into
a quasi- stationary wave for
the average OPD power W ¼
20 MW, laser pulse repetition
rate f ¼ W=q ¼ 20 kHz and
gas pressure P0 = 0.1 atm
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with increasing height. We will consider the part of the curve f between its inter-
section points with the curve fq for P01 = 1 atm and curve fp for P02 = 0.1 atm as the
working range of q and f. In this case, the boundary values of q and f are

qmax ¼ 2:2� 108

P1=2
01

W
C0

� �3=2

¼ 35W
3=2

;

fmin ¼ 4:52� 10�3C3=2
0

P01

W

� �1=2

¼ 28:3� 103

W
1=2

;

ð6:19Þ

qmin ¼ 8� 108

P1=2
J2

W
VJ2

� �3=2

;

fmax ¼ 1:25� 10�3V3=2
J2

PJ2

W

� �1=2

:

ð6:20Þ

The average powerW in (6.19) and (6.20) is expressed in megawatts. Let us take
into account the restriction f � 20 kHz imposed on the minimal pulse repetition
rate in a gas-dynamic laser. By replacing fmax by f we find the gas jet velocity at the
final acceleration stage of the spacecraft to be:

VJ2 ¼ 86f 2=3
W
PJ2

� �1=3

; ð6:21Þ

the corresponding limiting frequency is

fp ¼ 100f 2=3
W
q

� �1=3

: ð6:22Þ

The pulse repetition rate and energy can have arbitrary values between their
minimum and maximum values. The jet velocity VJ can always be selected so that
the OPD plasma will be carried out from the focal region during the period between
pulses. However, as q increases, the diameter of the gas jet and plasma trace also
increases, resulting in the screening of radiation on the path to the reflector, making
it necessary for an unacceptably large diameter of the reflector. The velocity VJ

can be found from (6.21) by replacing PJ2 by PJ, which depends on the current
value of P0. By assuming that W ¼ 20 MW and f ¼ 2� 104 Hz, we obtain
VJ ¼ 1:73� 105 and 3:7� 105 cm s−1 for PJ = 1 and 0.1 atm, respectively. Here,
VJ is the jet velocity in the combustion zone of the OPD located at a distance
R1 �ð1� 2ÞRd from the nozzle that the jet is issued from. Therefore, the total
pressure in the jet should considerably exceed the pressure in the reflector. The
velocity VJ is related to the quasi-stationary pressure Pbr upon deceleration of the
gas flow by the expression
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VJ ¼ 2CJ

c� 1
Pbr

PJ

� �ðc�1Þ=c
�1

" #1=2

: ð6:23Þ

By assuming that Pbr * 2Pr * 4P0, PJ = P0, the speed of the jet is CJ �
3:4� 104 cms−1, and the adiabatic parameter is c ¼ 1:4, we obtain VJ ¼ 1:19�
105 cm s−1 (Pr is the gas pressure after the OPD is switched on). This value is lower
than that required for maintaining a stable generation of shock waves.

The jet radius should satisfy two opposing requirements: on the one hand, it
should be sufficiently large compared to Rcav to provide the removal of the OPD
plasma from the reflector, and on the other, the condition RJ � Rcav should be
fulfilled, because otherwise a great part of the energy of shock waves will be
removed by the supersonic jet and will not enter the surrounding gas. The latter
follows both from the geometric factor and the condition that the shock wave
should have an intensity allowing for its propagation through the jet-immobile gas
interface without losses. These conditions can be satisfied simultaneously when the
cavern and jet radii are related by the expression

RJ ¼ 0:3Rcav ¼ 0:05RdJ ¼ 0:11ðq=PJÞ1=3 ½cm�; ð6:24Þ

where RdJ is the dynamic radius of the jet.
In this case, optical breakdowns occur in the jet and the plasma being formed

expands outside of the jet. In the case of a high longitudinal component of the
velocity, the plasma located outside the region of radius RJ also will be carried away
from the reflector. Upon acceleration of the spacecraft, pressures P0 and PJ

decrease. In the pressure range PJ = 1–0.1 atm for a fixed value of q, the value of RJ

should increase approximately twofold. Otherwise the high-velocity jet will remove
not only the OPD plasma but also the shock waves generated by it. To avoid this,
either the parameters of the jet and radiation should be changed according to (6.24)
or all of the parameters should be fixed by maintaining PJ at the level of 1 atm
(by using an appropriate air collector).

In experiments [11, 20], the OPD burned in a jet flowing out into immobile air.
The radii of caverns and the plasma jet were *2 mm, while the gas jet radius was
varied from 1.5 to 3 mm. In these experiments, which were performed at velocities
VJ < 500 m s−1, no effect of RJ on the generation of shock waves was observed.
Note, however, that sparks had the shape of a cone with the length exceeding the
diameter of its base by approximately a factor of five.

The jet structure strongly changes under the action of the OPD. Two limiting
cases can be considered. If f � fp, traces consist of the isolated regions of the
decaying laser plasma. For f � fp, the OPD forms a continuous plasma jet with the
limiting velocity (with respect to the reflector) Vp � VJ þCp [21–23]. For a high
energy density absorbed in a spark, the sound speed in the plasma is Cp �
ð2� 3Þ � 105 cm s−1. Also note that away from the OPD (at a distance of *2 m),
the jet radius can increase up to *2Rcav. This is caused by its slowing down and
turbulent cooling after the end of adiabatic expansion (for t > tq). At this stage, the
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gas temperature decreases from *8000 К to ambient temperatures and the density
is restored.

Based on the transverse size of the jet, radiation power losses in the laser plasma
can be determined:

dW ¼ R2
cav

R2
r
¼ 0:04R2

dJ

R2
r

¼ 0:185ðq=PJÞ2=3
R2
r

: ð6:25Þ

Let us find the reflector radius, by assuming that some level of losses, for
example, dW is the limiting admissible level:

Rr ¼ 0:2RdJ

dW1=2
¼ 0:43ðq=PJ2Þ1=3

dW1=2
: ð6:26Þ

For dW � 0:03, PJ = 0.1 atm, and q = 1000 J, the reflector radius is Rr = 53 cm.
It is obvious that for PJ * 1 atm, Rr will be approximately half this value; however,
its value should be the same as at the end of the acceleration stage of the spacecraft.
Note that the value Rr * 50 cm also satisfies the conditions of radiation transport.

Let us determine the accelerating force produced by the OPD on the reflector
shown in Fig. 6.l. The principal difference of our approach from other known LJE
schemes with low optical breakdown repetition rates is that the OPD produces a
quasi-stationary wave occupying the entire volume of a cylinder. Thus, we are
dealing with a planar geometry of the problem in which the specific recoil
momentum is maximal, whereas the negative excess pressure is minimal. The
excess pressure dP ¼ P� P0 on the cylinder end, the force Fa acting on the end,
and the specific thrust Fa=W are

dP ¼ P0ðRd=RspÞ1:64 ½atm�; ð6:27Þ

Fa ¼ pR2
r dP; ð6:28Þ

Fa=W ¼ pR2
r dP=ðqWÞ; ð6:29Þ

where Rsp is the distance between the OPD and cylinder walls, which is approxi-
mately equal to the focal distance of the reflector. Let us assume that Rsp = arRr,
where ar = 0.5–1. Note that the ratio of the reflector radius to the dynamic radius for
P0 = P01 = 1 atm is close to unity:

R1

Rd1
¼ 0:2

dW1=2

P01

PJ2

� �1=3

: ð6:30Þ

For P0 = P01 = 1 atm, we obtain the ratios Rr/Rd1 = 1.15 and 2.47 for two
different pressures of the jet PJ2 = 1 and 0.1 atm. This means that if R1 � Rr, the
pressure on the reflector end can be considered uniformly distributed and described
by expression (6.27). This is all the more true because a shock weave reflected from
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the cylinder side will act on the periphery of the reflector. The excess pressure is
constant or grows during the pulse train:

dP ¼ 14P0:45
0 P0:55

J2
ðdWÞ0:82
a1:64

½atm�: ð6:31Þ

The force acting on the reflector is

Fa ½N� ¼ 10pR2
rP0

Rd

aRr

� �1:64

¼ 10pR0:36
r P0

Rd

a

� �1:64

: ð6:32Þ

The specific force (per 1 MW of the average power) is

J ½NMW�1� ¼ Fa

W
¼ 192� 106P0:45

0

a1:64fq1=3
: ð6:33Þ

In the simplest LJE scheme, a spacecraft is accelerated under the action of laser
pulse trains following with the repetition rate F. The repetition rate of laser pulses in
trains is f � F. Each laser pulse train produces the OPD, which in turn generates a
train of shock waves merging into a quasi-stationary wave. The air in the reflector
heats up considerably within a time st and its density decreases. As a result, further
input of laser radiation can be inefficient. After switching off radiation, the gas in
the reflector is replaced by cold atmospheric air. The duration of this process is
sp � apLr=C0. Here, ap � 1� 2 is a coefficient depending on the geometry of the
reflector and spacecraft and the velocity of the latter. The minimal duration st, of the
train is equal to the time for a shock wave produced by the first spark of the train to
propagate along the distance from the OPD to the reflector and back:

st ¼ 2R1

C0
¼ 2Rr

C0
¼ 0:86

C0d
1=2

q
PJ2

� �1=3

¼ 4:63� 10�4q1=3: ð6:34Þ

Hereafter, it is assumed in final expressions that the admissible screening level of
radiation is d ¼ 0:03, the pressure in the jet at the end of the shock-wave ampli-
fication regime is PJ2 = 0.1 atm, and ap = l. The ratio of characteristic times
sp=st ¼ 0:5apLp=R1 achieves the minimal value 0.5ap when the OPD burns on the
open end of the cylinder. The average value of the accelerating force is

Fa ¼ Fa
1

1þ sp=st
¼ 2

3
Fa: ð6:35Þ

The train repetition rate F, their energy qt, and average power W are

F ¼ 3:95� 104d1=2

1þ 0:5ap

PJ2

q

� �1=3

� 2090
q1=3

; ð6:36Þ
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qt ¼ Wst ¼ 0:86W

C0d
1=2

q
PJ2

� �1=3

¼ 4:63� 10�4Wq1=3; ð6:37Þ

W ¼ qtF ¼ W
1þ sp=st

¼ W
1þ 0:5ap

¼ 2
3
W : ð6:38Þ

Note that these relations were obtained for the lower bound of the minimal
duration of the train. The results of preliminary calculations show this value can be
increased by several times due to the properties of the quasi-stationary wave and
geometry of the reflector–receiver of the recoil momentum.

6.5 LJE Parameters in the Monoreflector Scheme

Let us determine the LJE parameters by using the model considered above. We
assume that the average power of laser pulse trains is 20 MW, the air pressure at the
start of a spacecraft is P0 = P01 = 1 atm, and P0 = P02 = 1 atm at the end of the LJE
operation. In addition, we assume that the static pressure in the jet is equal to the
surrounding air pressure (PJ = P0).

The obvious advantages of the scheme considered above compared to traditional
methods are a higher efficiency of utilising laser radiation and the absence of
laser-plasma contact with the optical surface of the reflector and the absence of laser
radiation screening. In addition, this scheme is technologically simple. For W � 20
MW, the following laser parameters are optimal: the pulse energy q = 1 kJ, the
pulse repetition rate f = 20 kHz, the duration of laser pulse trains st ¼ 5 ms, and the
train repetition rate F = 200 Hz. However, gas-dynamic lasers can efficiently
generate pulses with a pulse repetition rate of f > 50 kHz [9]. In this case, the
velocity of a gas jet injected to the reflector proves to be too high for technical
realisation in model experiments on a test stand.

6.6 Array Reflector

An array reflector is shown schematically in Fig. lb. All parameters (with
the subscript m) in the expressions presented below refer to one reflector of the
array; then, the number N of elements is summed ½Rcav=Rd � 0:25ðFf=dfÞ0:19 �
ð0:15� 0:25ÞRcavm ¼ Rcav=N1=3�:

fpm ¼ VJm

2Rcavm
¼ 2:5VJm

Rdm

PJm

P0

� �1=3

¼ fpN1=3; ð6:39Þ
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fqm ¼ 5:88C0=Rdm ¼ fqN
1=3; ð6:40Þ

fq\f\fp: ð6:41Þ

Here, the laser pulse repetition rate is

fm ¼ Wm=qm ¼ f ; ð6:42Þ

qmaxm ¼ 2:2� 108

P1=2
01

Wm

C0

� �3=2

¼ qmax

N3=2
;

qminm ¼ 8� 108

P1=2
J2m

Wm

VJ2m

� �3=2

¼ qmin

N3=2
;

ð6:43Þ

fwmaxm ¼ 1:25� 10�3V3=2
J2m

PJ2m

Wm

� �1=2

¼ N1=2fwmax: ð6:44Þ

In these expressions and below, the average power is given in megawatts. Let us
take into account the restriction f � 20 kHz on the minimal pulse repetition rate in a
gas-dynamic laser. By equating this value of f to fw max, we find the velocity of the
gas jet at the final acceleration stage of the spacecraft:

VJ2m ¼ 85f 2=3
Wm

PJ2m

� �1=3

¼ VJ2

N1=3
: ð6:45Þ

By substituting VJ2 into (6.39), we obtain

fpm ¼ 100f 2=3
Wm

qm

� �1=3

¼ fp: ð6:46Þ

Here, f is the fixed value of the laser pulse repetition rate and q is the argument of
the function fp shown in Fig. 6.1. The jet velocity is

VJ ¼ 2CJ

c� 1
Pbrm

PJm

� �ðc�1Þ=c
�1

" #1=2

; ð6:47Þ

RJm ¼ 0:3Rcavm ¼ 0:05RdJm ¼ 0:11ðqm=PJmÞ1=3 ½cm� ¼ RJ=N
1=3: ð6:48Þ

The losses of the average radiation power in the laser plasma in the mth element
of the reflector are
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dm ¼ R2
cavm

R2
rm

¼ 0:04R2
dJm

R2
rm

¼ 0:185ðqm=PJmÞ2=3
R2
rm

: ð6:49Þ

Let us determine the reflector radius assuming that the level of losses dW ¼ 0:03
is the limiting admissible level:

Rrm ¼ 0:2RdJm

d1=2m

¼ 0:43ðqm=PJ2mÞ1=3
d1=2m

¼ Rr

N1=3
; ð6:50Þ

where dm are radiation losses in the laser plasma per element of the array reflector.
For a square array reflector, half of the square side is

RM ¼ RrmN
1=2 ¼ RrN

1=6:

The excess pressure producing the accelerating thrust is

dP ¼ P0ðRd=R1Þ1:64 ½atm�; ð6:51Þ

Fa ¼ pR2
r dP;

Fa

W
¼ pR2

r dP
W

;
ð6:52Þ

Rrm

Rd1m
¼ 0:2

d1=2
P01m

PJ2m

� �1=3

¼ Rr

Rd1
; ð6:53Þ

dPm ¼ 14P0:45
0m P0:55

J2m
d0:82

a1:64
½atm�; ð6:54Þ

where a ¼ ðRd=Rd1Þ1:64:
Let us determine the average values of parameters for periodic laser pulse trains

(with the subscript t). The train duration is

stm ¼ 2R1m

C0
¼ 2Rrm

C0
¼ 0:86

C0d
1=2
m

qm
PJ2m

� �1=3

¼ 4:63� 10�4q1=3m ¼ st
N1=3

: ð6:55Þ

The average force acting on an element of the array reflector in periodic trains is

Fam ¼ Fam
1

1þ spm=stm
¼ 2

3
Fam ¼ 2

3
Fa

N2=3
: ð6:56Þ
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The force acting on the entire array reflector is

FaM ¼ NFam ¼ 2
3
FaN1=3 ¼ FaN1=3:

The train repetition rate is

Fm ¼ FM ¼ 3:95� 104d1=2m

1þ 0:5apm

PJ2m

qm

� �1=3

� 2090

q1=3m

¼ N1=3F: ð6:57Þ

The pulse train energy per element of the array reflector is

Qtm ¼ Wmstm ¼ 0:86Wm

C0d
1=2
m

qm
PJ2m

� �1=3

¼ 4:63� 10�4Wmq
1=3
m ¼ Q

N4=3
; ð6:58Þ

where Q is the train energy for a monoreflector.
The train energy in the array reflector consisting of N elements is

QtM ¼ NWmstm ¼ Q
N1=3

:

The average radiation power of periodic trains for the array reflector is

W tM ¼ QtMFM ¼ W t ¼ 2
3
W : ð6:59Þ

The specific force acting on the array reflector is

JM ½N MW�1� 	 FaM

W tM
¼ JN1=3: ð6:60Þ

6.7 LJE Based on the Resonance Merging of SW

6.7.1 Mechanism and Scheme of Acceleration

Laser pulses with a high repetition rate produce an OPD. Shock waves generated by
the OPD merge to produce a high-pressure region, a quasi-stationary wave, thereby
creating a permanent accelerating force. An air jet injected to the reflector provides
the stable generation of shock waves and removal of the laser plasma from the
reflector. An array reflector allows one to use high-powered laser pulses with a high
repetition rate. Short 100–200-ns laser pulses are efficiently absorbed when radia-
tion is sharply focused upon the reflector. The cylindrical walls of a receiver of a
mechanical momentum convert a part of the radial component of the

82 6 LJE Based on the Resonance Merging of SW



quasi-stationary wave’s momentum to the longitudinal component acting on the
reflector. This makes it possible to considerably increase pressure and, therefore,
the efficiency of utilising laser radiation.

6.7.2 Advantages of the Method

(i) The specific thrust is J = 1000–2500 N MW−1, which is several times higher
than the level achieved earlier (200–500 N MW−1).

(ii) The method eliminates the problems inherent in traditional methods (see
Sect. 6.3) such as radiation screening by the laser plasma (in the case of
low-energy laser pulses, the transverse size of the laser plasma is small),
thermal action of the laser plasma on the reflector (the OPD is removed from
the reflector surface), and shock loads (a constantly acting force is produced).

6.7.3 The LJE Parameters (Initial Data)

(i) The average power of repetitively pulsed laser radiation is W ¼ 20 MW and
the radius of the radiation receiver (reflector) is Rr * 50 cm.

(ii) Radiation receivers consist of N = 1–10 elements, each of them containing a
reflector (served also as receiver of the mechanical momentum) and having
cylindrical walls.

(iii) A gas-dynamic CO2 laser emitting 10.6-lm pulses at a pulse repetition rate
of 50–100 kHz is used. The lasing efficiency decreases at lower pulse rep-
etition rates.

(iv) The air pressure at the start of the spacecraft is P0 = 1 atm and at the end of
the LJE operation—0.1 atm (at height *30 km).

6.7.3.1 Monoreflector

The reflector radius is selected for conditions of low radiation losses in the laser
plasma ðd ¼ 0:03Þ. The excess pressure is

dP ¼ 14P0:45
0 P0:55

J2
d0:82

a1:64r
¼ 0:68P0:45

0 ½atm�; ð6:61Þ

where PJ2 = 0.1 atm is a pressure in the jet at the end of the LJE regime;
ar = R1/Rr = 0.5; and R1 is the distance from the OPD to the reflector. The force
acting on the reflector is
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Fa ½N� ¼ 10pR2
r dP ¼ 201q0:67P0:45

0

a1:64r
¼ 62q0:67P0:45

0 : ð6:62Þ

The rate and radius of the gas jet are

VJ ½ms�1� ¼ 0:86f 2=3
W ½MW�

PJ

� �1=3

; ð6:63Þ

RJ ¼ 0:11ðq=PJÞ1=3 ½cm�: ð6:64Þ

We determine from (6.61)—(6.64) the LJE parameters for the pulse repetition rates
f ¼ 2� 104 and 105 Hz. Parameters at the start of the spacecraft (P0 = 1 atm) are
denoted by the subscript 1 and by 2 at the end of the LJE operation (P0 = 0.1 atm).

Laser pulse repetition rate is f = 2 � 104 Hz.
The pulse energy is q = 1000 J, the reflector radius is Rr = 50 cm, and the

distance from the OPD to the reflector is R1 = 25 cm.
The forces acting on the reflector are Fa1 = 64 � 103 N and Fa2 = 23 � 103 N.
The specific forces (per 1 MW of average power) are J1 = 2600 N MW−1 and J2

= 930 N MW−1.
The gas jet velocities are VJ1 = 1725 m s−1 and FJ2 = 3716 m s−1.
The jet radii are RJ1 = 1 cm and RJ2 = 2.4 cm.
Laser pulse repetition rate is f = 105 Hz.
The pulse energy is q = 200 J, the reflector radius is Rr = 31 cm, and the distance

from the OPD to the reflector is R1 = 15 cm.
The forces acting on the reflector are (Fa ¼ 21:8P0:45

0 [N]) Pal = 21.8 � 103 N
and Pa2 = 7.73 � 103 N.

The specific forces (per 1 MW of average power) are (J ¼ 906P0:45
0 ) J1 =

906 N MW−1 and J2 = 317 N MW−1.
By decreasing the distance R1 down to 9.5 cm (ar = 0.3), we can increase the

force and the specific force. In this case, the parameters Fa and J increase by a factor
of 2.3: Fa1 = 50.1 � 103 N, Fa2 = 17.78 � 103 N, J1 = 2084 N MW−1 and J2 =
729 N MW−1.

The gas jet velocities are VJ1 = 5048 m s−1 and VJ2 = 10,880 m s−1.
The jet radii are RJ1 = 0.64 cm and RJ2 = 1.4 cm.
The production of such a jet in the LJE is complicated by the fact that even for

the pulse repetition rate f = 50 kHz, the jet velocity is too high: VJ1 = 3175 ms−1

and VJ2 = 6840 ms−1.
Thus, an LJE with a monoreflector has good parameters and can be realised

using a laser pulse repetition rate of *20 kHz. At higher pulse repetition rates, the
LJE stabilisation is complicated by the necessity of using high-velocity (*5 km
s−1) gas jets. Another disadvantage of the monoreflector is that controlling flight
with the laser engine is complicated.
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6.7.3.2 Array Reflector

The problems of the development of the LJE based on the merging of shock waves
generated by laser pulses with a high (*100 kHz) repetition rate and of the control
of the flight trajectory with the help of the LJE can be solved by using an array
reflector consisting of N monoreflectors. The array is irradiated by laser pulses with
the energy q and average power W . We assume that the radii Rrm of the elements of
the array reflector are the same and the elements are irradiated by laser pulses with
the same parameters qm = q/N and Wm ¼ W=N Wm = W/N. The array reflector
produces an array of OPDs, which are stabilised by a jet with the velocity VJm and
do not interact with each other.

The parameters with subscripts m and M in the expressions presented below
correspond to the element and array, respectively; if these subscripts are absent, the
notation refers to the monoreflector for the energy q and average power W . The
number of elements should provide the solution of the problem of a high-velocity
jet. We assume that N = 8 (there is no point in using a greater value of N). The
numerical values presented after expressions (6.65)–(6.70) were obtained for W ¼
20 MW (Wm = 2.5 MW), f = 105 Hz, q = 200 J (qm = 40 J), and arm = 0.3. As
before, parameters at the start of the spacecraft (P0 = 1 atm) are denoted by the
subscript 1 and by the subscript 2 at the end of the LJE operation (P0 = 0.1 atm).

The radius of the cylinder of an elementary reflector is

Rrm ¼ 0:2RdJm

d1=2m

¼ 0:43ðqm=PJ2mÞ1=3
d1=2m

¼ Rr

N1=3
¼ 15:5 cm; ð6:65Þ

and the distance from the reflector to focus is *5 cm.
The characteristic size of the array reflector is *90 cm. The excess pressure is

dPm ¼ 14P0:45
0m P0:55

J2m
d0:82

a1:64m
¼ 1:56P0:45

0 ½atm�; ð6:66Þ

therefore, dPm1 ¼ 1:56 atm and dPm2 ¼ 0:55 atm.
An element of the array reflector is subjected to the average force

Fam ½N� ¼ 81:4q0:67m P0:45
0m

a1:64m P0:12
J2md

0:18
m

¼ Fa

N0:67 ¼
Fa

4
; ð6:67Þ

which gives Fam1 = 12.5 � 103 N and Fam2 = 4.45 � 103 N.
The array reflector is subjected to the average force

FaM ¼ NFam ¼ N1=3Fa; ð6:68Þ

therefore, FaM1 = 100 � 103 N and FaM2 = 35.6 � 103 N.
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An element of the array reflector is subjected to the specific force (per 1 MW of
average power)

Jm½N MW�1� ¼ Fam

Wm
;

81:4� 106P0:45
0m

a1:64m fq1=3m P0:12
J2md

0:18
m

¼ 170� 106P0:45
0m

a1:64fq1=3m

¼ N1=3J; ð6:69Þ

which gives Jm1 = 4170 N MW−1 and Jm2 = 1460 N MW−1.
The specific force for the array reflector is the same as for one element:

JM ¼ FaM=W ¼ N1=3J:

The jet velocities in the reflectors are

VJ2m ¼ 86f 2=3
Wm

PJ2m

� �1=3

¼ VJ2

N1=3
; ð6:70Þ

and VJ1 = 2520 m s−1 and VJ2 = 5440 m s−1.
Note in the conclusion of this section that

(i) the flight can be controlled by varying the thrust of a laser engine in the
corresponding elements of the array reflector; and

(ii) the increase in the number of reflector elements is accompanied by the
increase in the aerodynamic resistance in air collectors.

6.8 Conclusions

In this chapter, we called attention to a ‘renaissance’ in the field of laser jet
propulsion supported in many countries. We confirmed that Russia still occupies a
leading place in the development of laser systems and control of the laser radiation
parameters, as well as in the investigation of new mechanisms of the LJE
propulsion. The high efficiency of gas-dynamic lasers with a variable temporal
structure of radiation for launching various nano- and microsatellites into space and
maintaining them in orbit is discussed.

Taking into account the advances of Russia in the development of high-power
gas-dynamic lasers as the main element of the efficient LJE for launching small
satellites, we proposed the “Impulsar” project, which is the logical continuation and
development of pioneering papers of Prokhorov and Bunkin [24], for realisation in
our country and development of international collaboration in space with the aim to
create the next generation of communication systems, long range wireless energy
transfer lines, and so on.
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Chapter 7
LJE: The Action of SW at Low Laser
Pulse Repetition Rates

7.1 Introduction

A laser jet engine (LJE) uses repetitively pulsed laser radiation and the atmospheric
air as a working substance [1–4]. In the tail part of a rocket a reflector focusing
radiation is located. The propulsion is produced due to the action of the periodic
shock waves produced by laser sparks on the reflector. The laser air-jet engine is
attractive due to its simplicity and high efficiency. It was pointed out in papers [3, 4]
that the LJE can find applications for launching space crafts if *100-kJ repetitively
pulsed lasers with pulse repetition rates of hundreds hertz are developed and the
damage of the optical reflector under the action of shock waves and laser plasma is
eliminated. These problems can be solved by using high pulse repletion rates
(f * 100 kHz), an optical pulsed discharge, and the merging of shock waves [5, 6].
The efficiency of the use of laser radiation in the case of short pulses at high pulse
repetition rates is considerably higher. It is shown in this paper that factors dam-
aging the reflector and a triggered device cannot be eliminated at low pulse repe-
tition rates and are of the resonance type.

7.2 LJE Parameters

Let us estimate the basic LJE parameters: the forces acting on a rocket in the cases
of pulsed and stationary acceleration, the wavelength of compression waves exci-
ted, in the rocket body by shock waves, the radius Rk of the plasma region (cavern)
formed upon the expansion of a laser spark. We use the expressions for shock-wave
parameters obtained by us. A laser spark was treated as a spherical region of radius
r0 in which the absorption of energy for the time *1 ls is accompanied by a
pressure jump of the order of tens and hundreds of atmospheres. This is valid for the
LJE in which the focal distance and diameter of a beam on the reflector are
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comparable and the spark length is small. The reflector is a hemisphere of radius Rr.
The frequency f is determined by the necessity of replacing hot air in the reflector
by atmospheric air.

Let us estimate the excess of the peak value Fm of the repetitively pulsed
propulsion over the stationary force Fs upon accelerating a rocket of mass M. It is
obvious that Fs = Ma, where the acceleration a ¼ ð10�20Þg0 � 100�200 m s−2.
The peak value of the repetitively pulsed propulsion is achieved when the
shock-wave front arrives on the reflector. The excess pressure in the shock wave
(with respect to the atmospheric pressure P0) produces the propulsion Fi(t) and
acceleration a of a rocket of mass M. The momentum increment produced by the
shock wave is

dpi ¼
Z1=f

0

FiðtÞ ffi Fata ðN sÞ; ð7:1Þ

Here, Fa is the average value of the propulsion for the time ta of the action of the
compression phase of the shock wave on the reflector, and Fm � 2Fa. By equating
dpi to the momentum increment dps ¼ Fs=f ¼ aM=f over the period under the
action of the stationary propulsion Fs, we find

D ¼ Fm=Fs ¼ 2=ðftaÞ:

The value of D, as shown below, depends on many parameters. The momentum
increment per period can be expressed in terms of the coupling coefficient J as
dpi ¼ JQ, where Q [J] is the laser radiation energy absorbed in a spark. The
condition dpi ¼ dps gives the relation

W ¼ aM=J ð7:2Þ

between the basic parameters of the problem (W = Qf is the absorbed
average power of repetitively pulsed radiation, and J � 0:0001�0:0012 N s J−1

[3, 4, 6].
The action time of the compression phase on the reflector is ta �Rc=V ,

where V � k1C0 is the shock-wave velocity in front of the wall (k1 * 1.2) and
C0 � 3:4� 104 cm s−1 is the sound speed in air. The length Rc of the shock-wave
compression phase can be found from the relation

Rc

Rd
¼ 0:26

h
Rd

� �0:32

: ð7:3Þ

Here, h is the distance from the spark centre to the reflector surface and

Rd � 2:15ðQ=P0Þ1=3 is the dynamic radius of the spark (distance at which the

90 7 LJE: The Action of SW at Low Laser Pulse Repetition Rates



pressure in the shock wave becomes close to the air pressure P0). In this expression,
Rd is measured in cm and P0 in atm. The cavern radius can be found from the
relation

Rk

Rd
¼ 0:6

r0
Rd

� �0:29

¼ 0:22�0:3 � 0:25: ð7:4Þ

Final expression (7.4) corresponds to the inequality r0=Rd\0:03�0:1, which is
typical for laser sparks (r0 is their initial radius). Let us find the range of P0 where
the two conditions are fulfilled simultaneously: the plasma is not in contact with the
reflector surface and the coupling coefficient J is close to its maximum [3, 4, 7].
This corresponds to the inequality Rk < h < Rd. By dividing both parts of this
inequality by Rd, we obtain Rk/Rd < h/Rd < 1, or 0.25 < h/Rd < 1. As the rocket
gains height, the air pressure and, hence, h/Rd decrease. If we assume that at the
start (P0 = 1 atm) the ratio h/Rd = 1, where h and Rd are chosen according to (7.2),
then the inequality 0.25 < h/Rd < 1 is fulfilled for P0 = 1–0.015 atm, which
restricts the flight altitude of the rocket by the value 30–40 km (h = const.).

The optimal distance h satisfies the relation h=Rd � 0:25bi, where bi � 4�5. By
substituting h/Rd into (7.3), we find the length of the shock-wave compression
phase and the time of its action on the reflector:

Rc

Rd
� 0:17b0:32i ; ð7:5Þ

ta ¼ 0:17b0:32i Rd

k1C0
¼ s1Q1=3

P1=3
0

¼ s1

P1=3
0

aM
Jf

� �1=3

; ð7:6Þ

where s1 ¼ 0:37b0:32i =ðk1C0Þ � 9 � 10�6b0:32i . From this, by using the relation D ¼
Fm=Fa ¼ 2=ðftaÞ we find

D ¼ 2P1=3
0

s1f 2=3W1=3
¼ 2P1=3

0 Q2=3J
s1aM

¼ 2
s1f 2=3

P0J
aM

� �1=3

: ð7:7Þ

Of the three parameters Q, W, and f, two parameters are independent. The third
parameter can be determined from expression (7.2). The conditions l/f * ta and
D � 1�2 correspond to the merging of shock waves [5].

The important parameters are the ratio of ta to the propagation time tz = L/Cm of
sound over the entire rocket length L (Cm is the sound speed in a metal) and the
ratio of tz to 1/f. For steel and aluminum, Cm = 5.1 and 5.2 km s−1, respectively. By
using (7.6), we obtain

U ¼ taCm

L
¼ s1Cm

LP1=3
0

Q1=3: ð7:8Þ
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Here, L is measured in cm and Cm in cm s−1. Expression (7.8) gives the energy

Q ¼ 35:4P0

b0:96i

U
C0

Cm

� �3

L3: ð7:9Þ

From the practical point of view, of the most interest is the case U � 1, when
the uniform load is produced over the entire length L. If U 	 1, the acceleration is
not stationary and the wavelength of the wave excited in the rocket body is much
smaller than L. If also Cm/f 	 L, then many compression waves fit the length L.
The case U � 1 corresponds to the resonance excitation of the waves. Obviously,
the case U
 1 is unacceptable from the point of view of the rocket strength.

By using the expressions obtained above, we estimate D, U, and Rk for labo-
ratory experiments and a small-mass rocket. We assume that bi = 4, J = 5 � 10−4

N s J−1, and si = 1.4 � 10−5. For the laboratory conditions, M � 0:1 kg, Rr � 5
cm, L = 10 cm, and a = 100 m s−2. The average value of the repetitively pulsed
propulsion FIP is equal to the stationary propulsion, FIP ¼ Fs ¼ 10 N; the average
power of repetitively pulsed radiation is W = FIP/J = 20 kW, and the pulse energy
is Qp = W/f. We estimate the frequency f and, hence, Qp � Q for the two limiting
cases.

At the start, P0 � 1 atm and the cavern radius Rk is considerably smaller than Rr.
Here, as in the unbounded space, the laser plasma is cooled due to turbulent thermal
mass transfer. For Qp < 20 J, the characteristic time of this process is 2–5 ms [8, 9],
which, corresponds to f = 500–200 Hz. If Rk* Rr (P0 < 0.1 atm), the hot gas at
temperature of a few thousands of degrees occupies the greater part of the reflector
volume. The frequency f is determined by the necessity of replacing gas over the
entire volume and is *0.5C0/Rr * 850 Hz [3, 4]. Let us assume for further esti-
mates that f = 200 Hz, which gives Qp = 100 J. We find from (7.7) and (7.8) that
D ¼ 74 and U = 3.5. This means that the maximum dynamic propulsion exceeds
by many times the propulsion corresponding to the stationary acceleration. The
action time of the shock wave is longer by a factor of 3.5 than the propagation time
of the shock wave over the model length. For P0 = 1 and 0.01 atm, the cavern
radius is Rk = 2.5 and 11.6 cm, respectively.

Let us make the estimate for a rocket by assuming that M � 20 kg, Rr � 20 cm,
L = 200 cm, and a = 100 m s−2. The average repetitively pulsed propulsion is
FIP = FS = 2000 N, the average radiation power is W = 4 MW, for f = 200 Hz the
pulse energy is Qp = 20 kJ, D ¼ 12:6, U = 1, Rk = 14.7 and 68 cm (P0 = 1 and
0.01 atm), and Fm = 25.6 kN = 2560 kg. One can see that the repetitively pulsed
acceleration regime produces the dynamic loads on the rocket body which are an
order of magnitude greater than Fs. They have the resonance nature because the
condition U * 1 means that the compression wavelengths are comparable with the
rocket length. In addition, as the rocket length is increased up to 4 m and the pulse
repetition rate is increased up to 1 kHz, the oscillation eigenfrequency Cm/L of the
rocket body is close to/(resonance).
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7.3 Conclusions

Thus, our estimates have shown that at a low pulse repetition rate the thermal
contact of the plasma with the reflector and strong dynamic loads are inevitable.
The situation is aggravated by the excitation of resonance oscillations in the rocket
body. These difficulties can be eliminated by using the method based on the
merging of shock waves [4, 5]. Calculations and experiments [10] have confirmed
the possibility of producing the stationary propulsion by using laser radiation with
high pulse repetition rates. The method of scaling the output radiation power is
presented in [11].

References

1. A.R. Kantrowitz, Astronaut. Aeronaut. 10(5), 74 (1972)
2. A.N. Pirry, M. Monsler, R. Nebolsain, Raket. Tekh. Kosmonavt. 12, 112 (1974)
3. V.P. Ageev, A.I. Barchukov, F.V. Bunkin, V.I. Konov, A.M. Prokhorov, A.S. Silenok, N.I.

Chapliev, Kvantovaya Elektron. 4, 2501 (1977); Sov. J. Quantum Electron. 7, 1430 (1977)
4. F.V. Bunkin, A.M. Prokhorov, Usp. Fiz. Nauk 119, 425 (1976)
5. V.N. Tishchenko, V.V. Apollonov et al., Kvantovaya Elektron. 34, 941 (2004)
6. V.V. Apollonov, V.N. Tishchenko, Kvantovaya Elektron. 34, 1143 (2004)
7. V.P. Korobeinikov, Zadachi teorii tochechnogo vzryva (Problems of the theory of point

explosions) (Nauka, Moscow, 1985)
8. S.N. Kabanov, L.I. Maslova et al., Zh. Tekh. Fiz. 60, 37 (1990)
9. V.N. Tishchenko, V.M. Antonov, A.V. Melekhov, S.A. Nikitin, V.G. Posukh, P.K.

Tret’yakov, I.F. Shaikhislamov, Pis’ma. Zh. Eksp. Teor. Fiz. 22, 30 (1996)
10. G.N. Grachev, V.N. Tishchenko, V.V. Apollonov, A.I. Gulidov, A.L. Smirnov, A.V.

Sobolev, M.I. Zimin, Kvantovaya Elektron. 37, 669 (2007)
11. V.V. Apollonov, V.I. Kislov, A.G. Suzdal’tsev, Kvantovaya Elektron. 33, 753 (2003)

7.3 Conclusions 93



Chapter 8
Simulation of High Conductivity
Channels in Space

8.1 Introduction

At present, many laboratories still continue the search for an efficient laser-based
lightning protection system [1–3] and for producing a controlled high conductivity
channels in space [4–8], capable of conducting a short-circuit current [9] in a
natural or artificial 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 (*1 m) high-voltage (up to 390 kV) 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 (*16 m) of the laser-spark-controlled electric discharge at a
voltage of 3 mV were obtained in Russia and Japan [3] using a 0.5-kJ pulsed CO2

laser with spherical optics. Such control conductivity channels can be used in
energy transmission, overvoltage protection systems, transport of charged particle
beams, plasma antennas, etc. [8].

8.2 Lasers for Producing Sparks in the Atmosphere

It was shown in [10, 11] that a laser spark produced using conical optics demon-
strates much better characteristics from the point of view of formation of conduc-
tivity channels in the atmosphere. Currently, among the huge variety of different
lasers, only two types are being actively studied to be used in the formation of
laser-spark-controlled high conductivity channels in the atmosphere: submi-
crosecond pulsed gas and chemical lasers (CO2, DF) and femtosecond solid-state
lasers [4, 6, 12].
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The main advantage of femtosecond lasers is the ability of producing superlong
ionized channels (so-called filaments) with a characteristic diameter of about
100 µm in atmosphere along the laser beam propagation direction. With an esti-
mated electron density of 1016 cm−3 in these filaments and the laser wavelength in
the range of 0.5–1.0 µm, the plasma hardly absorbs the laser light. In this case, the
length of the track consisting of many filaments is determined by the laser intensity
and can reach many miles 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 radiation of a femtosecond solid-state laser was
implemented in [5, 6] only at a length of 3 m (with a voltage of 2 mV across the
discharge gap).

As was shown in [13, 14], to form a high-conductivity channel in the atmo-
sphere, which could commute an artificial or natural discharge (lightning), the gas
must be heated to a temperature from 6000 to 8000 K, when thermal ionization
begins. This condition is crucial, because the high initial electron density in the
atmosphere is a necessary but not sufficient condition for realizing high conduc-
tivity 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 sufficient for the breakdown. During gas heating thermal ionization becomes
the main mechanism of electron ‘production’ in the channel. Specifically this is the
main reason why the streamer mechanism cannot lead directly to an electric
breakdown in the presence of high electron density (filaments) 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 c. For small angles (c � 1°), it is simply expressed in terms
of the angle c at the axicon base and the refractive index N of the axicon material:
c = (N − 1)a. Each ring element of a conical wave front with a radius R and width
dR is focused into an axial element of length dz = dR/c and the entire focal segment
has the length L = R/tg c = R/c [11]. This length can be made significant. For
example, at R = 10 cm and c = 0.5°, it amounts to L * 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 the axicon is independent of the laser beam energy and power and is
determined by only the beam diameter. At R = 100 cm and c = 0.5°, it amounts to
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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 longitu-
dinal 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 20–100 µm 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.
The density of the plasma, depending on the parameters of the medium, the
wavelength k, and other experimental conditions, varies from 1017 to 3 cm−3, the
temperature reaches 30–40 eV, and specific conductivity is 10 (X m)−1. A few
microseconds later the channel expands to 10 mm. Accordingly, the temperature
drops to 1 eV and retains at this level for about 100 µs, followed by a relaxation of
the plasma [11].

Figure 8.1a 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
k = 1.06 µm at the breakdown onset (su � 50 ns, exposure time 5 ns, delay time
td = 0 ns) [11]. The channel structure is affected by the combination of such
parameters as the pulse width and the angle c. 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 lasers spark (CLS) in Fig. 8.1b was obtained by focusing CO2-laser
radiation in the atmosphere by a conical mirror with an opening angle c = 177.8°
[8]. One can see that a laser spark looks like a continuous cord, composed of bright
tapered elements. There 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 Fig. 8.1c
the longitudinal structure of the spark looks like a set of bright tapered elements,
which are in contact and equally spaced. Figure 8.1d 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 = 80 cm [8], an electric breakdown occurred at a laser energy of 140 J and
minimum average electric field strength Emin � 77 V/cm.

The up-to-date experiments aimed at implementing laser-spark-guided electric
discharges shows another fundamental difference in the case of femtosecond
solid-state and long-wavelength lasers. In the presence of a laser-plasma channel
composed of filaments, the breakdown voltage decreased by 30% [5]. The 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. After an
optimal time of *10–20 µs, the expansion of individual breakdown ‘zones’ leads
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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–
2900 K), and electron density in the range from 107 to 108 cm−3.

8.3 Use of a Pulse-Periodic Laser

Another approach to the formation of a conducting channel relies on the application
of a pulse-periodic 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. This 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. 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 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 difficulties. The light distribution in
the focal plane, yielded by a well correlated lens, is in essence due to the Fraunhofer

Fig. 8.1 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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diffraction. The specific features of the out-of-focus 3D monochromatic images of a
point source, obtained with a round hole, were considered for the first 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. 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 pulse-periodic laser with a shaped pulse energy and the second
telescope mirror moving according to a complex program. A practical implemen-
tation of this method with a pulse-periodic CO2 laser with an average power of
1 kW yielded a continuous plasma channel *1 m long [18].

8.4 Formation of a Current-Conducting Channel
According to the “Impulsar” Program

A completely different approach to the formation of a current-conducting channel
can be realized using laser firing according to the Impulsar program [19].
According to “Impulsar” program the motion of the vehikle under irradiation by a
high-frequency pulse-periodic laser with a pulse energy sufficient 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 con-
tinuous conducting channel will be formed. However, when the moving optical
system enters rarefied atmospheric layers, a problem of medium deficit arises. To
solve it, the displaced optical system must have an efficient source of an appro-
priate 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 con-
ducting aerosol copper particles upon laser heating. The presence of aerosol par-
ticles of heavy metals in the sublimated material makes it possible to increase the
specific impulse of the LRE thrust, simultaneously with increasing the channel
conductivity.
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To implement a long conducting channel, one must solve several problems:

(i) development of a high-frequency pulse-periodic CO2 laser with an average
power P * 100–150 kW and a peak power sufficient 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 specific 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 artificial electric circuits
at a minimally possible average strength of electric field.

To address the latter two problems, we conducted 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
maintenance at the optimal level by introducing additional high-frequency genera-
tors into a chain; they will be analyzed in the next stage of the Impulsar program.

8.5 Formation of an Electrical Breakdown in the Channel
Formed by an Exploding Thin Wire

The 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 (CuO, Cu2O) 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 efficient in terms of the price—quality criterion
when one must carry out many experiments aimed at modeling the optimal con-
ditions for high conductivity. There 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 fields.

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 field of arbitrary
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configuration is to determine the mechanism of gas heating, which provides thermal
ionization of the gas in the spark channel. The 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 to 1013 cm−3 is limiting for shock ionization. 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 ionization in a highly ionized plasma differs signifi-
cantly from the similar process in a weakly ionized plasma, where molecules are
ionized by the electrons gaining energy directly from the electric field. A field in a
highly ionized plasma supplies energy to all gas electrons. The latter are thermal-
ized as a result of collisions and obey Maxwell’s distribution. The gas is ionized 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
ionized equilibrium plasma than a weakly ionized nonequilibrium plasma, because
the former situation requires a much weaker field. For example [13], in an equi-
librium 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 E = 10 V cm−1. Under these conditions, T = 8000 K, the gas
density Na = 1018 cm−3, ne = 2 � 1015 cm−3, the degree of ionization x1 = ne/N =
2 � 10−3, and E/Na = 10−17 V cm2. In a nonequilibrium glow discharge column in
nitrogen, the strength of the discharge-supporting field is larger by an order of
magnitude: E = 200 V cm−1. Such a sharp difference is caused by the difference in
the nature of ionization processes. In the case of weakly ionized plasma, the field
must be sufficiently strong to accelerate electrons to an energy of 13–15 eV (ion-
ization threshold). At the same time, for highly ionized equilibrium plasma, the field
can be much weaker, because in this case it is sufficient 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–
155 cm long and had a diameter of 90 mm. Figure 8.2a 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 fiber, which transfers radiation from the
discharge channel to a high-speed pin-photodiode. The end face of the polished
quartz fiber 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 discharge gap was determined with the
aid of a screened voltage divider of mixed type (connected to the capacitor battery
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Fig. 8.2 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 fiber, (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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anode), which yields a measurement error of *1% at a width of the current-pulse
leading edge >1 µs [25]. Recording was performed using a Tektronix TDS 220
digital oscilloscope. The capacitor with a capacitance C = 2 µF was charged from a
voltage source to U0 = 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 µm in diameter (with allowance for the enamel shell, the wire
diameter was *110 µm). 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 µm in diameter with a
black surface (oxidized 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 stabilizes the spatial
arrangement of the balls in the channel, which are centers of ionization plasma
formations.

Figure 8.2b shows a photograph of electric breakdown in a channel formed
during explosion of a horizontally oriented wire (D90 µm, 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 pho-
tographs have an integral character; i.e., the exposure during photographing the
discharge was determined by the discharge duration. The 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
*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 inho-
mogeneities in the structure of channel luminescence, we took pictures in the
macroscopic regime, in which the digital camera objective was located rather close
(at 25–50 cm) to the wire. When taking pictures of the wire explosion products,
l 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 (D330–
20 µm) 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 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.
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 dis-
charge gap Ua = 7 kV provides the electric field strength in the channel Ec = Ua/
d � 67 V cm−1.

At the storage capacitance C = 2 µF, depending on the charging voltage and
wire length, wire explosion may occur without electric breakdown. Figure 8.2c
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
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structure is intermittent: it consists of individual isolated plasma zones of super-
heated drops of wire material [27–29]. At a charging voltage U0 = 10 kV 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. 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 additionally the channel, the
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 *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 mini-
mum 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. 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 8.3a shows a photograph of electric breakdown in a channel formed by a
vertically oriented wire (D90 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. The 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. The light arrived at the
photosensitive area of pin photodiode through a silica fiber *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 maximum
was *30 µs and hardly differed from the corresponding current pulse width during
electric breakdown (the light-pulse oscillogram in Fig. 8.3e shows only the arc
phase of the breakdown). The oscillogram of the discharge current (Fig. 8.3b, d)
indicates that it is close to zero during the current pause [30, 31], whose duration is
DT = 140 µs. The results of our studies showed that the current during the pause
amounted to 10–50 A (depending on the discharge-circuit parameters).

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 Ec in the channel at the instant when
the arc phase of the breakdown begins. The voltage oscillogram demonstrates that
the breakdown occurred at a voltage of *8.4 kV. Using the current and voltage
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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
Fig. 8.3b, which illustrates the case of the electric breakdown in a channel formed

Fig. 8.3 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

8.5 Formation of an Electrical Breakdown … 105



by wire explosion at C = 3.8 µF and inductance L = 2 µH, the wave resistance q =
(L/C)0.5 = 0.7 X. Judging by the volt–ampere characteristics of the discharge gap,
L � 143 cm in the case of the electric breakdown at Rp � 18 X, Rp > 2q and Rp >
1.4 X, which corresponds to the aperiodic shape of the discharge.

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 Cmax = 4.5 µF, a breakdown in a
channel formed by wire explosion occurred with a probability close to 100%.
Figure 8.3f 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. The duration of the current
pause was DT � 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. Thus, the
average minimum electric field strength in the channel formed by wire explosion, at
which breakdown can occur, is Emin � 52 V/cm. The suggestion about the possi-
bility 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 confirmed. This problem will be considered in detail elsewhere.

The 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 fiber. 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 first 16 µs
after the wire explosion, the visible light intensity is low (the wire explosion gives
rise to radiation with wavelengths in the range of k � 2.5–0.5 µm) [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 control-
lable and contains no branchings. The experiments revealed that the vertical ori-
entation 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. The 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 field of strength E0. To form a self-propagating plasma channel,
the external field must be displaced 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 = 3e0pR

2E0/e electrons in the field. Taking into account that the radius of this
formation should be no less than a–1 (a is the effective ionization coefficient), we can
estimate the lower limit of the number of electrons at which a streamer may arise [13]
as follows: Nmin � 3e0pE0/ea

2. As an example, we will consider air at atmospheric
pressure. At the breakdown field strength E0 = 31.4 kV/cm and effective ionization
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coefficient a = 12.4 cm−1, we have Nmin = 2 � 109. The smaller the plasma for-
mation radius, the more severe the limitation on the plasma density is. At the
minimally allowable value R * a−1 the electron concentration in air at atmospheric
pressure should be Nmin * 4 � 1011 cm−3. The plasma formation size R also must
be no smaller than the ionization length a−1, in a field with a strength equal to the
external field strength or even somewhat higher. In air at atmospheric pressure the
ionization length is a−1 * 0.8 mm. If the initial size of plasma formation in a
homogeneous field satisfies the aforementioned requirements, this formation should
generate ionization 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 ionized formation
[13], which must be fulfilled to ignite an electric breakdown, are implemented in the
channel of the discharge gap formed by wire explosion with the aforementioned
parameters. The characteristics of separate plasma formations (Rs * 0.5–4 mm,
average distances l * 3–5 mm, and temperature T * 3000–5000 °C) with clus-
ters 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 q * 0.1 kg/m3. 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 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 specific resistance per unit length
in the channel of leader positive retarded discharge is 11.8 W/cm, while the lon-
gitudinal gradient along the channel in the end of the leader phase is 55.5 V/cm.
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 discharge-gap voltage oscillograms. Our
results disprove the conclusion of [13].

To check the influence 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 specific energy contribution. The channel
formed by wire explosion with these parameters contains a fairly large number of
wire-material nanoparticles [22], whereas large particles (individual plasma for-
mations) are completely absent. In this case, the second requirement to the devel-
opment 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 L � 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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8.6 Formation of Electrical Discharges in a Plasma
Channel Produced by a Solid-State Laser

We also investigated the regime of electric breakdown in a plasma channel con-
taining 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, 36]. To form a plasma plume
on a target, we used a phosphate glass laser with a wavelength k = 1.054 µm,
operating in a modified lasing regime with a peak power of 100–500 kW.

Photographs of lasers operating in this regime are shown in Fig. 8.4a, b.
Solid-state lasers of this type are unique. Actually, they are laser hyperboloids
(concerning the way of extracting radiation from a totally reflecting flat 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
pulse-periodic 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 repe-
tition rate of 200 kHz (Fig. 8.4c). The radiation divergence at the laser output
a * 4 � 10−4 rad, was close to the diffraction one. The total energy per laser burst
reached *30 J (see the laser in Fig. 8.4a). 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 conductivity of this plasma has been studied little, while the dynamics of
changes in its properties is of great interest to search for the ways of forming
(according to the Impulsar program) superlong high conductivity channels in order
to transfer energy at large distances. The experiments were performed with a system
of electrodes, between which an electric discharge was ignited (Fig. 8.5). 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 duraluminum 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. The distance between the electrodes was L * 80 mm. The photo of
the plasma plume on the target made of graphite is shown in panel (b). The 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 filter, a neutral NS-9 filter, and an OLYMPUS C-5050
ZOOM digital camera, are shown in Fig. 8.6. In highly inhomogeneous fields,

108 8 Simulation of High Conductivity Channels in Space



Fig. 8.4 a, b General view of solid-state lasers and c–e oscillograms of (c) the laser radiation and
(d, e) separate laser pulses
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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. 8.6 the streamer directed to the anode

Fig. 8.5 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
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Fig. 8.6 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 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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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 lumi-
nescence) for the graphite target, could exceed 300 µs after the laser irradiation. In
Fig. 8.6c, the capacitance C = 2 µF. The current oscillogram indicates that the
damping oscillation period T = 8 µs; therefore, the discharge inductance is 0.8 µH.
The contour wave resistance q � 0.6 X. According to the current—voltage char-
acteristics of the L � 70 mm discharge gap for the graphite target, the discharge
gap resistance is Rp � 0.5 X, a value corresponding to an oscillatory discharge with
a high damping decrement. The 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.

The 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 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 Impulsar pro-
gram, we believe it necessary to study the dynamics of plasma conductivity and the
residual aerosol products after cooling the plasma.

8.7 Experimental Results

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.

(i) For the plasma channels obtained on graphite, ferrite, Permalloy, and car-
bonyl core targets using a phosphate glass laser, the gap specific resistance
was 10 X/m and the specific 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 specific resistance was
*5 X/m and the specific breakdown voltage was *50 V/cm.

(iii) For the plasma channel formed by a pulsed CO2 laser with a conical focusing
optics, the gap specific resistance was 100–400 X/cm and the specific
breakdown voltage was *80 V/cm.
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(iv) For the plasma channel obtained with the aid of a femtosecond pulsed laser,
the gap specific resistance was *0.1 MW/m and the specific breakdown
voltage was *7.5 kV/cm [4].

These estimates, based on the results of the electric-breakdown 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 con-
ducting channel is formed. The results of the studies show that the discharge plasma
has a high conductivity and can efficiently be used to form a high conductivity
channel in order to transfer energy over long distances.

8.8 Conclusions

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. The results of the model experiments showed that nanopar-
ticles in the plasma channel can merge into larger aggregates during the LRE
operation. The experiments on electric breakdown showed also that a high con-
ductivity channel with a diameter of *8 mm and a minimum specific resistance of
*5 X/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 electric field 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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Chapter 9
High Conductivity Channel Expansion
Rate Measurements

9.1 Introduction

When using a controlled electrical breakdown [1, 2] in a plasma channel that is
produced by an exploding wire [3–8] and is capable of passing a current in the
short-circuit mode, on should know the temperature and radius of the channel [9].
The notion of the radius of the channel refers to its part through which a main
fraction of the current passes at the main stage of the discharge [9]. Quantities such
as the expansion rate of the channel and its maximal diameter, which is observed in
a high-conductivity high-temperature area, are of importance for describing the
specific energy deposition and pressure at the front of a cylindrical shock wave that
propagates in the atmosphere. In [10, 11], a spark discharge channel in the atmo-
sphere was studied using the Tepler’s shadow method combined with mirror
scanning (rotating mirror method). For the spark channel, we took a highly (almost
completely) ionized conducting area. The radial expansion of this area may be
associated with the following processes:

(i) heat transfer, which leads to the expansion of the high-temperature (hence,
highly ionized) area;

(ii) diffusion of electrons and ions in the radial field of the spark;
(iii) photoionization.

A shock wave that propagates with a velocity of about 1 km/s results from a
pressure step of several tens of atmospheres [10]. This step cannot be attributed to
photoionization even within a heavily confined region, since photoionization cannot
raise the pressure by several tens of times [11]. Consequently, a process that causes
a sharp pressure step (explosive process) is expected to occur at the initial stage of
the discharge [10, 11]. For a spark discharge, an energy of 0.1–1.0 J per one
centimeter of the channel length is released within 5 � 10−7 s after breakdown.
This energy is comparable to that being released after the detonation of explosives.
Thus, the expansion of the channel is actually initiated by an explosive process. In a
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thin channel produced by breakdown, the temperature, and hence, pressure of the
gas rise. This generates a cylindrical shock wave that propagates with a velocity
much higher than sound velocity a0 (a0 = 340 m/s in the undisturbed atmosphere
at room temperature). Calculations show that, at the shock wave front and imme-
diately behind it, the temperature is about 10,000 K; this high temperature provides
the intense ionization of the channel [10]. As the shock wave propagates, the
temperature at its front declines and, as follows from data of optical investigations
by the Tepler’s method and similar methods, the SW front moves away from the
channel. The further expansion of the channel is due to the motion of the gas as a
whole and the continuous release of the current energy in the channel. The
expansion rate of the channel [10, 11] depends on the energy E(t) released in the
channel by time instant t and on gas parameters, namely, the density of the gas and
ratio c of its specific heats in calculating c. The ionization and dissociation pro-
cesses must be taken into consideration.

In [12], optical phenomena related to the expansion of the spark discharge
channel were studied. For a specific energy deposition of about 3 J/cm, the
boundaries of blue–violet (4700–3700 Å) and IR (7000–10,000 A) radiations
propagate at the same velocity, only within 0.4–0.5 ls after the beginning of the
discharge until the diameter of the channel becomes equal to 2.5 mm. The time
instant of the velocity of the short-wave radiation boundaries changes and sharply
coincides with the first maximum of the current in the discharge circuit. Comparing
the sweeps of the shock wave and IR radiation [12], one can see that the IR
radiation boundary coincides with the trailing edge of the shock wave. It follows
from the sweep pictures that the leading edge of IR radiation becomes sharp when it
is limited by the gas thickening in the shock wave. The shock wave has a steep
front; an area of roughly uniform density; and a smooth trailing edge, which is
sometimes called the sheath of the channel. It has been shown [12] that the for-
mation of the channel and its structure can be conceived as follows. For the time of
the current rise in the first quarter of the oscillation cycle, the energy release in the
spark continuously grows. The discharge plasma expands explosively with a su-
personic velocity. When the current reaches a maximum the energy deposition into
the channel drops. As a result, the plasma expansion slows down and an SW is
detached from the channel front. Between the plasma at the center of the discharge,
which emits cw radiation, and the SW, a layer of a hot neutral gas arises, which
emits IR radiation in the form of arcs.

In [13], reasons for the experimentally observed spark channel expansion are
considered. According to [14], the conductivity a of air plasma rises sharply with
temperature in the temperature range T = (0.4–1.2) � 104 K and achieves satura-
tion at ionization temperature Ti > 1.5 � 104 K [15]. Irrespective of the mechanism
responsible for primarily heating air to temperature Ti, its further heating is due to
the Joule energy of the discharge current, since the efficiency of the heating
mechanism sharply drops. The expansion rate of the channel is calculated based on
the mechanism of primarily heating the gas to temperature Ti, and the amount of the
Joule heat in the channel may influence the rate of this process. As stated in [13],
shock loading of the gas at maximal velocities of the shock front (bow wave),
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D = 2–5 km/s, is provided by low temperatures at the front: T = (2–7) �
103 K < Ti. Therefore, the boundary of the spark channel, which moves with the
above velocity, cannot be a shock front. In the model suggested in [13], the energy
spectral density of radiation reaches a maximum in the wavelength interval km ¼
62�50 nm for spark channel temperature T = 4–5 eV. Most of this radiation is
absorbed by cold air layers at the boundary of the channel. Intense light absorption
serves as a main mechanism of air heating in the subsequent development of the
spark, when the shock front is detached from the boundary of the channel. In this
case, the channel is at the shock wave tail, the gas density in it is small, and the
radiation becomes optically thin. In both cases, the width of the radiatively heated
area can be estimated from coefficient vvn1=lv of large quantum absorption. Energy
hv of large quanta equals ionization energy J of air molecules [16]. For
T = 1.2 � 104 K and N0 = 5 � 1018 cm−3 in the channel, the spectral mean free
path of heating quanta equals lv ¼ 1=vv ¼ 0:59� 10�2 cm [13]. This value of lv is
roughly two orders of magnitude greater than the spark channel radius. This allows
us to consider the channel boundary as a thin layer of light absorption and gas
ionization. Calculations show [13] that the electron heat conductivity may play a
considerable role in an area of high temperature gradients near the boundary. The
electron heat flux is absorbed at the boundary in a layer Dr; lv � 0:6� 10�2 cm
thick; that is, a thin layer at the boundary of the channel is jointly heated by
radiation and heat conduction. In the cases considered above, the hot zone shifts
toward new portions of the cold gas, which may be considered as the wave motion
of some thin heating and ionization front or as the motion of an ionization wave. In
[13], the rates of the ionization wave front at the early and advanced stages of spark
channel expansion were estimated from the energy balance at the front. At the early
stage, the expansion rate of the spark channel was found to be DR;e ¼ 1:14�2:77
km/s, while the contribution of electron heat conduction is negligibly small under
the given conditions. At later instants of time, e.g., at t = 5 ls, the propagation rate
of the ionization wave was Dv,e = 420 m/s. Now, electron heat conductivity plays a
significant role and makes a major contribution to the propagation Rte of the
ionization wave front.

In [17], experimental data in favor of the Lim theory were reported. The data
were obtained in terms of a model of an intense cylindrical shock wave.
A 30-mm-high cylindrical pentaerythritol tetranitrate (PETN) charge with outer and
inner radii of 30 and 4 mm, respectively, was exploded, and the SW velocity as a
function of the propagation time or the distance from the surface of the charge was
determined using an ionization probe and an oscilloscope. The reciprocal shock
wave velocity U−1 versus time t1/2 dependence for Mach numbers in the interval
7–14 was linear in agreement with Lin’s calculations. The deviation from linearity
for Mach numbers less than three, which was predicted by Lin, may be associated
with a finite size of the explosive charge. Similar experimental data that support the
Lin theory were also obtained by Bennett [18, 19], who applied the same model. As
an SW source, Bennett used the explosion of a 2-cm-long thin wire with a diameter
of 90–160 lm and a stored energy of 118 J.
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In this chapter, we use a simple technique that does not require optical detection
methods [10–12] to see how the expansion rate of the conductivity channel pro-
duced by the explosion of a thin copper wire depends on time for a maximal
possible specific energy (about 1 kJ/m). Unlike the result obtained in [17], the
U−1(t1/2), the dependence obtained in this work for a thin (90 lm in diameter)
exploding wire and Mach numbers less than three is linear.

9.2 Formation of Controlled Electrical Discharges
in a Channel Produced by the Explosion of a Wire

Here, as well as in experiments [1, 2] on the formation of a controlled high-
conductivity channels in atmosphere, we used a vertically placed enamel-coated
conductor made of PEV02 copper. Its length L, diameter, and capacitance C were
L = 133 cm, 90 lm, and C = 90 lF, respectively. Voltage U0 applied to the
conductor was equal to 8.6 kV. Figure 9.1 show the schematic of the experimental
setup; sensors used to measure the current with a Rogowski loop (RL) and the
voltage across the capacitor bank using a voltage divider (VD); and the end face of
a polished quartz fiber (QF), which transmits a radiation from the discharge channel
to a fast pin photodiode (PD) with a time resolution of about 1 ns. In contrast to the
setup described in [1, 2], our setup has a grounded ring electrode (RE), which is
placed symmetrically with respect to the exploding fine wire (EFW) near the anode
(15 cm distant from it). In a controlled breakdown initiated in the atmospheric
channel that is produced by the exploding wire (EW), the discharge current partly
closes on the ring electrode. Knowing that the inner diameter of the ring and time
interval Dt between the onset of breakdown and the instant the plasma channel is
completely closed (as judged from the current waveform), one can find the mean
expansion rate for a given radius of the ring. The photos of capturing rings made of
copper and duralumin with inner diameters of 19.0–36.5 mm are presented in
Fig. 9.1b. The shape of the current pulse was determined using a screened differ-
ential Rogowski loop with a time resolution of about 30 ns and constant of inte-
gration h ¼ LR=2R � 380 ls [20]. The shape of the voltage across the discharge
gap was determined using a screened voltage divider of a mixed type [21], which
was connected to the anode of the capacitor bank. This voltage divider gives a
measuring error of 1% for the width of the current pulse leading edge s/ � 1 ls [21]
(for details of the voltage divider functioning, see [2, 21]). The advantage of this
voltage divider is that it does not shunt a low-current source of discharge voltages.
As a detector, a Tektronix TDS 220 digital oscilloscope was applied. A capacitor
with capacitance C = 74.8 lF was charged from a discharge voltage source to
U0 = 8.6 kV.

The general operating principles of the charging voltage source upgraded by us
are described in [22]. The output voltage of the source can be gradually controlled
in the interval 2–12 kV. The maximal charging current is 5 mA. Unlike the voltage
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source circuit suggested in [22], our voltage source uses a K140UD8-chip-based
comparator, which is simple to tune and does not require add-on components. This
voltage source offers the following advantages;

(i) small weight and sizes in combination with a relatively high power,
(ii) automatic system for charging the capacitor bank to a desired voltage and its

maintenance accurate to 0.5%,
(iii) high efficiency and reliability,
(iv) capability of withstanding shorts at the output.

The charging voltage was measured using a C53 electrostatic voltmeter a
high-ohmic voltage divider accurate to 0.5%.

When an external triggering pulse is applied to a controlled discharger (IRT-3
ignitron), the capacitor is discharged through the copper exploding 90 lm, in
diameter. In this work, we studied electrical breakdown in an atmospheric channel
produced by the explosion of the 133-cm-long wire 90 lm in diameter. The initial
stored energy was about 2.8 kJ, and the specific electric field strength in the channel
was E � 59 V/cm. It was shown [6] that if breakdown is associated with the
explosion of a long wire, the discharge channel expands monotonically. Therefore,
it seems more appropriate to consider the mean expansion rate of the channel, rather

Fig. 9.1 a Electrical circuit to initiate breakdown in a channel produced by an exploding vertical
copper wire: (1, 2) brass electrodes; and (3) ebonite insulators. IRT-3, ignitron (switch); RL,
Rogowski loop; VD, voltage divider; TR, trigger; EFW, exploding fine wire; PD, photodiode; QF,
quartz fiber; A, anode; C, cathode; and RE capturing ring. b Photos of several capturing copper
rings with diameters from 19.0 to 36.5 mm and one duralumin ring 24.5 mm in diameter
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than the value of its radius at a given instant of time, in order to estimate the
discharge geometry. The expansion rate depends on specific energy W (energy per
unit discharge length) linearly [6]. In this work, this energy is determined with the
help of the grounded capturing ring electrode with an inner diameter of 19–40 mm.

The photos of the breakdown in the channel in the presence and absence of a
capturing ring 20 mm in diameter are shown in Fig. 9.2a, b, respectively. Photo-
graphing was carried out manually using an OLYMPUS C-5050ZOOM digital
camera through an FS-1 blue filter combined with an NS-9 neutral filter.
Photographing conditions are described in [1, 2]. In Fig. 9.2a it is shown that in the
presence of the capturing ring with an inner diameter of 20 mm, the Joule energy of
the discharge current heats the channel only until the channel touches the grounded

Fig. 9.2 Photos of an
electrical breakdown for
vertical position of
133-cm-long exploding wire
in a presence and b absence
of the capturing ring 20 mm
in diameter. A is anode; C is
cathode
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ring. Then, the current totally flows to ground, bypassing the discharge (ignitron).
The corresponding time interval Dt was recorded on the current oscillogram by the
Rogowski loop, which measures the current passing in the circuit through the
discharger. Knowing the radius of the channel and time interval Dt, one can find the
mean rate of the conductivity channel expansion for a given capturing ring. With a
large set of rings with different diameters at hand, one can derive (with a certain
accuracy) the time dependence of the channel instantaneous expansion. In our
experiment, we used seven rings with inner diameters from 19 to 40 mm.

The photographs presented in Fig. 9.3 show the breakdown of the channel in the
presence of rings (a) 24.5 and (b) 28.3 mm in diameter. The maximal (finite) size of

Fig. 9.3 Photos of electrical breakdown for the vertical position of the 133-cm-long exploding
wire in the presence of the capturing ring a 24.5, b 28.3, and c 32 mm in diameter. A is anode; C is
cathode
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the conductive channel grows with the ring diameter. This indicates that, after the
expanding channel touches the grounded ring, the energy no longer enters the
channel.

Figure 9.4a shows the (1) current and (2) voltage waveforms in the case of a
breakdown in the channel produced by a 133-cm-long exploding wire with a
diameter of 90 lm in the presence of a grounded ring with a diameter of 20 mm.
The (1) current and (2) voltage waveforms in the case of a breakdown in the
channel in the presence of grounded rings with diameters of 24.5 and 28.3 mm are
shown in Fig. 9.4b, c, respectively. Finally, Fig. 9.4d shows the (7) current and
(2) voltage waveforms for breakdown in the channel in the absence of the capturing
ring. When the diameter of the ring grows, so does time Dt it takes for the con-
ducting channel to touch the grounded ring. This is distinctly seen in the current
waveforms, in which the current sharply drops at the instant of contact. Knowing
time interval Dt and the diameter of the ring, one can find the mean rate of channel
expansion over time interval Dt.

Fig. 9.4 Controlled breakdown (1) current and (2) voltage waveforms for the vertical position of
the 133-cm-long exploding wire in the presence of the capturing ring a 20, b 24.5, c 28.3, and
d without the capturing ring. A is anode; C is cathode
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For example, in the experiment the data of which are depicted in Fig. 9.3c (the
specific energy deposition is 800 J/m), the means expansion rate of the channel is
roughly equal to 400 m/s. The diameter of the ring’s conducting area was 32 mm.

It has been found [6] that, in the case of extended (about 100 cm long) discharges,
there is a time interval within the first quasi-cycle of the discharge channel over
which the discharge radiates as an absolutely black body and a major energy con-
tribution to the discharge is made. Over this time interval, 64% of the energy stored
in the capacitor bank is deposited into the discharge. For specific breakdown field
strength Ec = 59 V/cm, a maximal breakdown channel diameter, and an energy
stored in the capacitor bank of 2.8 kJ, we estimated the maximal specific energy
deposition into the channel during breakdown. It was found to be about 1 kJ/m.

Figures 9.5a, b plot the experimental dependences of current expansion recip-
rocal rate U−1 on (a) t1/2 and (b) channel radius R, and Fig. 9.5c plots channel radius
#R versus t1/2. Unlike the results obtained in [17] for Mach numbers less than three,
this dependence is linear. This agrees with results following from the model of an
intense cylindrical shock wave [23] for a small transverse size of a shock wave
source (in our case, the exploding wire 90 lm in diameter). The linear extrapolation
of the experimental curves (dashed line in Fig. 9.5) toward higher expansion rates
ends in the origin. This means that the explosion of a fine wire simulates the

Fig. 9.5 Experimental dependences of the reciprocal channel expansion rate (U−1) on a t1/2 and
b channel radius R and c dependence of channel radius R on t1/2
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initiation of an ideal cylindrical shock wave, which is impossible when a
30-mm-high cylindrical PETN charge with inner and outer radii of 4 and 15 mm is
exploded [17]. Thus, it can be concluded that the expansion rate of a conductivity
channel produced by an exploding wire coincides with the propagation velocity of a
cylindrical shock wave in the channel.

9.3 Conclusions

We suggested a new experimental technique for determining the high conductivity
channels expansion rate as a function of the propagation time. This technique was
applied in experiments on the controlled breakdown of extended (0.6–1.9 m long)
gaps produced by an exploding wire for a maximal specific energy deposited into
the channel of about 1 kJ/m. With this technique, the main parameters of the
breakdown, namely, the specific energy deposited into the discharge channel and
the variation in the resistivity of the discharge gap, were measured accurate to 5%.
In terms of the equilibrium plasma model, these data allow us to find the maximal
temperature in the discharge channel and thereby more accurately determine the
breakdown voltage and specific energy deposition in considering controlled
breakdown over large lengths. It follows from the experimental dependences of
channel expansion rate U and channel radius R on propagation time that, with an
accuracy of up to 20%, these parameters coincide with the velocity and radius of an
intense cylindrical shock wave generated by an exploding wire for a maximal
specific energy deposition into the channel exceeding 1 kJ/m. It should be noted
that, in the experiment, we managed to initiate an ideal cylindrical shock wave, the
theory of which was developed in [23].
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Chapter 10
«Impulsar»: New Application for High
Power/Energy High Repetition Rate
Pulse-Periodic Lasers

10.1 Introduction

Since the 1970s, the possibility of using a laser jet engine to launch light satellites
into orbit has been attracting the attention of researchers [1–9]. The solutions to the
problems considered in [3] is still of current interest. This includes an increase in
the efficiency of using laser radiation, the coupling coefficient Jr (the ratio of the
propulsion to the radiation power), by several times and the prevention of the shock
damage to the apparatus, which appears when high-powered repetitively pulsed
laser radiation with low repetition rates f is used. For example, for Jr * 0.3 kN
MW−1 (a typical value for the laser jet engine of the 1970s), a mass of 200 kg, and
an acceleration of 10 g, the required laser power should be *60 MW (the energy
Q * 100 g in the TNT equivalent, f * 100 Hz) and the power of the power
supply should be 0.5–1 GW. However, it seems unlikely that such a laser will be
created in the near future. In our experiments, Jr * 1 kN MW−1 (obtained
experimentally) and 3–5 kN MW−1 (estimated under special conditions), which
allows us to reduce the laser power by a factor of 7–10. A power of 10–15 MW can
already be obtained with the help of gas-dynamic lasers and HF/DF lasers by using
the properties of repetitively pulsed lasing with high repetition rates and methods
for the power scaling of lasing [10, 11], which have already been tested for CO2,
HF and Nd YAG.

To solve these problems, the use of repetitively pulsed radiation with
f * 100 kHz, optical pulsating discharge (OPD), and the effect of merging of
shock waves produced by the OPD [12–14] was proposed. The merging criteria
were confirmed experimentally [15]. The OPD is when laser sparks in the focus of
repetitively pulsed radiation, which can be at rest or can move at high velocities
[16–20]. The high-frequency repetitively pulsed regime is optimal for
continuously-pumped Q-switched high-powered lasers. In this case, the pulse
energy is comparatively small and stationary propulsion is possible.
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The aim of our work is to experimentally verify the possibility of using
pulse-periodic laser radiation with a high repetition rate to produce effective sta-
tionary propulsion in a laser jet engine and to demonstrate the advantages of this
technology for the production of super long conductive canals for energy delivery
from space.

10.2 Experimental Setup

In the model considered in [12–14], pulsed and stationary regimes are possible.
Figure 10.1 explains the specific features of these regimes. An OPD is produced at
the focus of a lens on the axis of a gas jet flowing from a high-pressure chamber or
an air intake to a cylindrical reflector. The shock waves generated by the OPD
merge to form a quasi-stationary wave, the high-pressure region between the OPD
and reflector.

As a result, the propulsion Fr appears. In a cylindrical reflector, the coupling
coefficient is maximal, Jr = 1.1 N kW−1 [13], acting as a planar explosion [21]. In
the pulsed regime, the OPD is produced by trains of laser pulses. A narrow jet of
diameter Dj * 0.3 Rd [13], which is smaller than the reflector diameter Dr, carries a
plasma out from the OPD region and is necessary for the efficient formation of
shock waves. Here, Rd = 2A5(q/P0)

1/3 is the dynamic radius of a spark, q (in J) is

Fig. 10.1 Schematic illustration of the experiment, side (a) and front (b) view: (1) OPD; (2) argon
jet; (3) replaceable cylindrical attachment (reflector); (4) high-pressure chamber (rocket model);
(5) elastic hose for argon supply; (6) model suspension wires; (7) laser radiation; (8) focusing lens;
(9) block; (10) wire connecting cylinder (3) with weight (11); (12) balance; (23) shock-wave
pressure gauge
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the laser pulse energy absorbed in a spark, and P0 (in atm) is the gas pressure.
Propulsion acts during a pulse train, whose duration is limited by the air heating
time. Hot atmospheric air is replaced by cold air during the interval between pulses.
In the stationary regime, gas continuously arrives to the reflector from the bottom
by forming a jet over the entire section. In experiments in this regime, we have
found Dj * 2Rd * 3 mm, which is comparable with the reflector diameter
Dr * 5 mm.

The experiment is shown schematically in Fig. 10.1. The OPD was produced by
radiation from a pulsed CO2 laser. The pulse duration was *1 ls, the duration of
the front peak was 0.2 ls. The pulse repetition rate was varied from 7 to 100 kHz,
the pulse energy was 0.1–0.025 J. The peak power was 300–100 kW, the average
power of repetitively pulsed radiation was W = 600–1700 W, and the absorbed
power was Wa ¼ gW ðg � 0:7Þ. Figure 10.2 shows the shapes of the incident pulse
and the pulse transmitted through the OPD region. Note that for a short pulse
duration and high power, g� 0:95. Because the radiation intensity at the focus is
lower than the optical breakdown threshold in air, the argon jet was used. The
length l of sparks along the flow was *0.5 cm.

The model of a rocket with a laser jet engine was made from a duralumin
cylinder of diameter *8 cm, length *26 cm, and weight of 1.1 kg, which was
suspended on four thin wires of length 1.1 m and capable of moving only in the
axial direction. A reflector (replaceable cylindrical attachment) was mounted on the
chamber end. Laser radiation was directed to the chamber through a lens with a
focal distance of 17 cm. The argon jet was formed by flow from a high-pressure
chamber through a hole of diameter *3–4 mm. The jet velocity V was controlled
by the pressure of argon, which was delivered to the chamber through a flexible

Fig. 10.2 Oscillograms of
the laser pulse (1) and
radiation pulse transmitted
through the OPD (2) for
f = 50 kHz
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hose. The force produced by the jet and shock waves was recorded with the help of
a thin (of diameter *0.2 mm) molybdenum wire connected to a weight that stood
on a strain-gauge balance (accurate to 0.1 g). The wire length was 12 cm and the
block diameter was 1 cm.

The sequence of operations in each experiment was as follows. A weight fixed
on a wire was placed on a balance. The model was slightly deviated from the
equilibrium position (in the block direction) in order to provide the necessary initial
tension of the wire (*1 g). The reading Fm of the balance was fixed, the jet was
switched on, and then the reading of the balance decreased to F1. This is done
because the rapid jet produces a reduced pressure (ejection effect) in the reflector.
After the OPD is switched on, the balance reads the value F2. The propulsion Fr

produced by the OPD is equal to F1−F2. The pressure of shock waves was mea-
sured with a pressure gauge whose output signal was stored in a PC with a step of
*1 ls. The linearity band of the pressure gauge was *100 kHz. The gauge was
located at a distance of *5 cm from the jet axis (see Fig. 10.1) and was switched
on after the OPD ignition (t = 0). The pressure was detected for 100 ms.

Let us estimate the possibility of shock-waves merging in the experiment and the
expected values of Fr and Jr. The merging efficiency depends on the parameters
x ¼ fRd=C0 and M0 ¼ V=C0 ðM0\1Þ, where C0 is the speed of sound in gas. If the
distance from the OPD region to the walls is much larger than Rd and the sparks are
spherical or their length l is smaller than Rd, then the frequencies characterizing the
interaction of the OPD with gas are:

x0 � 2:5M0; ð10:1Þ

x1 � 0:8ð1�M0Þ; ð10:2Þ

x2 � 5:9ð1�M0Þ1:5: ð10:3Þ

For x\x1, the shock waves do not interact with each other. In the range
x\x1\x2, the compression phases of the adjacent waves begin to merge and this
effect is enhanced as the value of x approaches x2. In the region x\x2, the shock
waves form a quasi-stationary wave with the length greatly exceeding the length of
the compression phase of the shock waves. For x\x0, the OPD efficiently (up to
*30%) transforms the repetitively pulsed radiation to shock waves.

In the pulsed regime the value of M0 in (10.1) corresponds to the jet velocity.
Because shock waves merge in an immobile gas, M0 � 0 in (10.2) and (10.3). The
frequencies f = 7–100 kHz correspond to Rd = 0.88–0.55 cm and x = 0.2–1.7.
Therefore, shock waves do not merge in this case. In trains where the energy of the
first pulse is greater by a factor of 1.5–2 than those of the subsequent pulse ðx � 2Þ,
then the first shock waves can merge. The propulsion produced by pulse trains is
Fr ¼ JrgW ¼ 0:3 N (*30 g), where Jr = 1.1 N kW−1, g ¼ 0:6, and W * 0.5 kW.

In the stationary regime for M0 * 0.7, the shock wave merge because x[x2

x ¼ 1:8; x2 � 1:3ð Þ. A quasi-stationary wave is formed between the OPD and the
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cylinder bottom. The excess pressure on the bottom is dP ¼ P� P0 ¼
0:54P0ðRd=rÞ1:64 � 0:25� 0:5 atm and the propulsion force is Fr � pðD2

r � D2
j Þ

dP=4 ¼ 0:03� 0:06 kg:

10.3 Results of Measurements

10.3.1 Control Measurements

The jet propulsions Fj and Fr and the excess pulsation pressure dP ¼ P� P0 were
measured for the model without the reflector. We considered the cases of the jet
without and with the OPD. The jet velocity V and radiation parameters were varied.
For V = 50,100, and 300 m s−1, the propulsion produced by the jet was Fj = 6, 28,
and 200 g, respectively, and the amplitude of pulsations was dP ¼ 5� 10�6; 2�
10�5 and 3� 10�4 atm. The OPD burning in the jet did not change the reading of
the balance. This is explained by the fact that the OPD is located at a distance of
r from the bottom of a high-pressure chamber, which satisfies the inequality

Fig. 10.3 Pressure pulsations produced by the OPD for V = 300 ms−1 (without reflector),
f = 7 kHz, W = 690 W (a); f = 100 kHz, W = 1700 W (b); and f = 100 kHz, the train repetition
rate / ¼ 1 kHz, W = 1000 W, the number of pulses in the train N = 30 (c); for a train of shock
waves at large scales, parameters are as shown in (c) (d)
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r/Rd > 2, when the momentum produced by shock waves is small [3, 22]. As
follows from Fig. 10.3, pulsations dPðtÞ produced by the OPD greatly exceed
pressure fluctuations in the jet.

10.3.2 Stationary Regime

The OPD burned in the flow formed during gas outflow from the chamber through a
hole (Dj = 0.3 cm) to the reflector (Dr = 0.5 cm) (Fig. 10.4). In order to avoid the
jet from closing, the pressure used in the chamber was set equal to *2 atm because
the excess pressure on the reflector bottom was *0.5 atm (see above). The jet
velocity without the ODP was V = 300 and 400 ms−1, Fj = 80 and 140 g. The OPD
was produced by repetitively pulsed radiation with f = 50 and 100 kHz and an
average power of W � 1200 W (the absorbed power was Wa � 650 W). Within
several seconds after the OPD switched on, the reflector was heated up to a tem-
perature of more than 100 °C.

Figure 10.5 illustrates the time window for the visual recognition of shock
waves with the Schlieren system in the presence of plasma. Before 7 ls, the plasma
was too bright relative to the LED source and all information of the shock wave was
lost. At 7 ls, the shock wave image could be discerned under very close exami-
nation. By 10 ls, the shock wave was clearly visible in the image; however, by this
time the shock wave had nearly left the field of view. Therefore, a specialized
technique was needed to resolve the shock waves at short timescales, when plasma
was present.

For f = 50 kHz and V = 300 m s−1 the propulsion is Fr = 40 g and for
V = 400 m s−1 the propulsion is 69 g. The coupling coefficient is Jr � 1:06
N kW−1. The propulsion Fr is stationary because the criteria for the merging of
shock-waves in front of the OPD region are fulfilled. Downstream, the shock waves
do not merge. One can see this from Fig. 10.5, which shows pressure pulsations

Fig. 10.4 Reflector of a stationary laser engine: (1) repetitively pulsed laser radiation with f = 50
and 100 kHz, W = 1200 W; (2) OPD; (3) reflector; (4) hole of diameter *3 mm through which
argon outflows from a high-pressure chamber (*2 atm) to the reflector; (5) reflector bottom, the
angle of inclination to the axis is *30°
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dPðtÞ measured outside the reflector. They characterize the absorption of repeti-
tively pulsed radiation in the OPD and, therefore, the propulsion. For f = 50 kHz
the instability is weak �5%ð Þ and for f = 100 kHz the modulation dPðtÞ is close to
100%. The characteristic frequency of the amplitude modulation fa � 4 kHz is close
to C0/(2H), where H is the reflector length. One possible explanation is that at such
high frequencies the plasma has no time to be removed from the OPD burning
region, which reduces the efficiency of the generation of shock waves. The closure
of the jet can also lead to the same result if the pressure in the quasi-stationary wave

Fig. 10.5 Pressure pulsations dP produced upon OPD burning in the reflector with Dr = 0.5 cm,
H = 4.6 cm, V = 400 m s−1, Dj = 0.3 cm for f = 50 kHz, W = 1300 W (a) and f = 100 kHz,
W = 1200 W (b, c)
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is comparable with that in the chamber. Thus, repetitively pulsed radiation can be
used to produce stationary propulsion in a laser engine.

10.3.3 Pulsed Regime

To find the optimal parameters of the laser engine, we performed approximately
100 OPD starts. Some of the resulting data is presented in Table 10.1. We varied
the diameter and length of the reflector, radiation parameters, and the jet velocity
(from 50 to 300 m s−1). For V = 50 m s−1 the ejection effect is small, for V ¼
300 ms�1 � C0 this effect is strong, and for V � 100 ms−1 the transition regime
occurs. In some cases, the cylinder was perforated along its circumference to reduce
ejection. The OPD was either produced by radiation pulse trains or in some cases by
repetitively pulsed radiation. The structure and repetition rate of pulse trains was
selected to replace the heated OPD gas by atmospheric air. The train duration was
*1/3 of its period and the number of pulses was N = 15 or 30, depending on the
frequency f. The heating mechanism was the action of the thermal radiation of a
plasma [23], the turbulent thermal diffusivity with the characteristic time *300 ls
[24], and shock waves.

Table 10.1 Experimental conditions and results of the coupling coefficient Jr measurements

f/
kHz

//
kHz

Dr/mm,
[H/mm]

N V/
m s−1

W/
W

Fj/g Fr/
g

Jr/
N kW−1

Reflector
material

45
45
100
100
45
45
45
45
45
45
45
45
45
12.5
12.5
12.5
12.5
12.5
12.5
12.5

RP
RP
RP
1
1
1
1
1
1
1
2
2
2
RP
RP
RP
RP
RP
RP
RP

5, [46]
5, [46]
5, [46]
15, [50]
15, [50]
15, [50]
15, [50]
15, [50]
15, [50]
15, [50]
15, [50]
15, [50]
15, [50]
25, [35]
25, [35]
25, [35]
25, [35]
25, [35]
25, [35]
25, [35]

–

–

–

30
15
15
15
15
15
5
5
5
5
–

–

–

–

–

–

–

300
400
400
300
50
300
50
100
300
170
100
164
300
60
100
150
300
50
100
300

1300
1300
1200
720
720
720
720
720
720
500
600
600
600
430
430
430
430
430
430
430

80
141
155
49
0.9
49.1
1.2
6.3
62.7
17.7
6.3
18.5
70
2.4
5
11
51
6
12
195

40
69
54
4
2.1
4.5
1.4
5.6
4
3.5
4.8
7.5
–4
4
7
11
16
1
7
–97

0.61
1.06
1.08
0.085
0.042
0.09
0.028
0.11
0.08
0.1
0.11
0.18
0.095
0.13
0.23
0.37
0.53
0.033
0.23
–3.2

Duralumin
Duralumin
Duralumin
Duralumin
Duralumin
Duralumin
Duralumina

Duralumina

Duralumina

Duralumina

Duralumina

Duralumina

Duralumina

Quartz
Quartz
Quartz
Quartz
Duraluminb

Duraluminb

Duraluminb

Note Laser radiation was focused at a distance of 1 cm from the reflector bottom
aSix holes of diameter 5 mm over the reflector perimeter at a distance of 7 mm from its exhaust
bSix holes of diameter 5 mm over the reflector perimeter at a distance of 15 mm from its exhaust
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The propulsion Fr was monitored while decreasing the reflector diameter and
increasing its length. The OPD burned at a distance of *1 cm from the reflector
bottom. One can see from Fig. 10.6 that the shock waves produced by the first
high-power pulses in trains merge. For f = 100 kHz, the pulse energy is low, which
manifests in the instability of pressure pulsations in trains. As the pulse energy was
approximately doubled at the frequency f = 50 kHz, pulsations dPðtÞ were stabi-
lized. An OPD burning in the reflector of a large diameter ðDr=Rd � 4Þ and at a
distance from its bottom satisfying the relation r=Rd � 3 did not produce any
propulsion.

Table 10.1 presents some results of the measurements. One can see that the
coupling coefficient Jr strongly depends on many parameters, achieving 1 N kW−1

in the stationary regime and 0.53 N kW−1 in the pulsed regime.
At present, the methods of scaling the power of laser systems and laser engines,

which are also used in laboratories, are being extensively developed [10, 25]. Let us
demonstrate their application with a few examples. We observed the effect when the
OPD produced ‘negative’ propulsion Ft = −97 g (see Table 10.1), which corre-
sponds to a deceleration of the rocket. The value of Jr can be increased by
approximately a factor of 1.5 by increasing the pulse energy and decreasing their
duration down to *0.2 ls. An important factor characterizing the operation of a
laser engine at high-altitude flight is the efficiency Im of the working gas. The value
Im = 0.005 kg N−1 s−1 can be reduced considerably in experiments by using higher
powered/energy radiation. The power of repetitively pulsed radiation should be no
less than 10 kW. In this case, Fr will exceed all the other forces considerably. For
the gas-dynamic effects that influence the value of Fr, for example, the lowest
resistance at the flight velocity *1 km s−1 should be taken into account.

Thus, our experiments have confirmed that repetitively pulsed laser radiation
produces stationary propulsion with a high coupling coefficient. The development

Fig. 10.6 Pressure pulsations dP in the OPD produced by pulse trains with / ¼ 1:1 kHz,
f = 50 kHz, W = 720 W, N = 15, V = 300 m s−1, Dr = 1.5 cm, H = 5 cm, Dj = 4 mm, and
F = 4.5 g
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of the scaling methods for laser systems, the increase in output radiation power, and
the optimization of the interaction of shock waves will result in a considerable
increase in laser-engine efficiency.

10.4 The Impact of Thermal Action

A laser jet engine (LJE) uses repetitively pulsed laser radiation and the atmospheric
air as a working substance [1–3]. A reflector that focuses radiation is located in the
tail part of a rocket. The propulsion is produced by the action of periodic shock
waves that are produced by laser sparks on the reflector. The laser air-jet engine is
attractive due to its simplicity and high efficiency. According to published argu-
ments [26, 27], LAJE can find applications for launching spacecraft if *100-kJ
repetitively pulsed lasers with pulse repetition rates of hundreds hertz are developed
and if the damage of the optical reflector under the action of shock waves and laser
plasma is eliminated. These problems can be solved by using high pulse repetition
rates (f * 100 kHz), optical pulsed discharge, and the merging of shock waves [12,
13]. The efficiency of the use of laser radiation in the case of short pulses at high
pulse repetition rates is considerably higher. It is shown in this paper that factors
damaging the reflector and a triggered device cannot be eliminated at low pulse
repetition rates and are resonant.

Let us estimate the basic LJE parameters, which include the forces acting on a
rocket in the cases of pulsed and stationary acceleration, the wavelength of com-
pression waves excited in the rocket body by shock waves, and the radius Rk of the
plasma region (cavern) formed upon the expansion of a laser spark. We use
expressions for shock-wave parameters that were obtained empirically. A laser
spark was treated as a spherical region of radius r0 in which the absorption of
energy for the time *1 ls is accompanied by a pressure jump on the order of tens
and hundreds of atmospheres. This is valid for the LJE in which the focal distance
and diameter of a beam on the reflector are comparable and the spark length is
small. The reflector is a hemisphere of radius Rr. The frequency f is determined by
the necessity of replacing hot air in the reflector by atmospheric air.

Let us estimate the excess peak value Fm of the repetitively pulsed propulsion
beyond the stationary force Fs upon accelerating a rocket of mass M. It is obvious
that Fs = Ma, where the acceleration a ¼ ð10� 20Þg0 � 100� 200 m s−2. The
peak value of repetitively pulsed propulsion is achieved when the shock wave front
arrives on the reflector. The excess pressure in the shock wave (with respect to the
atmospheric pressure P0) produces the propulsion Fj(t) and acceleration a of a
rocket of mass M. The momentum increment produced by the shock wave is:

dpi ¼
Z1=f

0

FiðtÞdt ffi Fata½N � s	: ð10:4Þ
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Here, Fa is the average value of propulsion for the time ta of the action of the
compression phase of the shock wave on the reflector and Fm � 2Fa. By equating
dPi to the momentum increment dps ¼ F=f ¼ aM=f over the period under the
action of the stationary propulsion Fs, we find:

D ¼ Fm=Fs ¼ 2=ðftaÞ: ð10:5Þ

The value of D, as shown below, depends on many parameters. The momentum
increment per period can be expressed in terms of the coupling coefficient J as
dPi ¼ JQ, where Q [J] is the laser radiation energy absorbed in a spark. The
condition dPi ¼ dps gives the relation:

W ¼ aM=J ð10:6Þ

which yields the basic parameters of the problem, the absorbed average power of
repetitively pulsed radiation W ¼ Qf and J � 0:0001� 0:0012N s J�1 [3, 13, 26].

The action time of the compression phase on the reflector is ta * Rc/V, where
V � k1C0 is the shock-wave velocity in front of the wall (k1 * 1.2) and C0 �
3:4� 104 cm s−1 is the speed of sound in air. The length Rc of the shock wave
compression phase can be found from the relation:

Rc

Rd
¼ 0:26

h
Rd

� �0:32

: ð10:7Þ

Here, h is the distance from the spark center to the reflector surface and

Rd � 2:15ðQ=P0Þ1=3 is the dynamic radius of the spark (distance at which the
pressure in the shock wave becomes close to the air pressure P0). In this expression,
Rd is measured in cm and P0 in atm. The cavern radius can be found from the
relation:

Rk

Rd
¼ 0:6

r0
Rd

� �0:29

¼ 0:22� 0:3 � 0:25: ð10:8Þ

The final expression (10.8) corresponds to the inequality r0=Rd\0:03� 0:1
typical for laser sparks (r0 is their initial radius). Let us find the range of P0 where
the following two conditions are fulfilled simultaneously: the plasma is not in
contact with the reflector surface and the coupling coefficient J is close to its
maximum [3, 22, 26]. This corresponds to the inequality Rk\h\Rd. By dividing
both parts of this inequality by Rd, we obtain Rk=Rd\h=Rd\1, or 0.25 < h/Rd < 1.
As the rocket gains height, the air pressure and, hence, h/Rd decreases. If we
assume that at the start (P0 = 1 atm) the ratio h/Rd = 1, where h and Rd are
chosen according to (10.2), then the inequality 0.25 < h/Rd < 1 is fulfilled for
P0 = 1–0.015 atm, which restricts the flying altitude of the rocket to values
between 30 and 40 km (h = const).
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The optimal distance h satisfies the relation h=Rd � 0:25bi where bi � 4� 5. By
substituting h/Rd into (10.7), we find the length of the shock-wave compression
phase and the time of its action on the reflector:

Rc

Rd
� 0:17b0:32i ; ð10:9Þ

ta ¼ 0:17b0:32i Rd

k1C0
¼ s1Q1=3

P1=3
0

¼ s1

P1=3
0

aM
Jf

� �1=3

; ð10:10Þ

where s1 ¼ 0:37b0:32i =ðk1C0Þ � 9� 10�6b0:32i . From this, by using the relation D ¼
Fm=Fa ¼ 2=ðFtaÞ we find:

D ¼ 2P1=3
0

s1f 2=3W1=3
¼ 2P1=3

0 Q2=3J
s1aM

¼ 2
s1f 2=3

P0J
aM

� �1=3

: ð10:11Þ

Two of the three parameters Q, W, and f, are independent. The third parameter can
be determined from expression (10.6). The conditions 1/f * ta and D � 1� 2
correspond to the merging of shock waves [12].

The important parameters are the ratio of ta to the propagation time tz = L/Cm of
sound over the entire rocket length L (Cm is the speed of sound in a metal) and the
ratio of tz to 1/f. For steel and aluminum, Cm = 5.1 and 5.2 km s−1, respectively. By
using (10), we obtain:

U ¼ taCm

L
¼ s1Cm

LP1=3
0

Q1=3: ð10:12Þ

Here, L is measured in cm and Cm in cm s−1. Expression (10.12) gives the
energy:

Q ¼ 35:4P0

b0:96i
U

C0

Cm

� �3

L3: ð10:13Þ

From a practical point of view, the most interesting case is U > 1, when the
uniform load is produced over the entire length L. If U < 1, the acceleration is not
stationary and the wavelength of the wave excited in the rocket body is much
smaller than L. Also, if Cm/f < L, then many compression waves can fit within the
length L. The case U � 1 corresponds to the resonance excitation of the waves.
Obviously, the case U
 1 is unacceptable from the point of view of the rocket’s
strength.

By using the expressions obtained above, we estimate D, U, and Rk for labo-
ratory experiments and a small-mass rocket. We assume that bi = 4, J = 5 � 104
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N s J−1, and s1 = 1.4 � 10−5. For laboratory conditions, M � 0:1 kg, Rr � 5 cm,
L = 10 cm, and a = 100 ms−2. The average value of the repetitively pulsed
propulsion FIP is equal to the stationary propulsion, FIP = Fs = 10 N, the average
power of repetitively pulsed radiation is W = FIP/J = 20 kW, and the pulse energy
is Qp = W/f. We estimate the frequency f and, hence, Qp � Q for the two limiting
cases.

At the start, P0 � 1 atm and the cavern radius Rk is considerably smaller than Rr.
Here, as in the unbounded space, the laser plasma is cooled due to turbulent thermal
mass transfer. For Qp < 20 J, the characteristic time of this process is 2–5 ms [8, 9],
which corresponds to f = 500–200 Hz. If Rk * Rr (P0 < 0.1 atm), hot gas at a
temperature of a few thousands of degrees occupies the greater part of the reflector
volume. The frequency f is determined by the necessity of replacing gas over the
entire volume and is *0.5 C0/Rr * 850 Hz. Let us assume for further estimates
that f = 200 Hz, which gives Qp = 100 J. We find from (10.7) and (10.8) that
D ¼ 74 and U = 3.5. This means that the maximum dynamic propulsion greatly
exceeds the propulsion corresponding to the stationary acceleration. The action time
of the shock wave is longer than the propagation time of the shock wave over the
model length by a factor of 3.5. For P0 = 1 and 0.01 atm, the cavern radius is
Rk = 2.5 and 11.6 cm, respectively.

10.5 The Dynamic Resonance Loads

Let us estimate the loads for a rocket by assuming that M � 20 kg, Rr * 20 cm,
L = 200 cm, and a = 100 m s−2. The average repetitively pulsed propulsion is
FIP = Fs = 2000 N, the average radiation power is W = 4 MW, for f = 200 Hz the
pulse energy is Qp = 20 kJ, D ¼ 12:6, U = 1, Rk = 14.7 and 68 cm (P0 = 1 and
0.01 atm), and Fm = 25.6 kN = 2560 kg. One can see that the repetitively pulsed
acceleration regime produces dynamic loads on the rocket body which are an order
of magnitude greater than Fs. They have a resonant nature because the condition
U * 1 means that the compression wavelengths are comparable with the rocket
length. In addition, as the rocket length is increased up to 4 m and the pulse
repetition rate is increased up to 1 kHz, the oscillation eigenfrequency Cm/L of the
rocket body is close to f (resonance).

Thus, our estimates have shown that at a low pulse repetition rate the thermal
contact of the plasma with the reflector and strong dynamic loads are inevitable.
The situation is aggravated by the excitation of resonance oscillations in the rocket
body. These difficulties can be eliminated by using the method based on the
merging of shock waves. Calculations and experiments [28] have confirmed the
possibility of producing the stationary propulsion by using laser radiation with high
laser pulse repetition rates. The method of scaling the output radiation power is
presented in [10].
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10.6 Matrix of Reflectors

This matrix consists of N-element single reflectors, pulse-periodic radiation with a
repetition rate of 100 kHz, pulse energy q, and average power WC. All elements of
the matrix are very similar (Fig. 10.7) and radiation comes with the same param-
eters: qm = q/N, Wm = WC/N. The matrix of reflectors creates a matrix of OPD,
each one stabilized by gas flux with velocity—Vjm. OPD’s do not interact with each
other. The structure of the elements of the matrix of reflectors could help find better
conditions of gas flux penetration. In our case the number of reflectors was N = 8.
Larger values of N are not reasonable.

The following estimations are valid for the boundary conditions: WC = 20 MW
(Wm = 2.5 MW), f = 105 Hz, q = 200 J (qm = 25 J), arm = 0.3. The index 1 is for
—P0 = 1 atm. (Start of “Impulsar”) and index 2 is for P0 = 0.1 atm. (end of the
regime).

The radius of the cylinder for each reflector is:

Fig. 10.7 “Impulsar” engine
scheme based on QSW.
(a) Focusing system,
(b)—OPD matrix, creating
flat QSW; (c) plasma created
inhomogeneities; (1) OPD
elements; (1′) Model of OPD
(Distance from 1′ to 4: less
10 cm); (2) Flat QSW,
ðP� P0Þ=P0 � 0:5� 3; (2′)
Radial QSW,
ðP� P0Þ=P0\0:1; (3) Main
beam, q * 100 J; 3′—
focused beams q * 3–5 J,
creating QSW matrix;
(4) Matrix of focusing
elements and air injecting
system; (5) OPD matrix of
plasma decay; (5′) OPD
plasma turbulence; (6) Gas
flow; (7) Nozzle
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Rrm ¼ 0:2RdJm

d1=2m

¼ 0:43ðqm=PJ2mÞ1=3
d1=2m

¼ Rr

N1=3
¼ 15:5 cm

The focus of reflector is *5 cm. The size of matrix is *90 cm. Additional
pressure is:

dPm1 ¼ 1:56 atm: and dPm2 ¼ 0:55 atm

The force acting on the matrix is:

Fam1 ¼ 100 � 103N, Fam2 ¼ 35:6 � 103N

The specific force for each element of the matrix (for MW of average power) is:

Jm1 � 4000N/MW, Jm2 � 1500N/MW

The velocities of gas flux in the reflectors of matrix are:
VJ1 = 2520 m/s, VJ2 = 5440 m/s.
Flight control in this case can be accomplished by thrust change for the different

elements of the matrix of reflectors. At the same time, such a configuration could be
very helpful in the realization of efficient gas exchange in the area of breakdown
behind of the reflectors (Fig. 10.7).

Thus, an OPD can be stationary or move at a high velocity in a gaseous medium.
However, stable SW generation occurs only for a certain relation between the
radiation intensity, laser pulse repetition rate, their filling factor, and the OPD
velocity. The OPD generates a QSW in the surrounding space if it is stationary or
moves at a subsonic velocity and if its parameters satisfy the aforementioned
conditions. The mechanism of SW merging operates in various media in a wide
range of laser pulse energies. The results of investigations show that the efficiency
of the high repetition rate pulse-periodic laser radiation can be increased substan-
tially when a QSW is used for producing thrust in a laser engine [13, 14].

10.7 Super Long Conductive Channel for Energy
Transfer

Powerful lasers are capable of creating the spending channels of large lengths
which are located at any distance from a radiator. At relatively small energies of
single impulses, the channels are approximately hundreds of meters long. Since
1970, successful attempts of their usage were undertaken to solve the problems of
the interception of lightning and to block overload waves on electrical lines. The
traditional lightning protection systems being used currently are not always in a
position to ensure the desired level of efficiency. This stimulates the quest for new
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approaches to solve this problem. Laser protection against lightning is one of the
most prospective trends that are being developed actively at the present [29, 30].

While using this approach, it is assumed that the lightning discharge channel
being developed is guided towards a conventional metal lightning rod along which
the plasma channel forms as a result of the laser induced breakdown of the
atmosphere. This method is based on the concept of an active lightning rod,
whereby a laser beam can be used to “trigger” and guide a positive ascending leader
from the tip of a lightning rod to a negatively charged thunderstorm cloud. It is
expected that in contrast to the traditional approach, the use of a laser spark will
make it possible to efficiently control the process of protection from lightning, to
ensure the selectivity of lightning capture, and to provide safety for tall objects and
large areas. The conductive canal in this case is about 10–15 m long and the main
advantage of this approach is the immediate appearance of laser produced lightning
rods. But the maximum length of the breakdown in the air produced by a laser was
registered at a level of 100 m and limited by the optical method of laser energy
delivery into the focal point. How is it possible to create a much longer conductive
canal?

The ongoing French-German program “Teramobiie” has goal of producing long
conductive canals and is based on femto-second multi-photon laser technology. But
the goal is to create a very long canal with a very low level of electrical resistivity in
comparison with canals produced by infrared laser radiation breakdown. The ion-
isation of air, produced by ultra-intense and ultra-short pulses can used to channel
bolts of lightning. As a “Teramobiie” burst propagates, it creates a sort of straight
filament of ionised air which conducts electricity. If the laser were directed toward a
dark and threatening thunderhead, it would trigger a lightning bolt that could be
safely directed away from doing harm. This capacity has already been demonstrated
over a distance of a few meters only using lightning within a laboratory and tests on
natural scales are limited by the very high resistivity of the filaments. So what do
we do with a mobile terawatt laser, if it is not good enough for lightning control? It
can be used very effectively to study the propagation of intense laser light in the
atmosphere, detect pollution, and to control the parameters of fast objects in space.
Ultra-high intensity lasers have their own special qualities. First, they significantly
modify the index of refraction while focusing the light beam along its path, the
effect of the latter is the production of a self—guiding laser burst which can travel
hundreds of meters. The second effect is that the luminous spectrum widens to yield
a white laser whose light is composed of a wide range of wavelengths, which is
important for a wide range of applications.

Consequently, the well known “Impulsar” program is of great interest, because
this program uses a combination of high-voltage and high-frequency sources that
may solve the aforementioned problems. The principle of “Impulsar” operation can
be shortly described as follows [31].

Jet propulsion of the device is made with powerful high frequency
pulsed-periodic laser radiation. In the experiments the CO2 laser and solid—state
Nd YAG laser systems were used. Active impulses appear thanks to the breakdown
of air (<30 km) or to the breakdown of vapour from low-ionizable materials
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saturated by nano-particles (dust plasma) which are placed in the vicinity of the
focusing mirror, or the acceptor of breakdown waves. With each pulse of the
powerful laser, the device rises up, leaving a bright and dense trace of products with
high degree of ionization and metallization of nano-particles after ablation. The
theoretical estimations and experimental tests show that with the experimentally
demonstrated figures of specific thrust, the lower layers of the Ionosphere can be
reached in several tens of seconds. These tests also show that a high level of
channel conductivity is created with the help of high frequency high voltage
generator.

The space around globe represents a series of megavolt class condensers created
by Earth’s surface, cloudy cover, various layers of ionosphere, and radiating belts.
With the help of the high-voltage source of trajectory, the trail of “Impulsar” creates
a conductive channel of required length and direction. In process of lifting the
vehicle and its trailing conductive channel, the breakdown characteristics of the
channel decrease by 5 orders of magnitude (90 km) and density is considerably
reduced. Consequently, the process must be prolonged by expanding the sum of
micro-discharges and their development as self-supported processes within the
external field of all of the studied intervals. It is important to note that presence of
such an orbital scale channel also allows us to perform a number of important
experiments from the Earth’s surface as well as from space. Ball and bead lightning
investigation is the most interesting application for the long conductive canal
technology based on “Impulsar” due to the intriguing possibility for investigators to
set up a stationary laboratory with variable boundary conditions for effective tests.
Most likely, their nature is varied. It would appear that natural ball lightning may
not be one phenomenon but rather many, each with similar appearances but with
different mechanisms of origin, stability criteria, and different properties dependent
upon the atmosphere and the environment present at the time of the event.

10.8 Conclusions

Consideration of a large set of available applications of high-powered
high-repetition rate pulse-periodic lasers give us strong confidence to explore
new horizons of instrumental space science and a wide spectrum of innovative and
important applications.
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Part III
Lasers and Laser Components for High
Conductivity Channels Implementation



Chapter 11
Laser Power Source for Wireless
Power Transmission in Space

11.1 Introduction

Currently, many laboratories around the world are continuing the search for an
efficient laser-based lightning protection system [1–3] and for producing control-
lable high conductivity channels in the atmosphere [4–8] that are capable of con-
ducting short-circuit current [9] in natural or artificial electrical circuits. Laser-based
lightning protection systems are known to rely on so-called long laser sparks, which
provide the conditions for connecting a thunderstorm cloud with a grounded metal
rod, i.e., a classical lightning rod. Our team in Russia and Japan obtained maximum
lengths (*16 m) of the laser-spark-controlled electric discharge at a voltage of
3000 kV using a 0.5-kJ pulsed CO2 laser with spherical optics [3]. Such controlled
conductivity channels can be used for energy transmission, overvoltage protection
systems, transport of charged particle beams, plasma antennas, and so forth [8].

It was shown in Part I of this book [10, 11] that a laser spark produced using
conical optics demonstrates much better characteristics for the formation of con-
ductivity channels in the atmosphere. Currently, among the huge variety of different
lasers, only two types are being actively studied for use in the formation of
laser-spark-controlled high conductivity channels in the atmosphere: submi-
crosecond pulsed gas and chemical lasers (CO2, DF) and femtosecond solid-state
lasers [4, 6, 12]. The main advantage of such lasers is the ability of producing
ionized channels (filaments) with characteristic diameters of about 100 µm in the
atmosphere along the direction of laser beam propagation. With an estimated
electron density of 1016 cm−3 in these filaments and the laser wavelength in the
range of 0.5–1.0 µm, the plasma poorly absorbs the laser light. In this case, the
length of the path consisting of many filaments is determined by the laser intensity
and can reach many miles at a femtosecond pulse energy of *100 mJ. However,
these lasers could not be used to form long high conductivity channels in the
atmosphere. The ohmic resistance of conducting channels formed in such a way
turned out to be very high and the gas in the channels could not be strongly heated
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(the femtosecond laser energy is less than � 1 J). In particular, an electric break-
down (EB) controlled by radiation of a femtosecond solid-state laser was imple-
mented [5, 6] only at a length of 3 m (with a voltage of 2MV across the discharge
gap).

As was also shown in Part I [13–15], in order to form high-conductivity channels
in the atmosphere which could accommodate an artificial or natural discharge
(lightning), the gas must be heated to a temperature from 6000 to 8000 K, when
thermal ionization begins. This condition is crucial, because the high initial electron
density in the atmosphere is a necessary but insufficient condition for realizing high
conductivity in a long atmospheric channel. As was mentioned in [13], it is
important to not only produce but also to maintain the electron density in an
atmospheric channel that is sufficient for electric breakdown. During gas heating,
thermal ionization becomes the main mechanism of electron ‘production’ in the
channel. Specifically, this is the main reason why the streamer mechanism cannot
lead directly to an electric breakdown in the presence of high electron density
(filaments) 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 dynamic
lens correction to increase aberrations and to elongate the focal segment by con-
version 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 c. For small angles (c � 1°), it is simply expressed in terms
of the angle c at the base of the axicon and the refractive index N of the axicon
material: c = (N − 1)a. Each ring element of a conical wave front with a radius
R and width dR is focused into an axial element of length dz = dR/c and the entire
focal segment has the length L = R/tgc = R/c [11]. This length can be significant.
For example, at R = 10 cm and c = 0.5°, it amounts to L * 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 the axicon is independent of the laser beam energy and power and is
instead determined by only the beam diameter. At R = 100 cm and c = 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 longi-
tudinal 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, a breakdown in the medium occurs and
an extended plasma channel is formed along the focal length of the axicon [11].
Initially, the channel has a diameter of 20–100 µm and a length that is on order of
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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 a few nanoseconds.
The density of the plasma, depending on the parameters of the medium, the
wavelength k, and other experimental conditions, varies from 1017 to 3 cm−3, the
temperature reaches 30–40 eV, and the specific conductivity is 10 (X m)−1. A few
microseconds later the channel expands to 10 mm. Accordingly, the temperature
drops to 1 eV and retains at this level for about 100 µs, followed by a relaxation of
the plasma [11]. In contrast to sparks produced by focusing radiation with spherical
optics, there are no discontinuities in the case of axicon based sparks. A similar
pattern was observed at laser energies below 300 J [8]. In the photograph of a CLS
fragment in Part I, the longitudinal structure of the spark looks like a set of bright
tapered elements that are in contact and equally spaced. Figures in Part I show 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 plasma and spaced
by d = 80 cm [8], an electric breakdown occurred at a laser energy of 140 J and a
minimum average electric field strength Emin � 77 V/cm.

The state of the art experiments aimed at implementing laser-spark-guided
electric discharges show another fundamental difference in the case of femtosecond
solid-state and long-wavelength lasers. In the presence of a laser-plasma channel
composed of filaments, the breakdown voltage decreased by 30% [5]. The 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 10–20 µs) are similar to the action of a chain of metal balls. After an
optimal time of *10–20 µs, 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–
2900°K), and electron density in the range from 107 to 108 cm−3.

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 P-P
regime. This lasing regime allows one to produce a long conducting channel in the
atmosphere that 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 has a large diameter and is immobile, while the
second mirror can move within certain constraints. 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 determined by the optical layout of the
telescope. Calculations show that, at a certain repetition frequency of laser pulses
and a certain motion of the second mirror, continuous extended plasma channels
can be formed. However, the 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 Fraunhofer
diffraction. The specific features of the out-of-focus 3D monochromatic images of a
point source, obtained with a round hole, were considered for the first time by
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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. 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 to the fourth
power. For this reason, to form a homogeneous plasma channel several kilometers
long, one should use a P-P laser with accurately shaped pulsed energy and with the
small telescope mirror moving according to a complex program. A practical
implementation of this method with a P-P CO2 laser with an average power of
1 kW yielded a continuous plasma channel *1 m long [18].

11.2 High Conductivity Channel Formation

A completely different approach to the formation of a conducting channel can be
realized using high repetition rate pulse-periodic (P-P) lasers [19]. While under
irradiation by a high-frequency P-P laser with a pulse energy sufficient for pro-
ducing breakdown in the focus of the optical system of a laser reactive engine
(LRE), the motion of the lightly driven engine 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 that occupies a relatively small segment of the
focusing system trajectory. If the laser pulses have a low repetition rate [21], these
regions will take a form somewhat like a dashed line at certain 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 rarefied atmospheric
layers, a problem of a deficit of the conducting medium arises. To solve it, the
displaced optical system must have an efficient 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 (CuO) nanopowder [22], which provides synthesis of conducting aerosol
copper particles upon laser heating. The presence of aerosol particles of heavy
metals in the sublimated material makes it possible to increase the specific impulse
of the LRE thrust, simultaneously increasing the channel conductivity.

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

1. The development of a high-frequency P-P laser with an average power
P*100 kW and a peak power sufficient for initiating a breakdown in the focus
of the LRE optical system.
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2. The 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.

3. Consideration of the laser radiation absorption and scattering by aerosol parti-
cles in the LRE exhaust.

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

5. Obtainment of maximally possible specific impulse of the LRE thrust to reduce
the time of aerosol channel formation.

6. 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.

7. Determination of the lower limit for the size of dispersion aerosol particles to
ignite electric breakdown of a channel capable of transmitting a current, cor-
responding to a short-circuit current in natural or artificial electric circuits at a
minimally possible average strength of electric field.

To address the latter two problems, we conducted a series of experiments. The
results obtained are reported below. We consider the urgent problems of deter-
mining the dynamics of change in the channel conductivity at long delay times and
its maintenance at the optimal level by introducing additional high-frequency
generators into a chain.

11.3 High-Frequency Pulse-Periodic Solid-State
and Gas-Dynamic Lasers

Currently, technological processes and physical experiments with high average
power lasers (over 1 kW) are only advantageous when operating in two regimes:
CW and P-P with repetition rates up to hundreds of Hz and at pulse durations within
tens to thousands of microseconds or even milliseconds. High-frequency P-P laser
systems with a high average power that provides the required pulse train durations
from a few to hundreds of nanoseconds allows the implementation of a funda-
mentally different mechanism of interaction of radiation with matter–sublimation
(ablation), thereby ensuring a local energy release not only in space but also in time
[23, 24]. This results in an explosive local evaporation of a substance without an
intermediate liquid phase. This mechanism can significantly extend the range of
physical and technological applications of laser sources.

High-frequency intra-cavity loss modulation is the most effective method of high
repetition rate P-P lasers. These were realized in flash lamp-pumped solid-state
lasers with an average output power up to 1 kW. Such lasers can be fabricated using
existing experience in the field of the calculation and design of laser resonators,
thereby allowing their operation at the stability boundary with simultaneous optical
decoupling of intra-cavity elements. In industrial applications, stability can be
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reached with the help of an active rear mirror, which provides stabilization of the
fundamental mode in the cavity. The facility relies on a standard lamp-pumped Nd:
YAG laser, which has two 6.3 � 130 mm active elements. The active elements are
mounted in the cavity. In the standard configuration, the laser provides an output
power of 500 W with a radiation beam quality of M2 = 40. The experimental setup
uses an active cavity, which includes two active mirrors: a rear mirror with a
variable radius of curvature and an output mirror with variable reflectivity varying
along the radial coordinate. Using the system of active mirrors has made it possible
to significantly improve laser radiation quality. The parameter M2 = 15 was
obtained with decreasing power down to 350 W. Therefore, the increase in the
power density in the focal plane of the lens exceeded one order of magnitude.
Additionally, improving the divergence of the output radiation creates the prereq-
uisites for the normal operation of standard acousto-optic modulators used in
single-mode lasers. Thus, the Q-switched regime can be realized in the frequency
range from 10 to 30 kHz at an output power of 250 W. When using a similar
approach, the P-P regime has been implemented (Fig. 11.1) at an output power up
to 1 kW with a slight deterioration in quality of the output radiation. It is very
important to emphasize that very little energy is lost during the transformation
process of the CW into the P-P regime.

In principle, if a low-average-power high repetition rate P-P solid-state laser
exists, then high-frequency P-P CO2 lasers with an output power suitable for many
purposes are absent. However, the use of high-frequency P-P CO2 lasers will
fundamentally expand the scope of their applications. The possibility of the
high-frequency P-P operation of lasers of virtually any power has been demon-
strated both theoretically and experimentally. Experimental testing under laboratory
conditions suggests the possibility of transferring the available technology to
industry. The basic requirement for industrial lasers is their high reliability and

Fig. 11.1 Continuous train of pulses for Nd:YAG laser, P = 1 kW
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long-term trouble-free operation. Consequently, it is desirable to ensure the low
service requirements of the equipment. In this regard, the development of industrial
laser sources requires additional research to obtain maximum stability of the output
characteristics, reliability, and service life of the laser. The main direction of the
research should be comprised of the optimization of optical schemes of laser res-
onators operating in the high-frequency P-P regime and the search for solutions that
provide a high radiation resistance of the optical elements of lasers [25].

The high-frequency P-P regime fundamentally differs from CW and low-
frequency operation modes by the mechanisms of interaction of laser radiation with
matter. Experiments show that in the case of high-frequency P-P laser sources, it is
necessary to significantly increase the range of many interaction parameters.

These objectives can be achieved through the physical foundations that have
been established by our team since 1993 [26]. The emphasis of which involves two
main approaches to implement the high-frequency P-P regime in high power/energy
lasers. In lasers with a high average output power (GDL, HF/DF, COIL,
Mono-module disk laser (MMDL)), unstable resonator configurations are com-
monly used, owing to the large cross section of the active medium. In resonators of
this type, externally injected low-power beams may exert a significant effect on the
characteristics of output radiation. One way to realize the control regime is the
self-injection of radiation extraction from the resonator and the return of a part of
radiation after changing its spatial-temporal characteristics. The transition to the
transient lasing mode is effected through the modulation of the self-injecting beam.
Earlier, laser versions with radiation self-injection into the paraxial resonator region
were studied. However, analysis showed that the power of the beam injected into
the paraxial beam region should be comparable to the output laser power in order to
efficiently control the resonator of a continuously pumped laser, unlike pulsed
systems with regenerative amplification.

The self-injection of a part of the output radiation through the resonator periphery
is more efficient; on return to the paraxial resonator region, the injection power
significantly rises due to the large number of passages playing a dominant part in the
formation of output radiation. In the case of a traditional resonator, the role of waves
converging on the resonator axis was found to be insignificant, because their source
is a narrow region with a small relative area along the edge of the output mirror.
Accordingly, the power of the control wave injected into the resonator is low. This
wave has a large divergence and only a small part of which (of the order of 1/Nf,
where Nf � 1 is the Fresnel number) participates in lasing.

The effect of injection waves on the resonator characteristics can be enhanced by
matching the beam phase with the resonator configuration and by increasing the
radiation power that is returned. In this case, the propagation direction and the wave
front curvature of the injection beam should be matched with the resonator con-
figuration such that the injection beam concentrates, after a relatively large number
of passages through the resonator, near the optical resonator axis and transforms to
a divergent wave that forms the output radiation. The injection beam energy should
be high enough to exceed, after its arrival to the resonator axis, the saturation
energy of the active medium.
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The experimental configuration was realized in a gas-dynamic CO2 P = 100 kW
laser with the following parameters: the length of the active medium La = 1.2 m,
the unsaturated gain coefficient g0 = 0.6 m−1, the time it takes the active medium to
transit the resonator s = 0.92 � 10−4 s, the relaxation time sp = 2.76 � 10−4 s, the
total go-round resonator time sf = 4.2 � 10−9 s, the luminescence lifetime sl = 5 s,
the resonator magnification factor M = 1.45, and the diameter of output laser
aperture a = 0.08 m.

The laser resonator is made up of two spherical mirrors with rectangular aper-
tures, which provide a geometrical amplification factor of 1.45. The active medium
travels across the optical resonator axis. In the following, all theoretical and
experimental data are given for a laser with the aforementioned parameters.

A part of the output laser radiation was diverted by a metallic mirror that is
inclined with respect to the injection beam formation system that consists of two
spherical mirrors with conjugate focal planes. In the vicinity of the focal plane, the
waist of the branched part of the laser beam is formed and a modulator was placed
near the waist. The modulator location selected so that the laser beam completely
filled the aperture of the modulator. The maximal modulation frequency in our
experiments was equal to 33 kHz.

The duration of an individual pulse was about 100–150 ns. We emphasize that
the recorded pulse duration was limited by the measuring path bandwidth equal to
50 MHz, as noted above. The amplitudes of individual pulses exceeded the average
value of output power by factor –100. The average output power was measured
with a calorimeter cooled by running water. It is noteworthy that the average output
power in the P-P mode was equal to the output power in the CW laser-operating
mode (Fig. 11.2). Good agreement between the experimental and theoretical data
for frequencies ranging up to 30 kHz testifies to the adequacy of the proposed
model and the possibility of employing this method at higher frequencies in order to
convert a CW laser radiation to the P-P operating mode [27].

Fig. 11.2 Output power for
CW and P-P modes of
operation
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11.4 Pulse-Periodic HF/DF and COIL Lasers

We have performed calculations for two of the most powerful existing lasers in
order to determine the temporal structure of radiation and the peak power of pulses
after transformation of the CW mode into the P-P mode. The basic parameters for
these calculations are presented in the Table 11.1 for HF/DF laser and Table 11.2
for COIL.

(a) HF/DF laser

V=2500m /s

0,4

0,45

0,1

For this experimental configuration one can draw the following conclusions.
First, the P-P mode is valid for the modulation frequency 60–600 kHz. Second,
the depth of modulation will be chaotic and structured as bundles of pulses for
the frequency gap between 100 and 300 kHz. Third, the duration of bundles
will be controlled by a filling factor. For frequencies more than 300 kHz, the
depth of modulation will reach 100% (rough pulse structures are very similar to
the structure of biting transverse modes). For frequencies more than 450 kHz,
one reaches the classical regime of a regularly pulsed train. The duration of
pulses should be in the gap of 100–150 ns. The ratio P peak/P average is within
100–1000.

(b) COIL

V=1200m/s

0,254

0,085

0,022

All parameters of the system have the same definitions as shown in the table
above and from this data one can conclude that the starting modulation fre-
quency of the P-P mode should be higher than 20 kHz. The depth of modulation
will be chaotic and structured as bundles of pulses. The duration of bundles will
be controlled by a filling factor. For frequencies more than 100 kHz the depth of
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modulation will reach 100%. For frequencies more then 150 kHz, the classical
regime of regularly pulsed trains occurs. The duration of pulses should be less
than 150 ns. The ratio of P peak/P average is within 100–1000.

11.5 Bright Future—High Power/Energy Mono-Module
Disk Laser

The scaling laws for the MMDL design show that the power limit for CW operation
is far beyond 100 kW for a single disk and that the pulsed energy limit is higher
than 100 J from one disk in pulsed operation [27]. By cooling the surface of the
disk, optical distortion of the laser beam is low and therefore operation of a thin
disk laser is possible in its fundamental mode at extremely high output power. The
disk laser concept is a laser design for diode-pumped solid-state lasers, which
allows the realization of lasers with high output power, very good efficiency, and
excellent beam quality. Since the first mention of the principle in 1962 and its
demonstration in 1964 by acad. Basov et al. [28], the output power of disk lasers
has been increased to 4 kW in CW-operation. Disk lasers (chain of disks) with up to
30 kW are now commercially available for materials processing [29, 30]. The beam
quality of commercially available disk lasers is always better than that for rod lasers
of similar power levels and laser powers up to 100 W are available with the

Table 11.1 Parameters of HF/DF laser

Parameter Value Parameter Value

La 0.4 m s 0.18 � 10−4 s

Lr 1.0 m sp (2–3) � 10−5 s

g0 5–10 m−1 M 1.4

C 3 � 108m/s sf 3.3 � 10−9s

A 0.08 m sl 20/330 s

where: La—active media length; g0—unsaturated gain coefficient; g—saturated gain coefficient;
C—light velocity; s—time of active media travel across of the resonator; sp—relaxation time; sf—
round trip time; sl—luminescence time; M— magnification of resonator; a—diameter of aperture

Table 11.2 Parameters of COIL

Parameter Value Parameter Value

La 0.254 m s 0.71 � 10−4 s

Lr 1.5 m sp (10–12) � 10−5 s

g0 56.9 m−1 M 1.2

C 3 � 108 m/s sf 5 � 10−9 s

a 0.04 m sl 2 s
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fundamental mode (M2 < 1.2). Additionally, the electrical efficiency is higher than
all other commercially available solid-state lasers with similar power levels. The
disk laser design also allows highly efficient pulsed operation as a high repetition
rate P-P laser or as a laser amplifier. In particular, the generation and amplification
of ultra-short pulses is possible with a very high average power and a high effi-
ciency. These properties of disk lasers will open the way to a completely new class
of pulsed laser systems for materials processing. With all of their outstanding
features, disk lasers will not only replace classical laser systems in many applica-
tions but will also create new markets for laser technology.

One of the outstanding features of a disk laser is its excellent beam quality,
which results from the surface cooling of the laser disk. The laser crystal is disk
shaped with a diameter of several mm, depending on the output power and energy
and has a thickness of up to 500 lm, depending on the laser active material, the
doping concentration, and the pump design. The back side of the disk is coated with
material that is highly reflective for both the laser and the pump wavelengths and
the front side is anti-reflectively coated for both wavelengths. This disk is mounted
with its back side facing a water-cooled heat sink. Due to this mounting and cooling
technique, the temperature gradients inside the laser crystal are mainly coaxial to
the disk axis and the laser beam axis. The temperature in the radial direction is
nearly uniform within the homogeneously pumped central area of the disk.
Therefore, these temperature gradients only slightly influence the laser beam
propagation through the disk. All of the thermal lens effects and the aspherical parts
of the profile of the index of refraction are reduced by more than one order of
magnitude compared with rod laser systems. The stress-induced birefringence is
even further reduced and can be neglected for real laser systems. Additionally, due
to the large surface-to-volume ratio, the heat dissipation from the disk into the heat
sink is very efficient, thereby allowing operation at extremely high volume power
densities in the disk. Using multiple pumped beams passing through the disk results
in a thinner disk and/or a lower doping concentration, thus reducing the thermal
effects such as thermal lensing and stress in the disk.

Another advantage is that the effective pump power density is increased so that
on the one hand, the demands to the power density of the pump diodes are reduced
and on the other hand, quasi-three-level laser materials can also be used with this
design. Although quasi-three-level materials offer the possibility of building lasers
of the highest efficiency, they are difficult to operate because they show a relatively
high absorption of the laser-wavelength. This difficulty is due to the fact that the
lower laser level is so close to the ground state that a considerable number of the
laser-ions are in the lower laser level when the laser is operated at room temper-
ature. Therefore, it is necessary to pump the material with a high pump power
density in order to reach the threshold without increasing the temperature of the
crystal too much. Using multiple pumped beam passes through the crystal is
therefore the key to achieving a low threshold and a high efficiency, because this
helps to simultaneously reduce the thickness of the crystal as well as the doping
concentration. This decoupling of laser and pump beam absorption is essential for
the operation of quasi-three-level systems. The limit for the possible number of
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pump beam passes through the disk is given by the beam quality of the laser
diodes, which determines the beam diameter on the parabolic mirror and therefore
the number of positions on the mirror that can be used. The better the beam quality
of the pump laser diodes, the higher the number of pump beam passes that are
possible and the higher the total efficiency of the disk laser will be. When operating
the disk, it is easy to scale the output power or energy by simply increasing the
pump spot diameter while keeping the pump power density constant. Also, there is
no need to increase the brightness of the pump laser diodes. Besides
quasi-three-level systems like Ytterbium and Thulium doped materials, nearly all
classical laser materials can be operated using a disk design, especially if the
absorption of the pump radiation is quite high. This has been demonstrated by
using Nd in YAG and other hosts.

Besides the outstanding properties of disk laser designs for CW-operation, they
are also well suited for P-P laser systems, especially if a high average output power
is required. Until now, high average powered P-P disk laser systems have been
developed and demonstrated for the ns-pulse duration regime. These systems show
an excellent beam quality and high efficiency. P-P operation could be achieved by
inserting an AOM inside the laser resonator. With 140 W pump power, 18 mJ
output energy per pulse has been demonstrated at 1 kHz repetition rate and 6 mJ at
10 kHz repetition rate. Using the concept of a master oscillator, the use of a
regenerative amplifier allows for pulse amplification of ns-, ps- and fs pulses. The
oscillator generates pulses with the desired properties (pulse duration, wavelength
and repetition rate) which are amplified to the desired energy in the disk amplifier.
The disk amplifier in this scheme is operating independently of the seed laser and is
able to amplify any incoming pulse with the right wavelength and a pulse duration
which is shorter than the round-trip time of the amplifier resonator. Simulations
show that scaling of the output power of one single disk is only limited by amplified
spontaneous emission (ASE) if the pump spot diameter becomes increasingly large.
Fortunately, the gain of low doped Yb:YAG is rather small so that ASE will occur
only at very high pump power levels. For a 9 at.% doped disk with a thickness of
200 lm the power limit occurs at a pumping power beyond 50 kW. Therefore,
much more than 20 kW laser power can be extracted in CW-operation from one
disk. This power level (20 kW) can be considerably increased further by increasing
the pump spot diameter. The limitation set by ASE can then be overcome by using a
disk with an undoped cap on top of the original disk, thus reducing the mean radial
gain by the square of the ratio between the undoped and the doped material.
Simulations also show that the laser power level for operation in the fundamental
mode can be increased to nearly the same power level as for multi-mode operation.
The reason for this behaviour is that the aspherical part of the residual thermal lens
of the disk inside a top-hat pump profile is extremely low and independent of the
pump spot diameter itself. The additional phase step at the edge of the pump profile
is low and also nearly independent of the pump spot diameter. This phase step can
be compensated for by using simple adaptive optics. Scaling the pulse energy of
single disk is more strongly limited by ASE than the power under CW operation
since the gain under low repetition rate P-P conditions is much higher compared
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with the CW operation of a disk. Nevertheless, using an undoped cap on top of the
disk and some other construction features (proprietary “know–how” which is not
presented here) will result in achievable energy levels far beyond 100 J from a
single disk geometry.

The concept of TRUPF is very much similar to the CO2 laser which was
developed in the 1970s by GPI RAS [30]. That approach was very effective in
understanding the many features of high powered lasers development (high power
optics, adaptive optics, CW plasma ball in air for new applications and so on). But
the corresponding “Zig-Zag” approach for high power laser development is not
effective and is gone forever. The only way for multi-MW scale laser development
is a MMDL with D �1 cm. The MMDL is an innovative laser concept that
allows one to build diode pumped solid state lasers with the highest average
output powers, the highest efficiency, and the best beam quality, simultaneously.
Nearly all operational modes of solid state lasers such as CW, P-P operation can
be built using our new design and having better properties than previous designs.
Laser output average power of much more than existing level is possible due to
our innovative efforts. The scaling laws for disk laser design according to our
approach show that the average power limit is far beyond 1 MW for a MMDL.
Variation of the radiation temporal structure will help to overcome the following
problems:

– preventing an effective energy deposition into a target;
– large losses of energy during propagation in air due to absorption saturation

effect for high peak power of pulses;
– much higher extraction of energy from a big volume of a laser active media.

11.6 Conclusions

The physical and technical details have yet to be revealed for a laser that can solve the
many important challenges faced by science and technological advances in the
future. However, the creation of high power/energy class of high frequency P-P lasers
with a large cross section of the active medium, high compactness, and low weight
will greatly help solve the current problems of launching of small satellites by lasers,
formation of super-long conducting channels in space (vacuum and atmosphere),
cleaning of the near-Earth space from space debris, and other special tasks [31, 32].
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Chapter 12
High Power/Energy High Repetition
Rate Lasers

12.1 Introduction

Currently, in technological processes with high average power (over 1 kW) lasers,
advantage is taken only of sources operating in two regimes-continuous and
pulse-periodic (P-P) with a repetition rate from a few to hundreds of Hz at pulse
durations within tens to thousands of microseconds and even milliseconds. In this
case, the discussed processes usually rely on purely thermal mechanism, because use
is made of the possibility of a laser source to deliver a sufficient amount of energy to a
small area of the surface of a material being processed. High repetition rate P-P laser
systems with a high average power, which provide the required pulse train durations
from a few to hundreds of nanoseconds, allows implementation of a fundamentally
different mechanism of interaction of radiation with matter-sublimation (ablation)
ensuring a local energy release not only in space but also in time [1, 2]. This results in
an explosive local evaporation of a substance without an intermediate liquid phase.
This mechanism can significantly extend the range of technological applications of
laser sources. However, it has found no real use in practice because of the great
complexity of its implementation in the case of the mean powers required in a
significant number of technologies. In general, such mean-power lasers are used in
micro surface treatment, product marking, scribing, term cleavage, micro drilling,
and laser-induced chemical etching.

12.2 Comparison of CW and P-P Regimes of Operation

It is known that for CW radiation, the threshold power density of evaporation is
defined as:

qcav ¼ kTvap
Ar0

; ð12:1Þ

© Springer Nature Switzerland AG 2018
V. Apollonov, High-Conductivity Channels in Space, Springer Series on Atomic,
Optical, and Plasma Physics 103, https://doi.org/10.1007/978-3-030-02952-4_12

163

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-02952-4_12&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-02952-4_12&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-02952-4_12&amp;domain=pdf
https://doi.org/10.1007/978-3-030-02952-4_12


where A is the absorption coefficient (A = 1 − R), к is the thermal conductivity,
Tvap is the evaporation temperature, and r0 is the radius of the beam cross section in
the focal plane. At Tvap = 3000 K, A = 0.5 (k ¼ 1:06 lm), k = 0.32 W/cm � K,
and r0 = 10 lm, we obtain for steel qcav ¼ 1:9�106 W/cm2. The corresponding
laser power is:

PP-P ¼ qS; ð12:2Þ

where S is the area of the laser spot, and thus PP-P � 6:0 W.
For a P-P laser source with the same parameters and the corresponding thermal

regime, the threshold power density can be expressed as:

qp ¼ kTvap
2A

ffiffiffiffiffi

p
as

r

ð12:3Þ

(a is the thermal conductivity 3.45 � 10−2 cm2/s for steel), which gives the
value of qp � 0:9� 106 W/cm2.

In addition, we can calculate the pulse power, Pp, and the average power PP-P:
(f is the pulse repetition rate), PP-P � 2:8 W and t = 10−4 s, f = 50 Hz.

Thus, on the basis of the above-said, we can conclude, in general, the following:

�PP-P
Pcw

¼ f s
r0
ffiffiffiffiffi

as
p ; ð12:4Þ

at above stated parameters r0
ffiffiffiffi

as
p � 1 and

�Pp-p
Pcw

� f s. Then for f = 250 Hz and

t = 10−4 s �PP-P
Pcw

¼ 10�2 for f = l kHz and nanosecond pulses we have �PP-P
Pcw

¼ 10�6.
Thus, for a repetition rate of 30 kHz and pulse duration of 100 ns, i.e., the

regime characteristic for the solution to most engineering problems, the ratio is
10−3. Note that the physical processes in the case of P-P cutting are very similar to
those of drilling, as the cut is a set of individual holes. Based on the above-said, we
can conclude that the P-P regime of laser operation is more advantageous for most
processing operation than the CW regime.

Then, let us answer the question: what regime of laser operation, continuous or
pulse-periodic, is preferable in terms of quality of materials processing?

For high-quality processing of materials it is necessary to ensure the following
conditions:

(i) The minimum amount of the liquid phase formed during drilling or cutting.
The amount of the liquid phase is proportional to

ffiffiffiffiffi

as
p

:
(ii) The maximum amount of liquid phase removed from the drilling or cutting

region by vapor pressure. The recoil vapor pressure is proportional to.

Both of these factors indicate that the pulse duration for the P-P regime should
be as short as possible based on the mean power requirements. Now we perform the
same comparison in terms of requirements on the accuracy of scanning systems
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used for materials processing. It is evident that for processing conditions (stable
product quality) to be stable, it is needed to ensure constant power flux density
q. The required q for scanning systems is equal to:

q ¼ hVsk

d0
Lp ð12:5Þ

or with respect to the laser power P this condition is expressed as:

P
Vsk

¼ hd0Lp ¼ const ¼ B: ð12:6Þ

On this basis, we can once again confirm our earlier conclusion: from the energy
point of view, the P-P regime of laser operation is more preferable for laser cutting
or drilling than the CW regime. This means that the stable conditions imply the
constant laser power P and beam scanning speed Vsk. This is especially important
for high-speed processing of materials of complex shape. In this case, it is
impossible to maintain the same speed on straight lines and sharp turns. If Vsk is not
a constant and varies according to some law Vsk(t), the condition P = BVsk(t) cannot
be met fin the case of the CW laser power.

Nowadays, laser technologies are widely used in the manufacture of products
made of carbon steel and non-metal materials, such as composites, plastics, glass,
rocks, wood, etc. Among the variety of different lasers, solid-state lasers and gas
laser systems based on the CO2 molecule have found the most frequent use in
industrial applications.

12.3 Solid-State Lasers

Solid-state lasers are most widely used in processing of the materials made of
carbon steel and non-metal materials. The use of solid-state lasers for machining
nonferrous metals and their alloys is less common. This is mainly due to significant
reflectivity of nonferrous metals, which reduces the laser radiation-to-heat con-
version efficiency and performance, thereby making the materials processing
impossible. It is known that for nonferrous metals and alloys to be processed, more
appropriate are high-peak-power Q-switched lasers ensuring ablative material
removal mechanism. Experiments on cutting of nonferrous metals in the
high-frequency P-P regime show their high efficiency and much higher quality of
machining. However, the power of the available solid state lasers operating in this
regime is low—typical values of the output power are no more than 1 kW. Low
average power does not provide acceptable performance. Increasing average power
will open the way for industrial application of these lasers. Comparisons performed
for the same average power showed that the speed of cutting of nonferrous metals in
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the high-frequency P-P regime exceeds the speed of cutting in the CW regime by
more than an order of magnitude in some cases.

The absence of melting of the material ensures the quality of the edges com-
parable with the quality of mechanical machining without a cold-worked layer,
thereby making additional processing unnecessary. Fabrication of industrial
solid-state lasers operating in the high-frequency P-P regime with an average output
power—1 kW and higher will significantly expand the scope of application of these
lasers.

12.4 High-Frequency Intra-Cavity Loss Modulation

This approach is realized in flash lamp-pumped solid-state lasers with an average
output power up to 1 kW. Such lasers can be fabricated by using the existing
experience in the field of calculation and design of laser resonators, which provide
their operation at the stability boundary with simultaneous optical decoupling of
intra-cavity elements. In industrial applications, stability can be reached with the
help of an active rear mirror, which provides stabilization of the fundamental mode
in the cavity. The facility relies on a standard lamp-pumped Nd:YAG laser, which
has two 6:3 � 130mm active elements. The active elements are mounted in the
cavity. In standard configuration, the laser provides an output power of 500 W with
radiation beam quality M2 = 40. The experimental setup uses the active cavity,
which includes two active mirrors—a rear mirror with a variable radius of curvature
and an output mirror—with variable reflectivity varying along the radial coordinate.
Using the system of active mirrors has made it possible to significantly improve
laser radiation quality. The parameter M2 = 15 was obtained with decreasing power
down to 350 W. Therefore, the increase in the power density in the focal plane of
the lens exceeded one order of magnitude. Besides, improving the divergence of the
output radiation creates prerequisites for the normal operation of standard
acousto-optic modulators used in single-mode lasers. Thus, the Q-switched regime
can be realized in the frequency range from 10 to 30 kHz at an output power of
250 W. When using a similar approach, the Q-switched regime at an output power
up to 1 kW, with a slight deterioration in quality of the output radiation, has been
implemented (see Fig. 11.1.).

12.5 Carbon Dioxide Lasers

If low-average-power Q-switched solid-state lasers exist in principle, high-
frequency P-P CO2 lasers with an output power that is suitable for technological
purposes are absent. However, the use of high-frequency P-P CO2 lasers will
fundamentally expand the scope of their applications. One of the most promising
applications is the use of CO2 lasers for glass cutting. Continuous-wave CO2 lasers
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provide high-quality and high-speed cutting of flat glass of virtually any thickness
(the method of splitting non-metallic materials was proposed and patented. In recent
years, the technique of laser splitting of different materials is increasingly used in
mass production. However, this method ensures only a straight cut and is com-
pletely unsuitable for complex laminated glass. High-frequency P-P devices emit-
ting pulses of short duration deliver a cut along an arbitrary trajectory, without
softening a material. The possibility of high-frequency P-P operation of lasers of
virtually any power has been demonstrated both theoretically and experimentally.
Experimental testing under laboratory conditions suggests the principle possibility
of transferring the available technology to industry. The basic requirement for
industrial lasers is the high reliability and long-term trouble-free operation. In this
connection, it is desirable to ensure the low serviceability of equipment. In this
regard, the development of industrial laser sources requires additional applied
research to obtain maximum stability of the output characteristics, reliability and
service life of the laser. The main direction of the research should comprise opti-
mization of optical schemes of laser resonators operating in the high-frequency P-P
regime and search for solutions that provide high radiation resistance of optical
elements of lasers [3, 4].

In addition, it is also advisable to conduct additional research aimed at the
commercial development of constructive and technological implementation of the
technique of phase-locking of individual lasers (in order to increase the output
power without deteriorating the spatial and temporal characteristics of the laser
output) in metal and glass processing. The high-frequency P-P regime fundamen-
tally differs from CW and low-frequency operation modes by the mechanisms of
interaction of laser radiation with matter. In the future this will require applied
research aimed at the refinement of the technologies of cutting, scribing, marking,
laser-induced chemical etching, attainment of high-power secondary radiation from
plasma, etc. for different boundary conditions of interaction with a wide range of
materials. Experiments show that in the case of high-frequency P-P laser sources, it
is needed to significantly increase the ranges of variation of many interaction
parameters.

12.6 High-Frequency P-P Regime

The above objectives can be achieved through physical foundations, elaborated by
our team in this area since 1993 [2]. The emphasis is on the two main approaches to
implementation of the high-frequency P-P regime. In lasers with a high average
output power (GDL, HF/DF, COIL, Mono-module disk laser (MMDL)) [4–9] use is
commonly made of unstable resonator configurations owing to the large cross
section of the active medium. In resonators of this type, externally injected
low-power beams may exert a significant effect on the characteristics of output
radiation.
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One way to realize the control regime is the self-injection of radiation extraction
from the resonator and return of a part of radiation after changing its
spatial-temporal characteristics. The transition to the transient lasing mode is
effected through the modulation of the self-injecting beam. Earlier, a study was
made of laser versions with radiation self-injection into the paraxial resonator
region. However, analysis showed that the power of the beam injected into the
paraxial beam region should be comparable with the output laser power to effi-
ciently control the resonator of a continuously pumped laser, unlike pulsed systems
with regenerative amplification.

The self-injection of a part of output radiation through the resonator periphery is
more efficient: on return to the paraxial resonator region, the injection power sig-
nificantly rises due to the large number of passages to play the dominant part in the
formation of output radiation. In the case of a traditional resonator, the role of
waves converging to the resonator axis was found to be insignificant, because their
source is a narrow region with a small relative area at edge of the output mirror;
accordingly, the power of the control wave injected into the resonator is low. This
wave has a large divergence, and only its small part (of the order of 1/Nf, where
Nf � 1 is the Fresnel number) participates in lasing.

The effect of injection wave on the resonator characteristics can be enhanced by
matching the beam phase with the resonator configuration and increasing the
radiation power returned. In this case, the propagation direction and the wave front
curvature of the injection beam should be so matched with the resonator configu-
ration that the injection beam concentrates, after a relatively large number of pas-
sages through the resonator, near the optical resonator axis and transforms to a
divergent wave that forms the output radiation. The injection beam energy should
be high enough to exceed, after its arrival to the resonator axis, the saturation
energy of the active medium.

The experimental configuration was realized in a gas-dynamic CO2 laser with
the following parameters: the length of the active medium La = 1.2 m, the unsat-
urated gain coefficient g0 = 0.6 m−1, the time it takes the active medium to transit
the resonator s ¼ 0:92� 10�4 s, the relaxation time sp ¼ 2:76� 10�4 s, the total
goround resonator time sf ¼ 4:2� 10�9 s, the luminescence lifetime s1 ¼ 5 s, the
resonator magnification factor M = 1.45, the diameter of output laser aperture
a = 0.08 m.

The laser resonator is made up of two spherical mirrors with rectangular aper-
tures, which provided a geometrical amplification factor of 1.45. The active med-
ium travels across the optical resonator axis. In what follows all theoretical and
experimental data are given for a laser with the above parameters.

A part of the output laser radiation was diverted by an inclined metallic mirror to
the injection beam formation system consisting of two spherical mirrors with
conjugate focal planes. In the vicinity of the focal plane there formed the waist of
the branched part of the laser beam, and a modulator was placed near the waist. The
modulator location was so selected that the laser beam completely filled the aperture
of the modulator. The maximal modulation frequency in our experiments was equal
to 33 kHz.
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The duration of an individual pulse was about 100–150 ns. We emphasize that
the recorded pulse duration was limited by the measuring path bandwidth equal, as
noted above, to 50 MHz. The amplitudes of individual pulses exceeded the average
value of output power by factor—100. The average output power was measured
with a calorimeter cooled by running water. It is note worthy that the average output
power in the P-P mode was equal to the output power in the CW laser-operating
mode. Good agreement between the experimental and theoretical data for fre-
quencies ranging up to 30 kHz testifies to the adequacy of the proposed model and
the possibility of employing this method at higher frequencies to convert a CW
laser radiation to the P-P operating mode [2, 4, 5].

12.7 Conclusions

Today the only we can say to conclude this chapter is the following. The creation of
high power/energy class high repetition rate P-P lasers with a large cross section of
the active medium will open up a great prospects for their use in solving the
problems of launching of small satellites by lasers, formation of super long high
conductivity channels in space (vacuum) and in atmosphere, cleaning of the
near-Earth space from space debris and special tasks of our days [10].
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Chapter 13
High Power/Energy Lasers
and New Applications

13.1 Introduction

At the beginning of 1973 in the USSR, the study of designing possible LJE systems
was conducted. A reflector located in the tail of the rocket prototype concentrated
the obtained radiation in air, creating reactive thrust through the resulting
micro-burst. The results from successful tests of different reflectors that also acted
as laser light receivers were obtained. One should note that all of these experiments
were conducted with the use of electric discharge CO2 lasers with power up to
10 kW. However, to inject technologically effective equipment (global network
connections, Internet, photo-monitoring of Earth surface, debris cleaning) into orbit,
the necessary radiated power is substantially higher. For example, for KA launching
with a weight of 1000 kg, a laser with a power no less than 10–15 MW is necessary
[1, 2].

13.2 Lasers for Laser Jet Engine Development

Presently, gas-dynamic lasers (GDL) are the only capable systems for LJE appli-
cations, since only in this case does the laser technology significantly intersect
rocket technology, which has evolved considerably in the last 50 years towards the
creation of super-power gas generators and poses similar problems. Furthermore,
the laser must work in the P-P regime with a high repetition frequency of short
pulses in order to avoid laser emission screening by the plasma, which appears in
such engines, and therefore for an increase in the working effectiveness [3]. In the
opinion of specialists such as classical missile designers, LJE can be effectively
used for inexpensive single-stage launches of nano- and micro-satellites with
masses of 5–50 kg. In the first stage of flight, KA use atmospherinc air as the
working medium in the engine at heights up to 30 km. Above this altitude, injection
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of the satellite into orbit requires the use of an onboard reserve of special fuel or
ablating substance in quantities not exceeding 15–20% of the KA starting weight.
According to expert opinions, such launches will be the fundamental basis of future
commercial launch programs.

The A. M. Prokhorov General Physics Institute of RAS and other organizations
of Russia have accumulated vast amounts of experience regarding the use and
creation of powerful lasers. In the last few years, very successful experimental
studies of the P-P regime in powerful and continuous laser systems were con-
ducted. This has enabled the experimental realization of a super-powered P-P laser
source on the basis of gas-dynamic principles and a LJE composed of a light carrier
with a control system. This collection of work represents a major step towards the
future of launching super-lightweight KA into low/near Earth orbit. The completion
of this project will make it possible to create highly economical and reusable LJE
for the delivery of a wide variety of payloads into space. The key advantage of this
new approach is the fact that the source of kinetic energy and the payload are
decoupled in space, thereby reducing the launched weight of the KA to that of only
the payload weight. As predicted by K. E. Tsiolkovskii, the first KA will be
achieved with the aid of electromagnetic waves directed from an external energy
source. At the time, laser technology had yet to be discovered. As confirmed in
recent symposia in this field of research, various scientists and specialists in our
country have suggested that the problems of the creation of powerful lasers can be
solved with a high repetition rate (50–100 kHz) of pulses of short duration (150–
250 ns). Recently Arthur Kantrowits, the “the father of laser reactive motion”,
wrote:

Dear Victor, thank you for the pleasure of reading your articles from the last symposium on
the motion with the aid of laser energy which are now accessible for the scientific com-
munity. After considering these works, I believe that these remarkable ideas regarding the
quasi-stationary wave, the light-detonation waves, and the matrix of reflectors that were
introduced into your new examination are very important for the development of the theory
and technology of motion with the aid of the light. With great admiration, I control the start
of development of the laser technology in the world and in Russia, in particular. I hope that
your publications will stimulate significant activity in the field of laser engine creation and
its applications. It would be very interesting to hear about the continuing progress in this
hot field of research. Thanks for your energetic contribution. A. Kantrowits

The high-frequency P-P mode of laser operation was developed and tested on the
basis of powerful CO2—GDL, Nd YAG with lamp pumping and can be success-
fully used for other types of the powerful lasers, such as: HF/DF, Nd YAG with LD
pumping, COIL and CO. The results of computer modeling for high repetition rate
P-P lasers are presented in our review. The data from modeling depends on the
characteristics of media, method of pumping, resonator geometry, and many other
parameters of the laser under consideration [4].

1. COIL: P-P mode starts at frequencies >20 kHz. Pulse duration <250 ns. Depth
of modulation—100% starts at frequencies >100 kHz. Ratio: P peak./
P aver. = 100–1000.
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2. HF/DF: P-P mode starts at frequencies >100 kHz. Depth of modulation—100%
starts at frequencies >250 kHz. Pulse duration <150 ns. Ratio: P peak./
P aver. = 1000–10,000.

3. Nd YAG: P-P mode starts at frequencies >4 kHz. Depth of modulation—100%
starts at frequencies >40 kHz. Pulse duration <250 ns. Ratio: P peak./
P aver. = 100–1000.

4. CO: P-P mode starts at frequencies >10 kHz. Depth of modulation—100%
starts at frequencies >100 kHz. Pulse duration <250 ns. Ratio: P peak./
P aver. = 100–1000.

The project of the GDL with an output power of 20 MW with the varied
high-frequency structure of emission is presently located in Russia. Meaningful
results were obtained for a notable increase in the effectiveness of laser energy used
in a developed mode of emission, which, according to our estimations, made it
possible to launch payloads from tens of kg to a hundreds, or even a thousand kg.
Due to the different potential applications of this technology, similar work has
already begun in Germany, Japan, England, France, China, S. Korea, Brazil and a
number of other countries. Practically all participants of those projects note the
unique position of GDL as one of the most promising systems because of its
scalability with respect to rocket technology up to the level of several ten mega-
watts and also for other important parameters.

To date, the possibility of applying laser emission to aerospace tasks has been
investigated in two ways: launching light KA to orbital space and the reduction of
aerodynamic drag on flying bodies moving through the atmosphere at high speeds.
To develop LJE, periodic repetitive laser sparks are created by P-P laser emission
that is focused on the reflector near the rear end of KA. Sparks generate shock
waves which transfer a part of their mechanical pulse to the reflector located near
the tail of the rocket. Recent gas-discharge laser systems have demonstrated a
characteristic pulse repetition frequency that was limited within the range of 100–
300 Hz by the time of gas exchange in the discharge zone. To achieve high average
powers up to 10 MW, it is necessary to use laser pulses with an energy of about
100 kJ. With reduced air pressure encountered at altitudes higher than 15 km, each
pulse creates a long living plasma sphere that occupies practically the entire volume
of reflector, which leads to the screening of the subsequent pulses within 10 ms.
One further technical difficulty of the corresponding method of energy extraction
from the laser is that they apply very strong impact loads due to the high energy of
the pulses. Additionally, the use of high energy pulses with a small repetition
frequency and, consequently, with a very high peak power is limited by optical
breakdown en route to the surface of reflector. The method that we have proposed
overcomes all of these difficulties through the usage of laser emission with pulses
having short durations, with a high pulse repetition frequency, and with a mecha-
nism of generated by OPD shock waves that are resonant. Under these conditions,
the LJE energy of laser pulses with short durations (100 ns) can be effectively
(95%) absorbed and converted (*30%) into shock waves. In addition to this, it is
shown that the specific thrust can be increased several times due to the artificial
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transformation of the radial component of shock waves into the longitudinal
direction. There are many other advantages of high repetition rate P-P lasers that
should be mentioned here as well [5], including:

• A much higher efficiency of energy extraction from a media and conversion into
laser light, which is important for high aperture lasers scale up.

• Decreasing of the plasma screening effect due to the reduction of the duration of
laser pulses and the increase of the number of pulses up to a few tens of kHz.

• Decreasing the thermal defocusing of the laser beam due to the use of an optimal
temporal structure of laser radiation.

• Localization of energy deposition in space and time and the elimination of the
stressed state of solids under laser action due to the replacement of melting by
ablation.

• Possibility of unrolled 3d geometry of breakdowns in space due to a very high
repetition rate generation of laser pulses, creation of optical, acoustical and
electromagnetic fields far away of laser source.

• Much longer distances of optical breakdown conditions for the same optical
systems.

13.3 Long Conducting Channel and New Set
of Applications

In this case, the displacement of the optical focusing system and interaction
between the P-P laser radiation with the energy in the focus of the optical system
that is sufficient for breakdown ensures the formation of a continuous
current-conducting channel in the air medium due to its ionization. Calculations
show that the frequency band of laser pulses ensures the continuity of the formed
current-conducting channel in the appropriate speed range of the moving focusing
system, which can be realized in this particular medium. With the help of the
focusing system, each pulse of the laser creates a region of plasma that extends in
the relatively small section of space following the trajectory the device. If the pulses
follow each other at a repetition rate of low frequency, then the plasma regions will
be displaced in a manner similar to a dotted line. However, at higher frequencies
that are optimal for the particular medium and speed, for example more than
10 kHz, then the displacements of ionized regions will no longer have breaks and
this process will form a continuous conducting channel (Fig. 13.1).

However, after the moving optical system enters into much less dense layers of
the atmosphere and further into the vacuum, then the problem of the scarcity of
medium appears. This leads to a deficiency in the ionized gas both as the source of
conducting medium and as the means of shock wave accumulation and means of
energy transfer that is necessary for motion. Consequently, the moving optical
system must be supplied with a source of medium that is created near the focus of
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the laser and is sublimated under the action of incident laser radiation. This source
is made from an easily ionized substance containing nano-particles of metal or a
substance which, under the action of laser emission, ensures the synthesis of such

Fig. 13.1 Time controlled evolution of trains in the space for F = 20 Hz, 50 cm/s and for
F = 25 kHz, 250 cm/s correspondingly
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nano-particles. In this case, the presence of such a source of easily ionized sub-
stance makes it possible to form a continuous current-conducting channel in a
vacuum. Simultaneously, the presence of metallic nano-particles in the sublimated
material improves the conductivity of the channel and increases the specific thrust
of the laser jet engine (LJE). This device contains the mobile optical system and
reservoir with the sublimated substance, which essentially determines the time of
reaching the required length of an electrical power transmission channel [6].

Introducing a high voltage electrode into the current-conducting channel formed
by the moving optical focusing system both stabilizes and transfers energy along
the length of the channel. To facilitate the breakdown conditions of the medium in
the focal point of the optical system with the appearance of not only a conducting
channel but also with high energy shock waves, it is expedient to use a source of
easily ionized substances that can form the steam-gas medium with a low break-
down threshold. Correspondingly, this decreases the breakdown energy require-
ments for the laser pulse.

The moving focusing system can be executed in the form of a conical body or
the combination of a cylinder and cone, the apex of which is inverted from the
direction of motion. Special optics are mounted on the end of the moving system.
These optics can be selected from the number of known optical systems and ensure
the focusing of the laser light which arrives at a certain distance from its surface.
An easily ionized substance containing nano-particles of metal or a substance that
ensures their synthesis is placed in the body of the moving system. This substance
is sublimated by the incident laser radiation. Examples of such substances include
wax, paraffin, delrin (high-quality acetate homopolymer) and other polymeric
substances. The nano-particles of metal can be of significant dimensions, for
example 10–100 nm, and can be prepared from metals such as aluminum, tin,
copper, sodium, potassium, caesium, and lead. Sources that combine carbon with
alkali metals can also be used to synthesize nano-particles of metal or the
metal-composite materials that possess sufficiently high electrical conductivity.
These materials are well reported in literature and include fullerenes on the basis of
alkali metals or copper, which demonstrate high-temperature superconductive
properties with Tc > 140 K. To obtain nano-crystalline powder, both plasma and
laser heating methods can be used. As a result, nano-particles of carbides, oxides,
and nitrides were obtained with the aid of pulse laser heating of metals in rarefied
atmospheres of methane (in the case of carbides), oxygen (in the case of oxides),
and nitrogen or ammonia (in the case of nitrides). The pulsed laser evaporation of
metals in an atmosphere of inert gas (He or Ar) and a reagent gas (O2, N2, NH3,
CH4) makes it possible to obtain mixtures of nano-crystalline oxides of different
metals, oxides, nitrides or carbide–nitride mixtures. The composition and size of
nano-particles can be controlled by changing the pressure and composition of the
inert gas atmosphere and reagent gas, by changing the power of the laser pulse, and
by changing the temperature gradient during the cooling process.

There are two reasons for the high conductivity of the fine powder. One reason is
that the size and shape of the particles increases the strength of the electric field. The
second reason is the concentration of particles in the dust of the plasma track of
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“Impulsar” [4, 5]. The content of nano-particles in the sublimated substance is
usually 10–15% of the mass. High repetition rate P-P laser should be used as the
source of laser emission. The moving focusing system is launched directly from the
Earth’s surface with the aid of high repetition rate P-P laser emission with energy
sufficient for the breakdown of the medium in the focus of optical system (Fig. 13.2).

As a result of the concentration of laser radiation in a relatively small volume,
the breakdown of the medium occurs. Air breakdown appears in the region of
ionization that follows behind the moving focusing system at a certain distance and
the shock wave provides additional momentum, accelerating the system. Upon
entry into the rarefied layers of the atmosphere or open space, the breakdown and
appearance of shock waves can only be achieved using an onboard supply of easily
ionized substance. Once the focusing system arrives at an assigned distance or
when it reaches the current conducting channel, the energy transfer process is
initiated by placing an electrode of the high voltage source into the channel. The
conductivity of such a channel has proven to be sufficient for the discharge of a
capacitor bank on the ground after the optical system reached the apogee in its
trajectory [7, 8].

The results of electrical breakdown tests of dust plasma are presented here with a
detailed explanation of the experimental arrangements. The most simple and
effective dust plasma production methods were incorporated into our investigation.
The best specific voltage result for dust plasma breakdown was measured for an
electrical Cu wire explosion approach. The results of dust plasma modeling are [10]:

• P-P CO2 laser with train of pulses and total energy—20 J. Dust particles size
50–250 nm and concentration N = 10 to the 10–12 power;

• For dust plasma produced by laser ablation: paraffin wax + graphite or
permalloy powder—300 V/cm;

Fig. 13.2 Launch of vehicle by low rate P-P laser (Rep. rate—20 Hz, P = 10 kW)
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• For nano-particles of Al, Fe, segnetoelectrics—350 V/cm;
• CO2 single pulse laser channel, produced by conical optics—100 Ω/m, 100

V/cm;
• Long channel (filaments) produced by solid state laser—0.1 MΩ/m, 7.5

kV/cm;
• Long channel produced by wire explosion —10 Ω/m, 45–50 V/cm;
• Data for wire explosion channel, corresponding to the delays: 10–50–75 mks;

97–124–166 V/cm.

It should be mentioned here that the minimum resistance value depends on the
cross-section of the envelope of dust particles, the concentration and size of par-
ticles, the repetition rate of laser pulses, the average power of the laser, gas pressure,
humidity, and many other parameters.

It is necessary to say several words about the interrelation between atmospheric
electricity with the composition of the atmosphere and the climate of the planet.
Many years were undertaken attempting to create conducting channels long enough
to study the air in the upper atmosphere and to solve specialized problems.
Accordingly, these problems can be solved with the program “Impulsar” because of
its use of a high-voltage high-frequency Tesla’s source. Simultaneously, the results
from investigations of LJE show solutions to the following problems:

– Creation of an interceptor of manmade space debris and other dangerous space
objects, such as asteroids, comets, meteorites and so on [9];

– Launch of micro-objects with the super-high acceleration to the space;
– Realization of orbital scale conducting channels for energy delivery from space

to the ground [10, 11].

Powerful pulsed lasers are capable of creating large scale current conducting
channels that can be located at arbitrary distances from the source of radiation.
Channels with lengths of hundred of meters can be achieved with the low energy of
single laser pulse. Starting in the 1970s, successful attempts were undertaken to
intercept lightning bolts and to block over-voltage waves on electric power lines.

13.4 Lightning Control

The first and the most natural application for high power/energy lasers is lightning!
Lightning is an electrical spark discharge that is usually manifested by its bright
flash of light and by its accompanying thunder. While the average length of
lightning is 2–5 km, some discharges can stretch across distances in the atmosphere
up to 150 km. Let us pause to examine the process of how lighning appears in
greater detail. Most frequently, lightning appears in rain clouds, which are appro-
priately called thunderstorms. Furthermore, lightning can be formed in layered rain
clouds, within volcanic eruptions, tornados, and dust storms. Usually, linear
lightning is observed, which is related to electrode-less discharges because they
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begin and end in accumulations of charged particles. Until now, this phenomenon
has given lightning some unclear properties that distinguish it from discharges
between electrodes. For example, lightning does not occur at distances shorter than
several hundred meters. Also, they appear in electric fields that are considerably
weaker than those of inter-electrode discharges. Furthermore, the collection of
charges transferred by lightning lasts only for thousandths of a second between a
huge number of small and well isolated particles located within a volume of several
km3. In lightning the electrical energy of cloud is converted into heat and light.

The most well known process is how lightning develops in thunderstorm clouds,
in particular intra-cloud lightning, lightning that passes between clouds and
ground-based lightning which strikes into the earth. For lightning to appear, it is
necessary to form a relatively small but critical volume of an electric field within the
cloud that has a tension sufficient for discharge to begin, of about 1 MV/m. In the
rest of the cloud, there must also be an average tension for maintaining the dis-
charge, which is about 0.1–0.2 MV/m.

The process of the development of ground-based lightning consists of several
stages. In the first stage, impact ionization begins in the zone where the electric field
reaches a critical value. This is created first by free electrons that always exist in
small quantities in air and, under the action of the electric field, are accelerated to
significant speeds towards the earth. As these electrons collide with air molecules,
they ionize them. Consequently, electrical discharges or streamers flow along
electron avalanches, which can merge to create the brightly thermo-ionized channel
with high conductivity known as the stepped leader of lightning. All of these steps
are accompanied by a bright glow that dims only when the leader stops moving.
This process is repeated during motion of the leader towards the earth’s surface at
an average speed of 200 km per second. The field strength is strengthened pro-
portional to the action the reciprocal streamer that extends from objects protruding
from the earth’s surface. This special feature of lightning is used for the creation of
lightning rods. The final stage of lightning is characterized by the reverse discharge
from the bottom to top of the ionized channel. This discharge has currents from tens
to hundreds of thousands of amperes and is noticeably brighter than the leader.
Additionally, it advances at high speeds that range from 100 km per second to
10,000 km per second. The temperature within the channel of main discharge can
exceed 25,000 °C and this channel can extend from 1 to 10 km with a diameter of
several centimeters. Afterwards, the pulse of ionized current advancing along the
channel and its glow are weakened. The final stage can last a hundredth or even
tenths of a second long and the current can reach hundreds and thousands of
amperes. Such lightning strikes are called “protracted” and frequently cause fires.
The main discharge, however, frequently occurs only within the cloud. Charges at
high altitudes can form an arrow-shaped leader that moves continuously with a
speed of thousands of kilometers per second and shares a similar brightness to that
of a stepped leader. When the arrow-shaped leader reaches the surface of the earth,
a second strike follows shortly thereafter in a manner similar to the first. This can
repeat several times, usually, but can occur as many as several tens of times. The
duration of repeated lightning can exceed 1 s. Displacement of the channel of
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repeated lightning strikes by wind creates a luminous strip of so-called
strip-lightning. The entry of lightning directly into soil forms sintered quartz
sand into a unique mineral known as a fulgurite. Intra-cloud lightning usually only
includes leader stages with lengths varying from 1 to 150 km. The probability of
intra-cloud lightning grows in proportion to distance from the equator, changing
from 0.5 at temperate latitudes to 0.9 in the equatorial strip. Lightning is accom-
panied by changes in electrical and magnetic fields and by radio emission through
so-called atmospheric disturbances. The probability that lightning can kill depends
on its height and on the electrical conductivity of soil at certain depths. The elec-
trical conduction of lightning is based on all of these factors. If there is an electric
field within the cloud that is sufficient for maintaining discharge but insufficient for
initiation, then wire cables or the products of the combustion of aircraft or rocket
engines can be used to trigger a lightning strike. Specifically, lightning can be
provoked in layered rain and cumulus congestus clouds.

13.5 Manifestation of Atmospheric Electricity Existence

Why does lightning thunder and sparkle? Electric charges that accumulate in clouds
lead to the breakdown of air, which is accompanied by a flash of light and the
formation of an acoustic shock wave. In other words, thunder and lightning are the
manifestation of atmospheric electricity. Over the last two and one-half of centuries,
the fundamental connection between thunderstorm phenomena and electricity was
reliably confirmed by numerous studies of geophysicists, meteorologists, specialists
on lightning protection. However, in the last two decades, a qualitative jump in the
improvement of the methods of observations has led to many unexpected discov-
eries in the study of thunderstorm clouds, lightning, and the orbital scale of the
atmospheric electrical chain. The renewed interest in the problems of atmospheric
electricity has made it possible to look differently at the mechanisms of shaping of
electric field and its role in the dynamics of the atmosphere and ionosphere of the
Earth.

The heart of atmospheric electrical machine, the thunderstorm cloud, is more
precisely the totality of thousands of thunderstorms that are simultaneously
“working” together which are distributed in the lower part of the atmosphere,
known as the troposphere. Thunderstorm clouds do not last for long, only existing
for several hours. However, the occurance of a few thunderstorms will draw others
which form nearby in the troposphere. Contemporary satellite measurements and
ground-based systems of the registration of lightning give researchers sufficiently
reliable maps of the allocation of frequencies of lightning flashes over the Earth’s
surface. The flash rate above the surface of ocean is on average lower than that
above the continents in the tropics. The reason for this asymmetry is the intense
convection in the continental regions, where the land is effectively heated by solar
radiation. The quick ascent of thoroughly heated air that is saturated by moisture
contributes to the formation of powerful convective clouds that develop vertically,
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the upper part of which has temperatures lower than 40 °C. As a result, particles of
ice are formed known as soft hail or hail, whose interaction against the background
of rapidly ascending air current leads to the separation of charges. Cloud heights
over large bodies of water are typically lower than those above the continents and
the processes of electrization are less effective above the ocean. Recently, the
differences in the concentrations of the aerosols found above the ocean and above
the continents have been discussed. Since aerosols serve as condensation nuclei,
which are necessary for forming the particles in the supercooled air, their abun-
dance above the land increases the probability of the strong electrization of cloud.
However, the quantitative analysis of this factor requires detailed experiments.

Approximately 78% of all lightning is recorded between 30°S and 30°N. The
study of the statistical features of specific regions requires further improvement of
satellite and ground based mapping of thunderstorms. These studies are conducted
with the consideration that lightning activity is extremely sensitive to the climate of
the planet, reacting to changes in the temperature, humidity, radiation conditions,
and the composition of the atmosphere.

Progress in the studies of atmospheric electricity is connected, first of all, with
the mechanisms of the generation and dissipation of electrical energy in the
atmosphere. The main concept here is the so-called electrical dynamo, or the
generation of a quasi-stationary electric field and the space charge in the moving
weakly conductive medium. In the simplest formulation of a dynamo, very wide
intervals of time-spatial scales are manifested. This means that an electric field
would arise on the scale of several kilometers with a strength of about 30 kV/cm,
allowing for the breakdown of dry air under standard conditions and the random
traffic of charges due to the collisions of cloud solid or liquid particles. This leads to
the addition of micro-currents into the macroscopic current with a relatively high
value (several amperes) that is required for the rapid (tens of seconds) process of the
separation of charges. It is evident from casual observation that within ripe thun-
derstorm cells, lightning discharges occur regularly every 15–20 s. In essence, the
mechanism of charging acting in the cloud is very effective although the average
electric charge density rarely exceeds several nCl/m3.

As showed by measurements of the electric field on the earth’s surface and also
inside the cloud medium (on balloons, aircraft, and rockets), the “main” negative
charge of a typical thunderstorm cloud is on average several tens of coulomb and
occupies the interval of heights corresponding to temperatures from −10 to −25 °C.
The “basic” positive charge is also several tens of coulombs and it is located above
basic negative charge. Therefore, a large part of cloud-earth lightning discharges
return to the earth as a negative charge. The lower part of the cloud frequently
reveals small positive charges of approximately 10 Cl. To explain the 3-layer
structure of the field and charge in thunderstorm clouds, one must examine the
mechanisms of the separation of charges. These mechanisms depend on factors
such as temperature, phase composition of medium, and the spectrum of the sizes of
cloud particles. The value of the charge that is transferred from the electric field for
one collision is very important. From this parameter, all mechanisms can be sub-
divided into inductive and non-inductive classes. For the inductive class of
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mechanisms, the charge q depends on the value and direction of an external electric
field and is connected with the polarization of the interacting particles. Meanwhile,
non-inductive charge exchanges between particles in an explicit form that does not
depend on the field strength. In spite of the abundance of different microphysical
mechanisms of electrization, many authors now consider non-inductive charge
exchanges to be the main form, involving the collisions between small crystals of
ice with sizes up to tens of micrometers and particles of soft hail with dimensions
on the order of several millimeters.

Experiments have established the presence of a characteristic temperature at
which the sign of charge q reverses, which typically lies between −15 and −20 °C.
This feature has gained popularity, because the typical temperature profile in the
cloud can be used to explain the 3-layer distribution of charge density. Recent
experiments showed, however, that many thunderstorm clouds possess an even
more complex structure of space charge. It is especially interesting to note that
mesoscale convective systems (having horizontal scales from ten to hundreds of
kilometers) serve as an important source of thunderstorm activity. Their charac-
teristic feature is the presence of a united electrical structure, which includes the
region of intensive convection and is sometimes extended several hundred kilo-
meters beyond the stratified region. In the region of stratification the ascending
currents are relatively weak but the electric field has a steady multilayer structure.
Near the zero isotherm, a narrow layer of space charge is formed with a thickness of
several hundred meters and a critical charge for the high lightning activity of
mesoscale convective systems. However, the mechanisms and laws governing the
formation of the layer of positive charge near the zero isotherm remains the subject
of debate.

Other examples of the work of electrical dynamos include the electrization and
discharge phenomena within dust and snow storms, within volcanic eruptions, in
nuclear explosions in the atmosphere, and in technological processes that involve
the mixture of aerosol flows, for example in the flour-grinding and cement indus-
tries. The presence of powerful convective and turbulent flows in thunderstorm
clouds and the aforementioned cases of electrization suggest that the interaction of
large charged particles with the sizes of 0.1–10 mm with the particles of
micrometer size in the moving conducting gas medium plays an important role for
electrical dynamos. The poly-phase and multi-flow nature of the medium leads to
the effective transformation of mechanical energy into electrical energy.

The problem of the initiation of lightning discharge remains unanswered and
involves many complex questions. Let us pause briefly to examine two of them.
First, as measurements on balloons, rockets, and aircraft have shown, the maximum
tension of electric field in the thunderstorm clouds does not usually exceed 2
kV/cm, which is substantially lower than the threshold of the breakdown of dry air
at the heights in question, which is on the order of 10 kV/cm. In the thunderstorm
cloud, however, the discharge is developed in humid air, which contains particles of
different size. It is natural to assume that the threshold of the field is reached in a
compact spatial domain on the scale of less than 10 m or more generally on the
microscale because of field strengthening on the particles. Furthermore, it happens
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in a sufficiently short period, so that common sensors of field do not have that
required spatial or time resolutions for proper measurement. The development of
avalanches of fast “run-away” electrons with energies on the order of 1 MeV can
serve as the alternative explanation to initiation of spark in the sufficiently weak
field. Such electrons can be accelerated in the field of cloud because of a drop in
braking power occurs with an increase in the energy of particle. The threshold for
the development of an avalanche is almost an order of magnitude lower than the
usual threshold for the breakdown of dry air. Therefore, when seeding particles that
are highly energized by cosmic rays are present, the development of avalanches in
the cloud can give birth to localized regions of high conductivity that are capable of
initiating a spark.

The second question arises because the classical theory of gas discharge cannot
explain the cloud medium’s rapid passage into the conducting state during the
preliminary stage of lightning. Recently, a new scenario of this stage had been
proposed and investigated that is connected with the cloud reaching a regime of
self-organized criticality. In this model, electrical cells with significant dimensions
of 1–30 m randomly grow in space and time. Small-scale breakdowns between
pairs of cells can cause “chain reaction” of intra-cloud micro-discharges, or the
development of the stochastic process “of the metallization” of intra-cloud medium.
This model describes the experimentally observed features of the preliminary stage
of the lightning discharge through the dynamics of micro-discharges and charac-
teristics of its radio emission.

The study of thunderstorm phenomena includes experiments on the artificial
initiation of lightning, or triggered lightning. In order to create a discharge in the
atmosphere under the thunderstorm cloud, a rocket is used which leaves behind a
significant trail of soot in the spent oxidizer that is capable of conducting electricity.
Initiation occurs with the sufficiently high tension of field on the earth’s surface
under the cloud, not less than 5–10 kV/m. The first classical diagram of the initi-
ation of discharges was realized with a rocket pulling a wire from onboard of
research vessel in 1960. Since then, thousands of successful experiments have been
carried out studying the physics of the ascending and arrow-shaped leaders, the
return shock, and the mechanism of the sudden strengthening of the luminosity of
lightning channel because of the sharp current amplification have all been inves-
tigated in great detail. Today, new possibilities of controlling lightning discharges
have been opened with the aid of lasers. Powerful lasers are capable of organizing
extensive plasma cylinders in air which can initiate and direct the lightning dis-
charges similar to the conducting channels used to trigger lightning from metallic
wires or from the products of the combustion of special geodetic rockets.

In 1925, Ch. Wilson indicated the possibility of accelerating electrons to rela-
tivistic energies in the field of a thunderstorm cloud. This hypothesis was confirmed
recently through a series of experiments showing the generation of relativistic
particles and quanta of high-frequency emission in the atmosphere that correlate
with thunderstorm activity. Measurements on balloons revealed an anomalous
increase in the intensity of X-ray and gamma-radiation more than two or three
orders of magnitude over the course of approximately one minute with a maximum
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of the spectrum in the region 50–60 keV. Ground observations also revealed
intense flashes of X-radiation with energy of quanta of several hundred keV, whose
appearance coincided with the creation of the lightning leader’s flash and with the
arrow-shaped leader of trigger lightning. Finally, publications in the last several
years have shown results from satellite observations of the splashes of
gamma-quanta MeV-foot level, X-ray, and ultraviolet radiation of atmospheric
origin. To explain these phenomena, a number of works investigate the atmospheric
electrodynamics, or more precisely, the generation of the run-away electrons and
their breakdown. Energetic quanta can arise from the bremsstrahlung of the fast
electrons which interacts with air molecules. Models describe different situations,
including the development of avalanches of fast electrons when the extensive air is
showered by cosmic rays and the breakdown of run-away electrons in the strong
field of the stepped leader of lightning. One should note that an increase in the
number of fast electrons in the field of a thunderstorm cloud in the presence of
extensive air showers is accompanied by the generation of a large quantity of
secondary particles, leading to the generation of current pulses and radio emission.
If the energy of the primary particles are sufficiently great (1017–1019 eV), the short
(several microseconds) pulses of radio emission can have enormous energy (up to
1 MeV), which explains the appearance of the so-called narrow bipolar pulses that
are sometimes observed during ground-based and satellite measurements and cor-
relate with thunderstorm activity. The formation of such intensive current pulses is
of interest both for understanding of the mechanism of the generation of lightning
and for studying cosmic rays with extremely high energies. It is interesting that in
thunderstorm clouds where the cellular structures of the electric field have ampli-
tudes exceeding the threshold “of running away” proves to be essential for the
process of accelerating electrons to relativistic energies. The randomly oriented
electrical cells together with this acceleration greatly increase the time of life of
relativistic electrons in the cloud because of the diffusive nature of their trajectories.
This makes it possible to explain the significant duration of the splashes of X-ray
and gamma-radiation and the nature of their interrelation with the lightning flashes.
The role of cosmic rays for atmospheric electricity must be further clarified
experimentally to study their correlation with thunderstorm phenomena.

13.6 Sprites and Jets Investigation

At the end of the last century, a strong surge in studies of atmospheric electricity
gave rise to observations of various discharge phenomena in the middle atmo-
sphere. The first of which are known as sprites, which occur in the middle atmo-
sphere and correlate with daily thunderstorm activity where the glowing region
stretches up to 85–90 km above the earth and whose flash durations last from ones
to tens of milliseconds. Similarly, elves are observed stretching to heights of 70–
90 km with durations less than 100 s. Finally, jet discharges have been observed
starting from the upper part of clouds and extend sometimes to mesospheric heights
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with a speed of about 100 km/s [12]. Measurement of high-altitude discharges and
diagnostics of their characteristics are complicated by their short time of life and the
sporadic nature of lightning discharges. Therefore, until now the physical models of
sprites, elves, and jets remain the subject of intense discussions. Perhaps the
information about the physical nature of sprites and jets could have the greatest
application for the development of future high conductivity channel technology.

The optical flash of sprites in the mesosphere appears several milliseconds after
discharge from the cloud to the earth, sometimes across distances of tens of kilo-
meters horizontally from the channel of lightning. Discharge ignites above a critical
altitude, since the threshold of the breakdown of air falls exponentially with its
height. Conversely, the amplitude of the disturbances of the electric field, which
appear when powerful lightning flashes in the cloud-earth capacitor, decreases
relatively slowly with altitude following a power law and at heights extending
approximately 75 km into the atmosphere that exceed the threshold of breakdown.
In the last decade, the study of high-altitude discharges in the atmosphere became
the subject of extensive investigations and greatly developed the direction of
geophysical electrodynamics. Although the accumulation of data characterizing the
morphology of these phenomena is by no means completed, it is already possible to
switch over to a study of more specific features of the structure and dynamics of
high-altitude discharges and their role in the orbital electrical chain and the balance
of low components of the atmosphere. Experiments and theoretical calculations
show that these discharges must be considered as a part of the dynamic process
which includes the formation of the structure of the field, the charge in the cloud,
and lightning discharges to the earth.

Different approaches to simulations are widely discussed, including the attraction
mechanism of the run-away electrons. Models of the generation of electric field in the
middle atmosphere have been generated in great detail that consider the special fea-
tures of the charge distribution and its dynamics in convective systems at orbital scales
which serve as the basic source of positive discharges to the earth. Accordingly,
a physical model has been developed that describes the fine structure and dynamics of
sprites. Sprites are represented as the network of micro-discharges—streamers—and
as a self-sustaining process in an external field. Together with the metallizing process
of thunderstorm clouds that was already mentioned, yet another example of
self-organizing behavior is found when the dynamics of high-altitude discharge is
caused by reaching the threshold of the so-called directed flow along the branched
conducting channels which overlap the entire length of a sprite. The immediate
prospects for studying high-altitude discharges in the atmosphere involve conducting
coordinated ground-based and space experiments and also with the development of
new methods of measurement of the parameters of high-altitude discharges through
the use of radio-wave and laser diagnostics.

The electrical field of the atmosphere is extremely variable. The tension of the
vertical component of the field sags due to ground-winds and thunderstorm
cloudiness that can reach several kV/m horizontally.

Therefore, the growth of clear weather corresponds to conditions where wind
speeds do not exceed 6 m/s and in the absence of any sediments, hoarfrost, fog, or
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lower cloudiness. But even under these conditions near the earth’s surface there is
an electric field with a tension of approximately 150 V/m, along which the weakly
conducting air flows with electric current having a density of several pa/m2. This
field changes in time and space and these fluctuations range up to tens of percent
relative to the average value. The measurements of electric field, current, and
conductivity under the conditions of clear weather serve as powerful means of
studying the electrical state of the atmosphere. However, this information is only
useful when divided between planetary and orbital scales, from the order of the
height of neutral atmosphere at 100 km to the local disturbances of the electrical
parameters. The latter, in turn, are directly connected with both the changes in the
ionic-aerosol composition and with the dynamics of the conducting medium.
Various studies have established that the boundary layer of the atmosphere is
characterized by the presence of aeroelectrical structures which are manifested by
pulsations of an electric field with a power-law spectrum with short-term periods
from ones to several hundred seconds.

The electrodynamics of fog is of special interest. Full-scale observations show
that under the conditions of fog in the frequency band 10−2 to 1 Hz, power-law
spectra of the pulsations of field also occur, but the intensity of these pulsations
increases more an order of magnitude compared to the conditions for clear weather.
This is explained by the diffusion of charged drops in the lowest layer of the
atmosphere. The result of structural-temporal analysis made it possible to isolate
two forms of the electrical state of fog, the first of which is characterized by the
formation of intensive aeroelectrical structures and the second by chaotic variations
in the field and current.

13.7 Conclusions

The successful development of powerful high repetition rate P-P laser technology
and of the “Impulsar” system make it possible to create conducting channels
capable of energy transfer across tens or hundreds of kilometers. As a result, this
will enable the creation of new and promising systems that master power engi-
neering in outer space and will motivate future improvements to the global ecology
of our planet.
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Chapter 14
High Power/Energy Disk Lasers

14.1 Introduction

It has long been customary that as new technologies emerge into the light, potential
users and experts start wondering whether these new techs will replace the old,
well-established approaches to the solution of known problems. When we look
back at the time when the first laser was created, it becomes clear that each new and
more advanced technology usually replaces the pre-existing and well-proven
technologies. However, a more differentiated and balanced assessment of the many
innovations in the field of laser shows that there is no such thing as a perfect design,
or an ideal laser. There is always room for improvement and further development. It
is possible that in the near future a laser with the disk geometry of the active
medium will become the dominant technology. However, despite this, a number of
existing laser technologies (with some exceptions, of course) will continue to
improve for quite a long time. Based on these considerations, we must continue to
develop most types of lasers, each time clearly specifying their undeniable tech-
nological niche and knowing well their advantages and disadvantages.

High efficiency and excellent beam quality of disk lasers mean that they can be
widely used in modern science and industry for a very large range of applications,
including treatment of the surface of dielectric materials in microelectronics, cut-
ting, drilling, welding, polishing and cleaning of the surface, other technological
operations with superhard and fragile metals and composite materials, etc.
Pulse-periodic (P-P) Q-switched disk lasers and high-average-power, mode-locked
laser systems ensure optimal conditions for ablation (sublimation) of a material.
A number of advantages of high repetition rate P-P lasers emitting short pulses, as
applied to a wide range of industrial technologies, is the basis of many modern
concepts of disk lasers. High-intensity light with an insignificant thermal lens effect
in the central high-loaded zone of the active medium have led to the lifting of
restrictions on the brightness of the pump diode. This has reduced the cost of laser
sources, and thus has significantly improved the efficiency of electro-optical
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conversion, especially in the regime of high average power. The power of the laser
source is varied by scaling the cross sectional area of the generated radiation. It
should be noted that its ratio to the thickness of the active material in the disk
geometry is much larger than the ratio of the cross section of typical core elements
of the active medium to their length in any conventional solid-state laser systems.
This eliminates the problems associated with nonlinear distortions of the geometry
of the active medium, and enables realizing superhigh peak values and average
powers of laser sources with the disk geometry and the same parameters of the
radiation in the far-field region.

14.2 Disk and Fiber Lasers

It is clear that each laser source has its advantages and disadvantages. Beam quality
of modern solid-state lasers (disk and fiber lasers) is pretty good, and their effi-
ciency is very high. A fiber laser has significant advantages at low, average and
peak output powers, while a disk laser, on the contrary, is preferable in those
applications which require high and super-high output powers.

Among high repetition rate P-P sources emitting coherent high average and peak
output radiation, disk lasers will undoubtedly dominate today and in the future. They
provide the best solution for many industrial applications in the multi-kilowatt power
range. A disk is a simple and easily excited laser element, which allows cost-effective
generation of radiation with improved parameters. It has a lot of potential for the
future. The advantage of the disk laser over the fiber laser is already obvious in the
kilowatt power range. Having a large radiating surface, the power density of the disk
laser is not critical even at high peak powers. On the contrary, in fiber lasers the
increase in the peak power negatively affects the reliability of the resonator. The main
disadvantage of the fiber laser is also its high sensitivity to the reflected beam, which
often appears in the laser due to the interaction of the generated light withmatter. If the
radiation reflected from the target affects the fiber laser resonator, then it should be
immediately shut down to preserve the cavity.

At the same time, the disk laser resonator is insensitive to the penetration of
reflected beams. Even in the case of highly reflective materials, technological
operations can be performed without the risk of an emergency switching off of the
laser. Another advantage of kilowatt disk lasers is their modular design. This design
allows one to replace laser modules during after-sales service, thereby ensuring that
in the event of failure of the laser, the downtime as well as the cost of repairs will be
minimal.

On the contrary, in fiber lasers, the single-unit design of the resonator makes it
impossible to replace easily the failed unit without extensive alteration of the
system as a whole. At the same time, the use of fiber laser technology offers certain
advantages, especially in the power range (up to several hundreds of watts). This
laser is suitable for micromachining of dielectric surfaces and composite materials.
However, only the disk laser has a high potential in the case of high peak powers,
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i.e., when it is necessary to provide a train of short pulses with the highest peak
power. In a typical disk laser, as opposed to a fiber laser, the power density inside
the cavity is far below the critical damage threshold of the laser active medium and
surfaces of auxiliary optical elements, even at a high peak power. For this reason, a
disk laser allows, among other things, a better use of the laser medium in general,
and significantly improvement in laser efficiency.

Thus, in the future solid-state diode-pumped disk lasers will play the dominant
role. Laser diode structures are central elements in many new types of lasers.
Today, the decisive factor is the acquisition of the necessary experience and skills to
design most efficiently new laser systems. Semiconductor-based technologies and
applications of laser equipment on new physical principles are key technologies of
modern times. For many years, the world has accumulated the experience needed
today in this field of knowledge. The challenge is to ensure technological excel-
lence in the application of laser systems, not only today but in the future.

14.3 Design and Physical Foundations
of Disk Laser Operation

The principle of the disk laser operation is based on the use of an active element in
the form of a disk with a cooled surface. High cooling efficiency of the laser
medium is provided by a large area of the disk surface, which is important from the
point of view of the heat transfer process. Therefore, the average power in the beam
can reach quite high values. It is important to note that due to effective heat transfer
within the disk area there is no thermal lens effect, characteristic of ‘rod’ and ‘slab’
(optical range) geometries of the active element. In this case, cooling is performed
through a side surface of the active element; a two-dimensional heat flow, forming a
parabolic profile of thermal distortion, propagates through this side surface. The
temperature dependence of the refractive index in this case leads to the emergence
of a strong thermal lens effect. Such a lens deteriorates the directivity of the output
and significantly limits the effectiveness of its action. The thin disk, in contrast, is
cooled through a thin contact region on one side and generates a one-dimensional
axial heat flow on the other side. As a result, the temperature gradient is distributed
parallel to the laser beam, which does not result in the thermal lens effect. In
practice, a thin laser element in high power/energy disk lasers is either connected to
a porous heat sink or is cooled by forced convection [1, 2].

In both cases, the undesirable thermal lenses are eliminated by the optimum
layout of structural elements of the disk laser. Integral heat transfer from the active
material to the porous heat sink depends directly on the area of the pump zone and
on the geometry of the heat transfer contact. At a constant temperature of the active
laser element, the average output power achieved is directly proportional to the area
of the pump zone and, consequently, to the cross-sectional area of the laser beam on
the disk. This is a unique feature of disk lasers, which allows one to change the
power density at a constant energy of the beam on the disk. This property is
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particularly important for multi-kilowatt sources, because it makes it possible to
adjust the value of the peak output power without changing many other parameters
that affect the performance of the overall system.

At first glance, the basic challenge is the disk thickness needed for efficient heat
dissipation, because the conventional scheme involves low absorbance of the active
disk material. However, the pump scheme allows one to find an elegant solution to
this problem. The process of excitation in the active material of the disk can be
represented in the form of multi-channel optical configuration [3, 4] consisting of a
parabolic mirror and a pump deflection system. The parabolic mirror focuses a
collimated beam of the laser cavity containing an active element. After partial
absorption of radiation passing through the disk body, some energy of the beam is
reflected from a highly reflective mirror located on the backside of the disk. As a
result of multiple reflections through prisms and the parabolic mirror in general we
deal with 20 iterations of radiation passes through the body of the disk, which
ensures high efficiency of absorption of light energy of the pump beam. The optical
scheme of such resonators tolerates limitations on the brightness of the pump
source. Generally, pumping of a high average power disk laser does not require a
beam of high optical quality. That is why both laser diodes and rather complex laser
diode structures with a uniform intensity distribution can be used in this case. In
terms of the practical use laser diodes with a uniform intensity distribution are more
preferable due to much lower energy consumption per one watt of the pump power.

For efficient processing of materials: cutting, drilling, polishing and removal of a
thin film from the surface of various materials laser pulses with a high peak power
and high repetition rate are needed. Typical pulse duration of a Q-switched Yb:
YAG disk laser lies within one microsecond. Q-switching is provided by means of
an acousto-optic modulator. Depending on the resonator geometry it is possible to
generate pulses with duration from a few hundred picoseconds to a microsecond.
To date, the best results achieved with the help of P-P disk lasers having high
average power are as follows: pulse repetition rate—up to 10 kHz; maximum pulse
energy—100 mJ; peak power—200 kW; average power—up to 1000 W. However,
there are fundamental physical limitations on further scaling of the disk lasers,
which we will discuss below.

14.4 Laws of Scaling of Disk Lasers

The power of disk lasers is limited not only by the power of the pump and over-
heating of the medium but also by the losses due to the ASE and the background
radiation losses in the resonator. To avoid overheating, the size of the active
medium should vary in accordance with the law of power scaling. Then, to avoid
large losses caused by their exponential growth during the ASE, amplification of
radiation corresponding to transverse round trips should not be large. This requires
a reduction in gain G. Gain is determined by the reflectivity of the output mirror and
disk thickness. Amplification of radiation per round trip, however, should not be
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substantially greater in magnitude than the radiation loss per round trip along the
same optical path. The difference between the gain and losses per round trip of
radiation determines the optical energy that is coupled out from the laser cavity.
Reduction of the gain at this loss level requires an increase in the disk thickness. In
this case, at a certain critical size, the disk becomes optically too thick and cannot
be pumped above the threshold without overheating. Some features of scaling can
be shown on a simple model. Suppose M is the saturation intensity of the medium.
The corresponding optimal thickness of the disk can be estimated as h * T/Mb.
The corresponding optimal lateral dimensions of the disk can be represented in the
form: D * T/Mb2, where T is a parameter of the heat load. Roughly speaking, the
loss per round trip of radiation must be scaled inversely proportional to the cube
root of the power required: P * n T2/Mb3.

An additional problem is the efficient delivery of pump energy. In cases with a
small-signal gain, single-pass absorption of the pump is also low. It follows that the
effective utilization of the pump energy is very necessary for the effective operation
of the laser disk. To scale the output power, the medium must be optically thin,
which requires a large number of passes of the pump energy through the medium.
Besides, the pump energy coupled in through the lateral side of the disk can also be
a possible solution for efficient pumping.

To reduce the effects of the ASE, it was proposed to use an optical cover
consisting of an undoped material on the surface of the laser disk. This cover allows
the spontaneously emitted photons to escape from the active layer and prevents
their resonance in the bulk of active material. Rays cannot be reflected from the
surface, as in the case of an open disk. This allows the maximum power achievable
by the disk laser to be increased by an order of magnitude. Reflection of the ASE
from the disk edge should also be suppressed. This can be done through the
absorbing layer at the generatrix of the disk cylinder. In the regime when output
power is close to maximal, much of the energy is used in the ASE; therefore,
the absorbing layers must also have radiators accumulating heat. In the case of the
maximum pump density of the disk laser its efficiency is quite low: Most of the
pump power is used in the ASE and is absorbed at the edges of the device. In this
case, the distribution of the pump energy between several disks can significantly
improve the performance of the laser system. Indeed, lasers, consisting of several
modules with disk elements in a single cavity, have been repeatedly reported. One
of these lasers, fabricated by the TRUMPF Group [4]—a world leader in this class
of laser systems—is presented at Fig. 14.1.

In the history of electrical discharge CO2-lasers output power scaling a very
similar geometry had been investigated carefully. This is a “Zig-Zag”—CO2 laser
which was created in FIAN by Barchukov in the beginning of 70s. The future of
“Zig-Zag” multi-module geometry disk laser probably will be the same. At the
Fig. 14.2 “Zig-Zag”—CO2-laser created by Barchukov FIAN 1970 [2] is presented.
With the help of this laser we have forecasted a lot of new effects which later on
made significant difficulties to the scientists involved into high power mono-module
laser creation. There are: deformation of the high power laser mirrors surface and
distortion of phase front of the beam during propagation and as the result-high
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power static and adaptive optics, big scale water cooled optics for telescopes based
on SiC, high power CW plasmotrone in air and as the result—crusibleless growing
of crystals, high quality laser beam and as the result—high quality laser based hard
materials welding and cutting and so on.

In the quasi-continuous regime, the power can be estimated by scaling the
saturation intensity with a duty cycle of the pump and by multiplying the duration
of the pump by the pulse repetition rate. At moderate repetition rates (e.g., higher

Fig. 14.1 “Zig-Zag” disk laser consisting of a series of diskmodules in a single cavity (TRUMPF [1])

Fig. 14.2 “Zig-Zag”—CO2-laser created by Barchukov FIAN 1970 [1]
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than 1 Hz), the maximum energy of the output pulses is approximately inversely
proportional to the cube of background losses b. The undoped cover can increase
the average output power by an additional order of magnitude, provided that this
cover does not increase the background loss. At low pulse repetition rates (in the
single-pulse regime) and sufficient pump power, there is no general limitation on
the energy, but the required size of the device increases rapidly with increasing
pulse energy, thereby establishing a practical limit of energy. One active element,
according to the estimates, can generate an optical pulse with energy of a few
thousand joules, depending on the level of internal signal loss in the disk.

Disk lasers, as well as fiber lasers, have a large ratio of the cooling surface area
to the gain of the laser. However, these two different concepts of the laser design
also differ by the values of the achievable peak power. Beam quality of fiber lasers
is determined by properties of waveguides, the refractive index difference between
the core and the cladding, and the size of the internal diameter of the fiber that
transmits light. On the other hand, beam quality of disk lasers depends on the
design of the resonator. With increasing size of the optical pump region (its
diameter is usually a few millimeters) at a constant optical power density on the
disk surface, scaling of the output power becomes possible. Adjustment of the
resonator also has similar features. Self-phase modulation defines the typical limit
of nonlinear amplification of ultrashort pulses. It leads to an extension of the
spectral line proportional to the ratio of the effective optical path in the material
with nonlinear characteristics to the effective cross-sectional area of the beam
multiplied by the square of the pulse duration. An electro-optical switch in a
regenerative amplifier of the disk laser makes a substantial contribution to the
nonlinear characteristics of the gain which is greater than the contribution from the
disk. It must be emphasized that the values of the peak power, achieved today in
single disk modules, are much smaller than the values obtained in ‘rod’ and ‘slab’
solid-state laser systems. However, the level of the average power generated by a
single disk module also leaves much to be desired.

14.5 Regenerative Amplification of Pulses

At present, in the scientific and technical research and manufacturing processes
relying on the use of high average power lasers, only sources operating in two
regimes find applications, i.e., CW and P-P laser sources with a pulse repetition rate
up to hundreds of Hz and pulse duration from tens of microseconds to tens of
milliseconds. In most processes, purely thermal mechanism of action is mainly
implemented, since use is made of the possibility of a laser source to deliver quite a
lot of energy to a small area of the surface of the work piece. High-frequency,
high-average-power laser systems operating in the Q-switched regime, which pro-
vides the pulse duration in a periodic train from a few to hundreds of nanoseconds,
allows for a fundamentally different mechanism of interaction of radiation with
matter, i.e., ablation, ensuring local release of energy not only in space but also in
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time [5]. This results in an explosive local evaporation of the substance without an
intermediate liquid phase. This mechanism can significantly extend the range of
technological applications of laser sources. Today, it has found a real use in practice,
only at an insignificant level of output power in the range of 1000 W. However,
there arises a reasonable question: Why are high-power P-P lasers not available at
the international laser market? The answer is simple: The complexity of their
manufacturing consists in the inability of application of the classical modulation
methods to laser systems with high average and peak powers. At the same time, it is
quite clear that the creation of high-power (>1 kW) P-P lasers with frequencies up to
100 kHz or higher (with a peak power exceeding the average power by two to three
orders of magnitude) would significantly expand the field of application of laser
sources, increase their efficiency, and implement qualitatively new effects.

One of the successful trends in implementation of new methods of high-
frequency modulation of the output from high-power laser sources is due to the
regenerative amplification of a small signal injected into the cavity of a high-power
gas or solid-state laser with the classical rod geometry. Use of intracavity modulators
in high power/energy laser systems is hindered, because high power density inside
the cavity leads to the appearance of plasma on the surface elements of the modu-
lator, to the screening of radiation and to the destruction of the optical elements of the
modulator. Quite promising is the method of realization of the P-P regime in high
power/energy lasers, which is based on the use a self-filtering cavity. This cavity is a
confocal resonator consisting of two confocal spherical mirrors of different curva-
tures; in the common focal plane there is an annular output mirror with a hole.
Because of the high degree of discrimination of the higher modes with respect to the
resonator losses, the lower mode is reliably generated. The spherical resonator mirror
is placed outside the active medium and contains a modulation unit comprising
spherical mirrors. The laser mode should be formed quickly enough in the leading
edge of a giant pulse. The problem of laser micromachining usually involves cutting,
drilling, surface cleaning and polishing, as well as removal of thin layers due to the
ablation of the material. Micromachining relies on lasers emitting pulses of different
duration. The geometry of the beam and the pulse repetition rate are crucial: usually
the pulse duration does not exceed a few tens of nanoseconds, and in some cases
reaches several hundreds of picoseconds. Disk laser technology provides excellent
flexibility in the scaling of the output power by combining it with a high pulse energy
and excellent beam quality.

14.6 Prospects for Scaling the Power/Energy
of Disk Lasers

As mentioned above, the design of the disk laser generating a continuous and
relatively high power is ideal for cutting and welding metals, where high optical
quality of the beam is required. It is important for such industries as automotive,
transportation, aerospace and heavy engineering. However, the design of the disk
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laser is more suitable for a range of new technologies that are currently in demand.
Today, a multi-module laser with a power up to 16 kW and beam quality of
� 2 mm mrad, fabricated by the TRUMPF Group, is the undisputed leader in this
class of laser systems. CW solid-state diode-pumped disk lasers demonstrate highly
efficiency. Beam quality of the laser disk is outstanding, which makes it possible to
work with a target from a large distance, while providing an extremely high con-
centration of radiation in the interaction region with the help of the focusing optics.
In this design of the laser module the disk size is no more than 4–5 mm, because at
larger sizes the energy loss due to the amplified spontaneous emission increases at
an absolutely unacceptable rate. The above-presented laser system consists of a set
of disk modules in a single cavity. This geometry of the laser system allows
implementation of the P-P regime with a fairly high peak power, but the average
power lies within a kilowatt. Parallel operation of disk lasers can increase the peak
power of the entire system, but the phase-locking of the disk channels in the P-P
regime requires additional scientific research. Further expansion of the power to the
megawatt level of both the average and peak power in both geometries is very
problematic.

At the same time, a different approach is known to the implementation of
scalable solid-state laser systems, which consists of a set of active elements in the
form of ‘slabs’, followed by phase-locking of the generated radiation. The team of
the Northrop Grumman Corporation has created a laser with a power of >100 kW
and high laser beam quality equal to the diffraction limit of 1.5 (averaged value)
with the exposure time of 300 s [6]. The laser efficiency reaches 30%. The authors
of the project point to the easy replacement of individual laser channels in case of
failure. They also mentions some of the advantages of the parallel structure of the
amplifying channels in terms of ease of further increasing output power, if neces-
sary, to 100 kW. Beside, the laser assembled according to this scheme provides the
divergence at the level of two diffraction limits from the common (composite)
aperture. From general physical considerations, we can assume that for a given
power level and a reasonable value of radiation resistance of optical elements, the
divergence of the laser radiation at the level of 2 � 10−5 rad can be achieved for the
CW generation regime and 0.6 � 10−5 rad for the P-P regime. A further increase in
the number of channels in order to obtain an output power of 1 MW will require the
coherent summation of the power from at least 80 channels, which seems an elusive
task.

The question arises as to how the average power of a few megawatts can be
achieved on the basis of solid-state lasers. And it is this power that is needed to
address many problems associated with the removal of debris from near-Earth
space, with launching of missiles with the help of lasers, with the creation of
long-range conducting channels and others. Fiber lasers are not applicable for these
purposes because of the smallness of the area of the exit pupil of the fibers and
hence the impossibility of operation of such lasers in the high-frequency P-P regime
with high peak power at an average power of a few megawatts [7, 8]. The laser
system based on ‘slabs’ also seems hard to implement as adjustment of the system
and its maintenance in a safe operation mode are comparable to the complexity of
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working with a multi-element system for the solution to the problem of controlled
thermonuclear fusion (CTF) at Livermore (USA). Proceeding from the above, the
answer is quite clear: Such a laser can and should be based on the mono-module
disk laser geometry!

This is due to the indisputable advantages of the disk geometry in terms of the
minimal thermal lens in the active media and the high radiation resistance of the
disk in the P-P regime because of the large area of the optical surface to couple out
the radiation. But first it is necessary to find a solution to the problem of the
suppression of ASE along the diameter of the disk. In this case, the size of the disk
at a megawatt level of the average output will be at least 50 cm, i.e., at least
hundred times bigger the size of the disk that is used today in existing systems.
Radiation from such a laser, obtained during generation in the active medium of a
single disk, does not require additional phase-locking. At the same time, such a
laser in a mono-module geometry will be very well combined with a large diameter
telescope for ensuring high peak power density of the laser pulse on space debris. It
is known that the disk geometry of a laser was proposed 46 years ago. Recently the
solution to the problem of the ASE suppression with increasing transverse
dimensions of the active medium in the mono-module disk geometry has been
found! Thus, the prospect of creation of a superlaser for new class of cutting edge
problems is open!

14.7 Conclusions

Only the future will show the physical-technical solution for the mono-module disk
laser which will be used effectively for the processing of materials and for the
solution of other important challenges faced by science and technological advances.
It is important to say that creation of megawatt class high repetition rate P-P disk
lasers with a large cross section of the active medium is real and opens up great
prospects for their use in solving the problems of launching of small satellites with
lasers, formation of super-long conducting channels in space and atmosphere,
cleaning of the near-Earth space from the space debris, etc. [9–11].
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Chapter 15
High Power/Energy Molecular Lasers

15.1 Introduction

A SSVD can be established in a gas by creating primary electrons the density of
which should exceed a certain minimum value nmin throughout the discharge gap
[1, 2]. Various methods for preionization of a gas in the discharge gap have been
developed for this purpose [3, 4]. Primary electrons are created by these methods
directly in the discharge gap, which sometimes causes difficulties in the estab-
lishment of conditions necessary for the formation of a SSVD. For example, high
voltages are needed for the formation of an initial plasma when the preionization
source and the active medium are combined in the same volume [5], where as
preionization with ultraviolet radiation may be ineffective because of strong
absorption of such radiation in a medium [6], and if soft X-rays are used, it is
necessary to ensure rigid synchronization of the X-ray and pump sources [7]. In
mixtures of gases typical of CO2 lasers, losses of electrons due to trapping are
relatively small at low values of E = p, where E is the electric field intensity and
p is the gas pressure. The trapping coefficient is considerably less than the
absorption coefficient of ultraviolet radiation for the same mixtures [7]. It follows
that, in principle, it should be possible to create primary electrons in a density
needed for the formation of a self-sustained volume discharge at a considerable
distance from an ionization source and then transport the electrons to the gap by
drift in an electric field. A method of formation of a self-sustained volume discharge
by filling the discharge gap with a flux of electrons drifting in an electric field,
without preliminary ionization of the whole discharge volume, was proposed and
implemented [8]. The source of electrons was a plasma formed in an auxiliary
discharge initiated under a grid cathode. This method made it possible also to
establish a SSVD in a system of electrons with a strongly inhomogeneous electric
field in the discharge gap.
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15.2 Physical Model of SSVD Formation

The SSVD formed by filling the discharge gap with primary electrons was studied
in the electrode system with a uniform initial distribution of the electric field (the
anode with the Chang profile [9]—a flat mesh cathode) with a discharge gap
measuring 6–10 cm in length. In these experiments use was made of the configu-
ration presented in Fig. 15.1. When U0 was less than the static breakdown voltage
of the discharge gap, UeT, use was made of a scheme with pulsed application of the
voltage exceeding UCT to the discharge gap. In the latter case, the filling of the
discharge volume with electrons from the plasma of the auxiliary discharge was
performed either by applying a bias to the discharge gap [10], or by artificially
increasing the duration of the leading edge of the voltage pulse applied to the
discharge gap [10, 11]. The value of U was chosen so that the electrons can reach
the anode before the onset of the ionization processes in the discharge gap.

The conditions of the SSVD formation in initial highly nonuniform field dis-
tribution in the discharge gap were performed using the setup schematically shown
in Fig. 15.1b. The electrode system (d = 10 cm) was formed by a planar anode 1 (a
rectangular plate measuring 18 � 50 cm in size, curved along a radius of 10 mm)
and a cathode 2 with sharp edges (a rectangular brass mesh measuring 10 � 40 cm
in size). The surface area covered by auxiliary discharge 3 under the mesh was
slightly larger than the cathode area. In order to reduce the working voltage [12, 13]
and increase the duration of stable combustion of the SSVD [14, 15], easily ion-
izable substances such as tripropylamine and triethylamine at a vapor pressure were
added into the mixture.

In the experiments we controlled the lower limit for the SSVD ignition with
respect to the voltage Umin (determined by the voltage of the pump source), and the
SSVD stability limit with respect to the CO2–N2–He gas mixture composition and
the energy input. The SSVD uniformity was monitored visually by photos of the
glow discharge, as well as by the small-signal gain and its distribution over the

Fig. 15.1 Discharge systems with profiled (a) and nonprofiled (b) electrodes
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aperture of the amplifier. The electron flux current in the discharge gap was deduced
from the voltage drop across a resistor R. The charge carried by the flux was found
from the change in the voltage across a capacitor C for R = 0. The contribution to
the gap conductance made by the photoionization of the gas in the gap by the
auxiliary-discharge radiation was estimated from the charge of the positive ions
formed in the gap (these measurements were carried out by applying a negative bias
voltage U0).

The following types of an auxiliary discharge were investigated:

(1) A barrier discharge [16] in which a wire insulated with polyethylene was used
as the electrode.

(2) A corona discharge initiated by a multipin electrode, stabilized by limiting the
current through the pins by a ballast resistor [17].

(3) A volume discharge between a grid (discharge gap cathode) and a metal
cathode, initiated as described in [18].

(4) A volume discharge between a semiconductor cathode (carbon-filled rubber
with a bulk resistivity [19] and a grid (discharge gap cathode) initiated without
preionization [20].

(5) A multichannel discharge on the surface of a high-permittivity insulator limited
by the insulator capacitance [21].

(6) A multichannel discharge on the surface of a semiconductor (carbon-filled
rubber [19]) limited by the semiconductor resistance (this auxiliary discharge
was realized in the same way as a multichannel discharge on the surface of a
ceramic described in [21]).

In all these auxiliary discharges, an electric field was applied to auxiliary dis-
charge plasma. A special auxiliary electrode was not essential. The auxiliary
electrode is the one used to apply the voltage pulse to ignite the auxiliary discharge.

The propagation of primary electrons in the discharge gap (one-dimensional
case) in the absence of ionization multiplication is described by the system of
equations and boundary conditions for the electric field E(x, t), the density of
electrons n(x, t) and negative ions Nt(x, t) [22]:

@n=@tþ @ðnlEÞ=@x ¼ �anl Ej j; ð15:1Þ

@Ni=@x ¼ anl Ej j; ð15:2Þ

@E=@x ¼ �ðNi þ nÞe=e0; ð15:3Þ

Zd

0

E dx ¼ �U0; ð15:4Þ

nð0; tÞ ¼ const ¼ nð0Þ; ð15:5Þ
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Niðx; 0Þ ¼ 0; ð15:6Þ

nðx; 0Þ ¼ 0 when x[ 0; ð15:7Þ

where a; l, and e are the attachment, mobility and charge of electrons, respectively;
e0 is the dielectric constant. The X-axis is directed from the cathode (x = 0) to the
anode (x = d); the electron density at the cathode surface n(0) is assumed to be
constant over time (the escape of the electrons from the cathode to the displacement
field is compensated for by the influx from the plasma of the auxiliary discharge). In
expressions (15.1)–(15.7) the mobility of the negative ions is negligible.

System (15.1)–(15.7) was solved using an explicit difference scheme [10]. To
simplify the calculations we assumed that a = const. Figure 15.2a shows the
dependences n(x) and E(x) for various time points at U0 = 400 kV, d = 40 cm,
µ = 103 cm2/Vs, n(0) = 109 cm−3. It is seen that in the absence of the electron loss
through the attachment, stationary distributions n(x) and E(x) are established in the
discharge gap for t > t0 = d/E0µ, where E0 = U0/d. The discharge gap accumulates
a volume charge of negative ions, which prevents the propagation of primary
electrons. Calculations performed for different a and d showed that at the time
t = t0, the electron densities near the anode na (d) (at a 6¼ 0) and n(d) (at a = 0) are
related as by the expression:

naðdÞ � nðdÞe�ad: ð15:8Þ

In conventional CO2 lasers utilizing atmospheric pressure CO2–N2–He gas
mixtures, E0 � 3 kV/cm is less than 10−2 cm−1 [23, 24]. Therefore, when d < 1 m

Fig. 15.2 Calculated dependences E(x) (curves denoted by 1) and n(x) (curves denoted by 2):
a t = 2 mks (dashed curves) and 4–6 mks (continuous curves); b U = 400 kV, Tf = t = 8 mks,
n(0) = 1010 cm−3
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and E0 � 3 kV/cm, the loss of electrons through the attachment does not affect
significantly the propagation of primary electrons, and the analysis of the possi-
bilities of the method can rely on the model of a stationary primary electron (a = 0
and t[ t0). Approximate steady-state solution to system (15.1)–(15.7) at large n(0),
when

d ¼ 3e0E0=4enð0Þd � 1 ð15:9Þ

has the form [24]

EðxÞ ¼ 3
2
E0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x
d
þ d2

r
; ð15:10Þ

nðxÞ ¼ 3
4
e0E0

ed

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d

xþ d2d

s
; ð15:11Þ

j ¼ 9
8
le0

E2
0

d
ð1� 3d2Þ; ð15:12Þ

where j is the current density of primary electrons.
Let us perform estimations. Let E0 = 1 kV/cm, d = 50 cm, then from (15.11)

n(d) � 107 cm−3 clearly exceeds Nmin, required for the SSVD formation [10]. In
this case, condition (15.9) is fulfilled already at n(0) � 108–109 cm−3. It will be
shown below that such low densities of the electrons at the cathode can provide
almost any type of the auxiliary discharge. Thus, our estimates confirm the pos-
sibility of obtaining the SSVD by filling the discharge gap with primary electrons,
which are necessary for the SSVD formation process by realization of high con-
centrations of primary electrons at large distances from the cathode. Note some
features of this method which follow from the considered model.

It is seen from (15.11) that at a certain distance from the cathode
(x � d2d � 10�3 d when E0 = 1 кB/cm, d = 40 cm, n(0) = 109 cm−3) under the
condition of (15.9) n(x) is independent of n(0). Therefore, the discharge gap will be
filled by electrons uniformly (in a plane perpendicular to x), even in the case of a
significant nonuniformity of the n(0) distribution over the cathode area. This makes it
possible to produce a SSVD without small-scale inhomogeneities (typical of systems
with UV preionization) caused by shading of the discharge volume by a mesh
cathode [25], and to increase the small-signal gain and efficiency of CO2 lasers.

It follows from (15.10) that, despite the relatively low concentration of the
primary electrons in the discharge volume, the presence of the uncompensated
negative charge of primary electrons leads to a significant distortion of the electric
field in the discharge gap. As a result, the ionization processes will develop in the
first place at the anode, where the electric field can be enhanced by 1.5 times
compared to E0. At the same time, the development of ionization at the cathode is
difficult, because the field is close to zero due to the screening of the cathode by the
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volume charge of primary electrons. Obviously, the effect of the cathode screening
when filling the discharge gap with electrons should manifest itself in the real
geometry of the discharge gap. Therefore, it is advisable to try to find the conditions
for obtaining the SSVD in systems of nonprofiled electrodes, which would greatly
simplify the creation of electric discharge lasers. Distortion of the electric field in
the discharge gap by a volume charge of primary electrons should result in a
voltage drop (this voltage is used to produce a SSVD), which is an obvious
advantage of the proposed method. However, in a system with preliminary dis-
placement U0, which is used to fill the discharge gap with electrons, and subsequent
to apply the voltage pulse with the amplitude U to the discharge gap, degree of
enhancement of the electric field at the anode (with respect to the U/d)
Ky = 1 + U0/2U may be small, because it is not always acceptable increase U0 to
values close to Ust. The degree of distortion of the electric field can be increased by
using a scheme with an artificially prolonged voltage front [11]. Figure 15.2b
shows the results of numerical solutions of (15.1)–(15.3), (15.5)–(15.7) for p(x) and
E(x) at a = 0 with the boundary condition

Zd

0

E dx ¼ �U
2

1� cos
pt
sf

� �
; ð15:13Þ

which corresponds to the law slew of the voltage rise in the discharge gap in this
scheme. To completely fill the discharge gap with the electrons, it is needed also to
satisfy the condition Tf � 2d2/µU. It is seen from Fig. 15.2b that when
t = Tf = 2d2/µU, as in the case of constant displacement in the discharge gap, the
gain E(d) is reached, which U/d is 1.5 time higher relative to U/d at multiple
reductions of E(0).

15.3 Experiments

Figures 15.3a, b show oscillograms of the electron charge q(t) extracted from the
discharge gap and of the voltage U(t) between the gap cathode and the
auxiliary-discharge electrode, recorded for a mixture of N2 with tri-propylamine
obtained for the case when d = 2 cm and the electrode area was S = 200 cm2. The
auxiliary discharge was a multichannel discharge on the surface of a ceramic (with
the permittivity e = 2000), limited by the capacitance of the ceramic itself [21]. The
shape of U(t) was set by the parameters of a special RC circuit. A comparison of the
q(t) oscillograms recorded for different polarities of the voltage U(t) indicated that
the main rise of q(t) occurred in the region where dU/dt < 0. When a negative bias
voltage was applied to the discharge gap, the form of the q(t) oscillograms was
independent of the sign of dU/dt. In accounting for these results one should bear in
mind that the sign of the electric field in the gap between the ceramic surface and
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the discharge gap cathode was the same as the sign of dU/dt. Therefore, for
dU/dt < 0 some of the electrons were expelled from the auxiliary-discharge plasma
into the discharge gap across the grid cathode and drifted toward the anode in the
bias field (U0 > 0). For dU/dt > 0 or U0 < 0 it was not possible to drive electrons
beyond the grid and in the discharge gap the flux of the current was then entirely
due to the photoionization of the gas by the auxiliary-discharge radiation.

Figure 15.3c shows the oscillograms of the voltage U(t) and of the electron
current in the discharge gap I(t) for an oscillatory form of the voltage U(t). It is clear
from these oscillograms that a considerable current in the discharge gap was
recorded only for dU/dt < 0, irrespective of the sign of U(t).

It should be stressed that we investigated long-duration discharges in order to
identify the conditions for the formation of an electron flux from the long-duration
auxiliary-discharge plasma itself. Under these conditions, in spite of the presence of

Fig. 15.3 Oscillograms of
the voltage U(t) on the
auxiliary electrode, of the
electron charge q(t), and of
the electron flux current I(t) in
the case of positive (a) and
negative (b) polarities, and
also in the case of oscillatory
nature of the voltage U(t) (c)
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an easily ionizable substance in the gas, the contribution to the discharge gap
conductance of the electrons arriving from the auxiliary-discharge plasma was (for
suitable signs of dU/dt and U0) approximately ten times higher than the contribution
made by the photoionization of the gas by the auxiliary-discharge radiation even
when the latter was of the surface type. Under these conditions the contribution of
the photoionization to the charge of the electrons crossing the gap did not exceed
10% of the contribution of the electron flux for a corona discharge and it was not
greater than 1% in the case of barrier volume discharges (these values were
obtained for d = 6 cm, U0 = 30 kV, mixture of N2 with tripropylamine, P = 1 atm)
and the presence of an easily ionizable substance in the gas had practically no
influence.

When the auxiliary discharge pulse was shortened (by reducing the inductance
or the active resistance in the circuit of this discharge), the contribution of the
photoionization to the discharge-gap conductance increased and, in principle, it was
possible to form an electron flux from a plasma created by the ultraviolet radiation
of the auxiliary discharge in the cathode region (and also from a plasma on the
surface of a plasma cathode [26] or a barrier discharge plasma in systems described
in [18]).

As already pointed out, the homogeneity of a SSVD could be improved by
selecting the auxiliary discharge characteristics in such a way as to satisfy the
condition (15.9). Naturally, one would then have to ensure a certain minimum
density of the electron current in the auxiliary gap. In this case, the possibility of
SSVD igniting in a discharge plasma is determined by the condition Tdd � t0 (Tdd

is the auxiliary discharge duration); otherwise, the near-cathode zone can lose
electrons before the ionization processes in the discharge plasma are developed.

Figure 15.4a shows oscillograms of the electron flux current and of the auxiliary
discharge current (this was a volume type of discharge) obtained for a mixture of
gases of the CO2:N2 = 1:3 composition at a pressure of p = 0.3 atm when the gap
was d = 2 cm and the applied bias voltage was U0 = 12 kV. The distance between
the auxiliary discharge electrodes was 1 cm and the area of the auxiliary electrode
was S = 200 cm2. It is clear from Fig. 15.4a that change in the auxiliary discharge
current by an order of magnitude altered I(t) by just 10%, indicating that the
condition (15.9) was satisfied. The measurements showed that the saturation I(t) is
reached at

Idd=S ¼ idd �ð20� 30Þilim ¼ ð20� 30Þe0lE2
0d; ð15:14Þ

where ilim is the limiting current density of the primary electron from (15.12) when
(15.9) is met. Condition (15.14) is an empirical criterion, equivalent to (15.9). Note
also that the fulfillment of these conditions becomes simpler when d increases.
Condition (15.14) can be also easily met when use is made of a pulsed corona
discharge as an auxiliary discharge. However, the limiting duration of the stable
burning out of both a corona and a volume auxiliary discharge, when condition
(15.14) is met without any special measures taken into account, does not exceed 5–
10 µs.
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Both volume and corona discharges could be stabilized by utilizing electrodes
made of semiconductor materials [20]. Figure 15.4b shows oscillograms of the
volume discharge current in a mixture of gases of the CO2:N2:He = 8:32:60
composition with an admixture of triethylamine at p = 1 atm, ignited without a
preliminary ionization between a semiconductor material cathode (which was a disk
5 cm in diameter and 2 cm thick) and a grid (discharge gap cathode); it also
includes an oscillogram of the charge q(t) of the electrons extracted from the
discharge gap in the case when U0 = 5 kV, d = 8 cm, and the distance between the
auxiliary discharge electrodes was 1 cm. The density of the auxiliary discharge
current obtained in this way was *50 mA/cm2 and the duration of the stable
burning of the discharge in gas mixtures of various compositions exceeded 30 µs.

In the case of a discharge of the surface of an insulator, which was limited by the
capacitance of the insulator itself, our measurements indicated that the electron
current in the gap between the insulator surface and the grid was an order of
magnitude less than via an auxiliary electrode. Therefore, (15.14) is equivalent to
the condition

Fig. 15.4 Oscillograms of
the volume auxiliary
discharge current (1) from
metal (a) and semiconductor
(b) electrodes, of the electron
flux current (2), and of the
charge carried by this flux (3)
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dU=dt�ð2� 3Þ 	 102lE2
0e0=dCd ð15:15Þ

Condition (15.15) is easily fulfilled at Tdd = t0 and Cd = 100 pF/cm2 (Cd is the
specific capacity of the dielectric). Stable burning of long duration discharge, when
(15.14) is met, is realized also in a multichannel discharge grazing along the surface
of a semiconductor material limited by the intrinsic resistance of the material due to
a choice in the discharge capacitance.

When the necessary condition was satisfied, stable long-term burning of the
discharge was achieved also for a multichannel auxiliary discharge on the surface of
a semiconductor material, which was limited by the resistance of the material itself,
when the charging capacitor was suitably selected It therefore follows that when
special measures were taken, all the types of the auxiliary discharge discussed
above were capable of forming an electron flux with the maximum parameters
specified by (15.12).

Figure 15.5a shows the dependence of the electron flux current I(U0), recorded
under the same conditions as the oscillograms in Fig. 15.4a. Clearly, at low values
of U0 I * U0

2 this dependence is in agreement with (15.12). When U0 exceed a
certain minimum value I, the current rise steeply and this was accompanied by
volume radiation in the discharge gap, indicating the onset of the ionization pro-
cesses and the formation of a SSVD. This minimum value of U0 amounted to (2/3)
Uat, as expected on the basis of (15.11), according to which the electric field at the
anode was enhanced by the space charge of the electron flux by a factor of 1.5
compared with E0. We could assume that the possibility of igniting a SSVD at a Ust

voltage lower than mentioned in [10, 25, 27], was also due to distortion of the
electric field by the space charge of the electron flux and in [10] this flux could be
formed both from an auxiliary-discharge plasma under the cathode or from the
photoplasma in the cathode region, because the discharge on the surface of a
ceramic used in [10] was of relatively short duration (*1.5 µ).

Fig. 15.5 Dependences of the amplitude of the electron flux current (a) and of the minimum
ignition voltage of a SSVD (b) on U0
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The influence of the distortion of the electric field on the conditions of formation
of a SSVD is manifested also by the results in Fig. 15.5b, which gives the
dependence of the minimum voltage Umin on U0 for the ignition of such a discharge
in the circuit with a preliminary bias of the discharge gap. The sign of this bias was
opposite to the sign of U0 in order to avoid formation of an electron flux on
application of a voltage pulse to the discharge gap. In this case the auxiliary
discharge was of the barrier type. Experiments were carried out on a mixture of the
CO2:N2:He = 1:1:3 composition and the other parameters were d = 6 cm and
p = 0.5 atm. A voltage pulse was applied to the discharge gap after the delay
T = t0 = d2/µU0 relative to the beginning of the auxiliary discharge. It is clear from
Fig. 15.5b that Umin decreased monotonically on increase in U0 in accordance with
the above model.

At low overvoltages across the discharge gap the distortion of the electric field
by the space charge of the electron flux had a considerable influence on the con-
ditions of energy deposition in the plasma of the SSVD and on the residual voltage
across the gap after the end of the discharge.

Figure 15.6a gives oscillograms of the voltage U(t) and current in a SSVD
formed when the density of the electron current was too low for a significant
distortion of the field and the condition (15.9) was not obeyed (d = 6 cm, gas
mixture of the CO2:N2:He = 1:1:3 composition, p = 0.5 atm, charging voltage
Uch = 45 kV, Tf = 0.8 µs). Figure 15.6b shows oscillograms of U(t) and
I(t) recorded under the same conditions as in Fig. 15.6a, but in this case the con-
dition (15.9) was satisfied. A comparison of Fig. 15.6a, b indicated that distortion
of the electric field by the space charge of the electron flux resulted in some
reduction in the amplitude of the voltage pulse across the discharge gap and also
increased the amplitude of the current in the SSVD; it also increased the energy
deposited in the discharge by a factor of about 2. This could be important under
conditions when it would be difficult to establish a high overvoltage across the
discharge gap.

All the forms of the auxiliary discharge investigated by us using a system of
profiled electrodes made it possible to form a SSVD when the energy deposited was

Fig. 15.6 Oscillograms of the voltage U (curves denoted by 1) and of the current (curves denoted
by 2) for a SSVD when the condition (9) is not satisfied (a) and when it is satisfied (b)
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up to 300 J/l. The content of CO2 in CO2–N2–He gas mixtures (with the addition of
easily ionizable substances) at atmospheric pressure reached 40% when the total
content of all the molecular gases was up to 70%, whereas in helium-free mixtures
it was up to 30%. We also established a SSVD in atmospheric air (p = 0.4 atm,
d = 10 cm) by the addition of triethylamine, which was evidence of the high
efficiency of the method of formation of a SSVD by filling the discharge gap with
an electron flux, and this was true also of gases characterized by strong electron
trapping.

The best characteristics of a SSVD in a system of nonprofiled electrodes
(Fig. 15.1b) did not differ from the characteristics of the corresponding discharge
observed when the initial distribution of the electric field in the discharge gap was
homogeneous. The discharge formed using such electrodes could be ignited
employing any of the listed types of the auxiliary discharge, with the exception of a
volume discharge utilizing metal electrodes (this type of the auxiliary discharge was
difficult to realize using nonprofiled electrodes because of the inhomogeneity of the
electric field in the auxiliary gap). The investigated system was characterized by a
strongly inhomogeneous initial distribution of the electric field in the discharge gap,
which was close to the field distribution between one of the electrodes and a plane
of symmetry in a parallel-plate capacitor of limited size (as shown in cross section
in Fig. 15.1b); the field on the anode decreased monotonically along the normal to
the symmetry axis of the discharge gap, whereas the field on the cathode increased
reaching its maximum at the edge. Consequently, the static breakdown voltage in
the system with nonprofiled electrodes was approximately half the corresponding
voltage in the quasi-steady phase of a SSVD. When the discharge gap was sub-
jected to a voltage pulse of amplitude U > Usi (representing the regime with a
deliberately delayed leading edge of the voltage pulse), a spark breakdown at the
cathode edge was observed in the absence of an auxiliary discharge. When the
auxiliary discharge Ust < U < l.8Ust was started and the static voltage was in the
required range, a spark did not appear during the period Tdd even when the for-
mation of such a spark in the absence of an auxiliary discharge was less than Tf.
A weak electron flux current was then observed in the discharge gap. When the
amplitude of the voltage pulse exceeded required level and an auxiliary discharge
was started simultaneously with the leading edge of the pulse a volume discharge
appeared in the gap.

It therefore follows that the distortion of the initial distribution of the electric
field by the space charge of the electron flux in the case of nonprofiled electrodes
resulted, in contrast to the case of profiled electrodes, in an increase (rather than a
reduction) of the pulsed breakdown voltage of the discharge gap and the breakdown
was of volume nature. A strongly inhomogeneous initial distribution of the electric
field in the presence of nonprofiled electrodes was corrected in the process of
profiling the discharge gap with electrons, i.e., a dynamic profiling of electrodes by
the space charge of the electron flux took place. We shall now consider qualitatively
this phenomenon.

Screening of the cathode by the negative charge of electrons reduced
several-fold the electric field on the cathode surface, compared with the average
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field U(t)/d in the discharge gap at a given moment, so that ionization processes
could not develop near the sharp edges of the cathode. The field at the anode was
then enhanced and the relative magnitude of the enhancement should be highest at
the center of the electrode, since the electron flux spread in the course of propa-
gation in a discharge gap as a result of the electrostatic repulsion between the
electrons. Bearing in mind also the initial distribution of the field in the discharge
gap, we concluded that the ionization processes began to develop simultaneously
from the anode to the cathode and from the center to the edges of the discharge gap,
i.e., the propagation of an ionization wave, which formed a cathode layer when it
closed the discharge gap, was not governed by the initial configuration of the
electric field but by that configuration which was formed with the participation of
the space charge of the electron flux This made it possible to prevent spark
breakdown and to form in a system with nonprofiled electrodes a SSVD with a
deposited energy distribution typical of such nonprofiled electrodes. Measurements
of the small-signal gain at low pump energies, which represented the distribution of
the energy deposited in the discharge in a plane perpendicular to the optic axis,
demonstrated that the gain decreased away from the optic axis to the electrode
edges. This provided an indirect confirmation of the above description of the for-
mation of a SSVD. It should be stressed that a change in the voltage on the
electrodes resulted in a redistribution of the electric field in the discharge gap at a
finite rate governed by the electron mobility. Therefore, the condition for screening
of the cathode by the space charge of the electron flux (where U/d is the instan-
taneous value of the field) could be disturbed if the voltage across the discharge gap
rose too rapidly. In fact, it was not possible to create a SSVD using nonprofiled
electrodes when the voltage was applied abruptly to the electrodes and this was true
even when the application of a bias resulted in a preliminary filling of the discharge
gap with electrons. Sparks were observed at the corners of the cathode, i.e., in the
regions with the maximum concentration of the electric field in the absence of
screening. The discharge was stable in the case when the leading front of the
voltage pulse was delayed deliberately [10, 11] so that the duration of this front was
>2 µs. for d = 10 cm. A classical example of nonprofiled electrodes with a strongly
inhomogeneous initial distribution of the electric field in the discharge gap was the
first transversely excited CO2 laser [18]. The present experiments indicated that the
electron flux in such a system was formed by a barrier discharge plasma created
directly on the cathode surface and this made it possible to satisfy quite readily the
saturation (15.9) and screening conditions. One should stress also that an increase
of the stability of a SSVD [11] in systems of the type described in [18] and
considered in the present study, which was observed when easily ionizable sub-
stances were added to the gas mixtures, was not due to photoionization of these
additives because in the case of regimes used to form a SSVD by filling the gap
with an electron flux the contribution of the photoionization to the conductance of
the discharge gap during the filling process was unimportant compared with the
contribution of the electron flux from the auxiliary discharge plasma and this was
true for the majority of the auxiliary discharges. Our investigations made it possible
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to increase the aperture of SSVD based lasers and amplifiers up to 80 cm and to
obtain a radiation energy of CO2 lasers more then 5 kJ for the electric efficiency
more then 10%.

15.4 High Power/Energy HF (DF) Lasers

The main problem arising in the construction of powerful wide-aperture nonchain
HF(DF) lasers in which a chemical reaction is initiated by a SSVD is the imple-
mentation of the SSVD itself in mixtures of SF6 with hydrogen carriers (deuterium
carriers). The possibility of applying for such purposes the usual methods based on
the preliminary ionization of the gas in a homogeneous electric field with the
subsequent application of a high-voltage pulse to the discharge gap [28] is limited
by the high electro-negativity of the SF6 molecules.

A new approach to the solution of the problem of increasing the volume of the
active medium and the energy of the radiation emitted by nonchain HF(DF) lasers
was found in our earlier studies [29–31]. In a study [30] of a nonchain HF(DF) laser
with preionization by soft X-rays, it was observed that the SSVD characteristics and
the laser output characteristics are independent of the presence of preionization if
the cathode surface has been subjected to a treatment involving the deposition on it
of small-scale inhomogeneities. In other words, if the cathode has a rough surface,
preionization is not essential in order to obtain an SSVD in the mixtures of an HF
(DF) laser.

The possibility of achieving an SSVD without preionization and with an energy
input homogeneous throughout the volume under the conditions of a high edge
inhomogeneity of the electric field in the discharge gap of an HF(DF) laser has also
been demonstrated [31]. These investigations made it possible to increase the aperture
of a nonchain HF(DF) laser based on SF6—hydrocarbon (deuterocarbon) mixtures up
to 27 cm and to obtain a radiation energy of *400 J for an electric efficiency of
approximately 4% [32]. An SSVD without preionisation in SF6 and in mixtures
containing it, i.e. a selfinitiated volume discharge (SIVD) [33], has a number of
properties unusual for volume discharges. The observation of a discharge of this kind
opens up unique opportunities for the development of simple and effective nonchain
HF(DF) lasers operating in both pulsed and repetitively pulsed regimes. Further
investigations of the SIVD in order to establish the principal mechanisms determining
its development is therefore of undoubted interest. To review the results of our
investigations is in fact the subject of the present chapter.

The SIVD characteristics were investigated in discharge gaps with electrodes
having different configurations (Fig. 15.7) with the ratio of the partial pressures of
the mixture components SF6:C2H6 = 10:1–10:3 and pd = 0.02–0.7 cm bar (p is the
pressure of the mixture and d the interelectrode distance). The integral character-
istics of the discharge and the dynamics of its development were studied by using a
system of plane electrodes illustrated schematically in Fig. 15.7a. The SIVD was
struck with d = 2–6 cm between an aluminium cathode 6 cm in diameter, rounded

214 15 High Power/Energy Molecular Lasers



(1 cm radius) along the perimeter, and an aluminium anode 12 cm in diameter. The
surface of the cathode, including the rounded parts, was sandblasted.

In order to investigate the SIVD dynamics, an artificial (transmission) line with a
variable number of cells was discharged across this gap [34]. This made it possible
to follow, by varying the duration of exposure to the voltage across the gap in the
range 40–400 ns at a constant current, the development of the discharge in time and
in space by photographing it for various exposures to the voltage. In the remaining
SIVD studies in which the above and other electrode systems shown in Fig. 15.7
were used, the discharge a capacitor was used to strike the volume discharge. The
discharge gaps (Fig. 15.7a, b) were additionally illuminated from the side by a
low-current (I < 3 A) spark enclosed in a quartz envelope. This spark could not
ensure the volume photoionisation of the gas, but, as a result of the initiation of
electrons at the cathode, it made it possible to stabilize the scatter of the

Fig. 15.7 Discharge gaps with electrodes having different configurations: (1) anode; (2) cathode;
(3) Rogowski loop; (4) initiating electrode; (5) glass tube; (6) glass plate
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gap-breakdown delay times. The discharge gaps in the configurations shown in
Fig. 15.7c–f were not additionally illuminated.

The dynamics of the development of the SIVD was also investigated in an
electrode system with a sectioned cathode (Fig. 15.7b). Here, the main cathode and
anode were the same as in Fig. 15.7a, but an earthed conductor 1.5 mm in diameter
(the initiating electrode) was connected in parallel to the main cathode at a distance
5 mm in a horizontal plane extending from its edge. The vertical distance between
the cathode surface and the tip of the conductor was chosen in such a way that,
during the initiation of the discharge by a low-current spark, the electrical break-
down of the gap extended initially to the conductor. A conductor with polyethylene
insulation and a core diameter of 1.5 mm served as the cathode in the electrode
system in Fig. 15.7c, d (the discharge occurred between the rod and the plane). In
these experiments, the SIVD was investigated under conditions such that not more
than one cathode spot could be formed on the cathode. In the discharge gap shown
in Fig. 15.7d, the discharge cross section on the anode was confined by a glass tube
6–8 mm in diameter (confined discharge), placed between the electrodes in such a
way that its upper edge touched the surface of the anode.

In the configuration presented in Fig. 15.7e, the plane electrodes (the same as in
Fig. 15.7a) were linked by a dielectric plate 2 mm thick with a transverse dimen-
sion of 5 cm. In the electrode system shown in Fig. 15.7f, the SIVD was struck for
an interelectrode distance (the distance between two aluminium disks 3.6 cm in
diameter) of 5.5 cm; the disks were placed in a quartz tube with an internal diameter
of 3.8 cm, the electrodes had sharp edges, and the cathode surface was sandblasted.

The SIVD dynamics was studied in discharge gaps with different geometry. The
scheme of the setup for investigating the discharge in a gap with a linear cathode
geometry is shown in Fig. 15.7a. The SIVD with a total duration of *370 ns was
ignited in the SF6:C2H6 = 10:1 mixture at a pressure p = 33 Torr and an inter-
electrode distance of 4 cm. The electrodes were a 0.5-mm thick copper bar 16 cm
in length (a knife-edge cathode) placed edgewise and a disk anode 6 cm in diameter
rounded over the perimeter with a radius of curvature of 1 cm. The breakdown was
forcedly initiated at the center of the cathode with a weak-current spark limited with
an R = 900 Q resistor. This spark could not provide an initial electron density in the
gas high enough for the development of a volume discharge, but allowed fixing the
position of the primary gap breakdown. The SIVD glow was recorded with a
single-frame streak camera tube with a frame exposure time of 20 ns, which was
triggered with a variable delay T relative to the instant of gap breakdown.

To study the SIVD dynamics in the plane gap geometry, we used the circuit with
a sectioned cathode shown in Fig. 15.7b. In this case, the interelectrode distance,
the working mixture pressure, and the electrical circuit of the setup were the same
as in the previous experiment, except that the cathode was not a copper bar, but a
disk 6 cm in diameter rounded over the perimeter with a radius of curvature of 1 cm
and subjected to sandblast processing [29–31, 33]. Insulated conductors 1 mm in
diameter were inserted into holes 2 mm in diameter drilled 4 cm apart through the
cathode in its plane region. One of the conductors (1) protruded above the cathode
surface by 1 mm to ensure the occurrence of the primary gap breakdown at

216 15 High Power/Energy Molecular Lasers



precisely this point. By comparing the oscilloscope traces through the ignitor
(7) and monitoring (2) electrodes, we could trace the SIVD spread over the gap.

The dynamics of an individual diffusion channel was investigated using the
setup shown in Fig. 15.7c. The diffusion channel was simulated by a discharge with
a rod (cathode)—plane gap geometry at a pressure p = 16.5–49.5 Torr of the SF6:
C2H6 = 10:1 mixture for an interelectrode distance of 4 cm. The cathode was the
end of a polyethyleneinsulated wire with a core diameter of 1.5 mm, and the anode
was a disk 10 cm in diameter. The SIVD development was monitored with the
streak cameras, as in the experiments performed using the setup of Fig. 15.7a.

In the circuits shown in Fig. 15.7a, b, the capacitor C discharged into the gap via
inductance L upon switching spark gap. In the circuit of Fig. 15.7c, an artificial line
discharged into the gap. The currents in the circuits of Fig. 15.7 were monitored
with Rogowski coil Rc, the voltage across the gaps was measured with resistive
dividers. A typical photograph of an SIVD in a plane-electrode system is presented
in Fig. 15.7a.

Figure 15.7b shows the corresponding current (I) and voltage (U) oscillograms.
It is seen from Fig. 15.8 that the SIVD does not outwardly differ from the usual
SVD with preionisation. It consists of a set of diffuse channels, linked to bright
cathode spots and expanding towards the anode. By overlapping, the diffuse
channels generate an overall diffuse glow. Despite the appreciable strengthening of
the electric field on the edge of the gap, this region is scarcely distinguishable and
the cathode spots cover the entire surface of the cathode. The SIVD voltage and
current oscillograms are also typical for SSVD in electronegative gases. Energy is
deposited in the SIVD plasma at a quasi-steady-state voltage The voltage in mix-
tures of SF6 with hydrocarbons, when the content of the latter is not greater than
17%, depends only slightly on their partial pressure. The dependence of Uqs on pd
for pd = 0.05–2.5 cm bar and specific energy inputs in the discharge plasma up to
0.2 J cm−3is described satisfactorily by the expression [35] where Uqs = A + Bp
(SF6)d is the partial pressure of SF6 in the mixture. For pure SF6 and SF6:

Fig. 15.8 Photograph of an SIVD in a system of plane electrodes (a) and typical current (I) and
voltage (U) oscillograms for the SIVD; scan|100 ns division-[1] (b)
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C2H6 = 10:1, 10:2 mixtures, we have respectively A = 0.72 and 0.79 and 1.1 kV
and B = 92.7, 94.8 and 96.4 kV cm bar. The value of B obtained in the present
experiments is close to the known [35] critical reduced electric field strength (E/p)cr
= 89 kV/cm bar (the difference is *8%).

The differences between SIVD and SSVD are manifested in the dynamics of
their development. Figure 15.9 presents the results of studies on the dynamics of
the development of an SIVD in a plane-electrode system (Fig. 15.7a) for the dis-
charge across the gap of an artificial line with a variable number of cells. As can be
seen from Fig. 15.9, in contrast to SSVD, an SIVD is struck initially in the zone of
the maximum amplification of the electric field on the gap edge in the form of one
or several diffuse channels linked to the cathode spots. The radiation from the

Fig. 15.9 Characteristics of an SIVD: photographs of an SIVD in a system of plane electrodes at
different times (spark illumination from the left) (a), voltage (U) and current (I) oscillograms for
the SIVD during the discharge across the gap of an artificial line consisting of 20 cells (scan—
100 ns division-[1] (b) and time dependence of the number of spots on the cathode Ns (c)
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discharge in the remainder of the gap is not detected at this instant. The channels
formed first initiate the appearance of the subsequent channels and the SIVD
spreads over the gap perpendicular to the direction of the electric field at Uqs

constant voltage, gradually filling the entire gap. The total number of spots on the
cathode increases from the instant of the electrical breakdown of the gap virtually in
proportion to time, i.e. in proportion to the energy injected into the discharge when
account is taken of the experimental conditions.

Since the SIVD develops at a constant current (with the exception of the leading
and rear edges) under the experimental conditions described, the current through
channels formed earlier should diminish after the appearance of new ones. The
characteristic features of the development of an SIVD listed above suggest the
operation of current-limiting mechanisms in SF6 and in mixtures based on it, which
hinders the transfer of the entire energy through a single channel. It appears that
precisely these mechanisms are in fact responsible to a large extent for the existence
of the unusual form of the discharge such as the SIVD, including the possibility of
achieving it in gaps with a strong edge inhomogeneity of the field.

The existence of such mechanisms is also indicated by the results of experiments
in an electrode system with simulation of the first diffuse channel by the initiating
electrode (Fig. 15.7b). Figure 15.10a, which presents characteristic oscillograms of
the discharge current through the initiating (curve 1) and main (curve 2) cathodes,
shows that the current through the initiating cathode does indeed appear appreciably
earlier than the current through the main cathode and its maximum is attained at an
instant when the main current still continues to grow.

Figure 15.10b illustrates the dependence of the fraction of the energy A,
transmitted by the initiating cathode, relative to the total energy W injected into the
discharge. The quantity A decreases monotonically with increase in W, reaching
saturation, which yet again constitutes evidence in favour of the existence of
mechanisms preventing the transfer of the entire SIVD energy through one channel.

Fig. 15.10 Oscillograms of the current through the initiating (1) and main (2) cathodes (39.7 A
division-[1], scan | 50 ns division-[1] (a) and dependence of the fraction of energy A transmitted
through the initiating electrode relative to the total energy W (b)
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However, we may note that that in the experiment under consideration, the
simulation of the initial diffuse channel with the aid of a special electrode is not
entirely equivalent to the real conditions, because, in order to guarantee that the
discharge begins from the initiating cathode, it would be necessary to raise it by
approximately 1 mm above the surface of the main cathode. For this reason, the
brightness and transverse dimensions of the simulated initial diffuse channel dif-
fered appreciably from those of channels in the main gap, whereas under real
conditions this was not observed (Fig. 15.8).

Figure 15.11 presents a typical dependence of the total number of spots on the
cathode NS on the average specific energy Wsp injected into the plasma. It was
recorded in a system of plane electrodes for different values of d and p. Wsp was
varied during the experiments by varying the charging voltage and charging
capacitance. The duration of the discharge current was also varied. Evidently, for a
fixed value of p, Ns depends only slightly on d. Within the limits of error, the points
t satisfactorily on a linear dependence of Ns on Wsp.

Consequently, for a fixed value of p, the number of spots on the cathode is
determined by Wsp and not the density and duration of the current, Wsp actually
specifying the total number of spots on the cathode. For a short duration (less than
100–150 ns) of the current, the spots may not cover the entire surface of the cathode
but only its section near the site of the primary electrical breakdown of the gap. In
short discharges, the local density of spots may therefore be greater than in long
discharges.

The dependence of Ns on p may be more complex: Ns increases with increase in
p and the increase is nonlinear. A diminution of the transverse dimensions of the
spots on the cathode and of the diffuse channels on the anode is also observed under

Fig. 15.11 Dependence of
the number of cathode spots
Ns on the specific input
energy Wsp for the SF6:
C2H6 = 10:1 mixture with
d = 6 cm and p = 33.6 Torr
(square black), d = 2 cm and
p = 33.6 Torr (dot black),
d = 6 cm and p = 16.8 Torr
(n), and d = 2 cm and
p = 16.8 Torr (○)
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these conditions, i.e. the volume occupied by each channel decreases simultane-
ously with increase in Ns. One may postulate that such influence of the growth of
p on Ns is associated with the increase in the electric field strength (defined as
Eqs = Uqs/d) for which an SIVD develops and which is known [1] to determine the
probability of the formation of a cathode spot. The dependence of Ns on the
parameter Wsp Eqs plotted for different values of p and d taking into account this
hypothesis, is presented in Fig. 15.12. It is satisfactorily fitted by the linear function
Ns = a + bWspEqs, in which the constant b is in its turn a function of the state of the
cathode surface and of the hydrocarbon content in the mixture [32]. A conclusion
important for the further interpretation of the mechanisms of the development of an
SIVD follows from Figs. 15.11 and 15.12: the volume occupied by the discharge
increases with increase in the amount of energy injected into the plasma and almost
in proportion to the energy.

Figure 15.13a, b present photographs of an SIVD in a rod-plane electrode
system (Fig. 15.13c) for d = 5 cm and p = 34 Torr in the SF6:C2H6 = 10:1 mixture
recorded for two energies W deposited in the discharge plasma. In this geometry,
the SIVD consists of a diffuse plume, expanding towards the anode, with formation
of a bright plasma on the cathode. Under conditions such that new spots cannot be
formed on the cathode, the volume V of the glowing part of the plume (an analogue
of a diffuse channel) increases with increase in W.

The dependence of V on W obtained under the same conditions as in Fig. 15.13
is presented in Fig. 15.14. A linear growth of V with increase in W can be seen. For
W = 5 J, the volume V is *20 cm3, whereas the size of the plume on the anode is
3.6 cm. The high stability of the discharge in the gap geometry under consideration,
despite the fact that the current density of the cathode is j = 1.2 � 105 A cm−2, is

Fig. 15.12 Dependence of
the number of cathode spots
Ns on WspEqs for the SF6:
C2H6 = 10:1 mixture with
d = 6 cm and p = 33.6 Torr
(square black), d = 6 cm and
p = 16.8 Torr (square light),
d = 4 cm and p = 23.3 Torr
(*), d = 3 cm and
p = 23.3 Torr (dot black),
d = 3 cm and p = 33.6 Torr
(○), d = 3 cm and
p = 50.4 Torr d = 3 cm and
p = 67.2 Torr (triangle), and
d = 2 cm and p = 33.6 Torr
(�)
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striking. It is noteworthy that the influence of the duration of the discharge current
on V is also appreciable in this geometry. This accounts for the considerable scatter
of the points in Fig. 15.14 because in the experiments the duration of the current
varied from 50 to 300 ns. Figure 15.15a, b present voltage (U) and current
(I) oscillograms for an SIVD in the rod-plane electrode system (Fig. 15.7c) for
current pulses of 100 and 200 ns duration with identical charging voltage and
charging capacitance in the SF6:C2H6 = 10:3 mixture (p = 40 Torr, d = 4.4 cm).

Fig. 15.13 Photographs of an SIVD in the rod-plane electrode system with W = 0.73 J (a) and
2.33 J (b)

Fig. 15.14 Dependence of
the volume V of an SIVD on
the energy W in the rod-plane
electrode system
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Figure 15.15c and d show similar voltage and current oscillograms for an SIVD
recorded under the same conditions but with confinement of the discharge on the
anode by a tube 7 mm in diameter (Fig. 15.7d). As can be seen from Fig. 15.15a, b,
the voltage and current oscillograms in the rod-plane system do not differ in any
way from typical oscillograms obtained in a plane electrode system.

Confinement of the discharge leads to an appreciable change in the type of
oscillograms. For a long duration of the current pulse (Fig. 15.15d), after the initial
fall of the voltage, one observes its increase simultaneously with increase in the
current, the current maximum being attained sooner than in the case of an
unconfined discharge. The current amplitude also diminishes, whereas the voltage
is appreciably higher at its maximum than in the case of an unconfined discharge.
Voltage oscillograms of a similar type are obtained when the discharge charac-
teristics are calculated taking into account the attachment of electrons to vibra-
tionally excited SF6 molecules [36]. However, the calculated oscillograms in [36]

Fig. 15.15 Voltage (U) and current (I) oscillograms for an unconfined (a, b) and confined (c, d) SIVD
in the rod-plane electrode system with T = 100 ns (a, c) and 200 ns (b, d). Oscillogram scales: 5.1 kV
division-[1] (a–d), 79.4 A division [1] (b, d), 198.5 A division-[1] (a, c); time scan—25 ns division
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do not agree with the experimental ones. We are not aware of other studies in which
a similar form of the discharge voltage was observed in SF6 and in mixtures based
on it.

For T = 200 ns, the confined SIVD contracts after the current has reached a
maximum. A decrease in the duration of the current makes it possible to obtain an
uncontracted confined SIVD (Fig. 15.15c). In this case, there is no break in the
voltage oscillogram and, following a general increase in the discharge voltage, the
‘tail’ becomes less tilted. We may note that the modification of the voltage pulse
observed in Fig. 15.15c, d following the confinement of the SIVD is associated
precisely with the increase in the specific energy input in the plasma because under
the conditions of the discharge cannot expand during the energy deposition process.

Figure 15.16 presents dependences of Uqs on the energy Wj/2 deposited in the
discharge plasma before the attainment of the current maximum, in the rod-plane
electrode system for confined (curve 1) and unconfined (curve 2) SIVD; was
determined at the current maximum. Evidently, with increase inWj/2 an appreciable
growth Uqs is observed in the confined SIVD, significantly more notable than in the
unconfined SIVD. The relative increase Uqs (compared with Uqs for the unconfined
SIVD) for the same values of Wj/2 greater the smaller the value of p, i.e. the greater
the energy deposited in the plasma per unit volume and the results presented in
Figs. 15.15 and 15.16 indicate an increase in the electron attachment per molecule.

Fig. 15.16 Dependence of Uqs on the energy for confined (1) and unconfined (2) SIVD with
p = 33.6 Torr (triangles), 45.8 Torr (circles), and 67.2 Torr (squares); SF6:C2H6 = 10:1 mixture,
d = 4 cm
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Coefficient in SF6-based mixtures with increase in the specific energy input in the
discharge plasma.

The possibility of obtaining a volume discharge in the electrode systems illus-
trated in Fig. 15.7e, f is a consequence of the existence of mechanisms restricting
the SIVD energy transmitted by an individual diffuse channel and leading to an
increase in the volume occupied by the discharge with increase in the input energy.
Figure 15.17 presents photographs of a discharge in air and in the SF6:C2H6 = 10:1
mixture, respectively, at a pressure of 65 Torr obtained in the system comprising
plane electrodes linked by a dielectric plate (Fig. 15.7e). As was to be expected, the
discharge in air develops in the form of the electrical spark breakdown of the gap
along the surface of the dielectric plate, the bulk phase being entirely absent. In a
SF6–C2H6 mixture, the discharge is very much of the volume type, its external
appearance and oscillograms being completely indistinguishable from an SIVD
obtained in the same system in the absence of a plate (with the exception that the
photograph shows a black band at the site where the plate is located).

In the system with transverse dimensions of the electrodes close to the internal
diameter of the tube (Fig. 15.7f), the discharge is also very much of the volume
type for the mixture SF6:C2H6 = 10:1 and p = 15–65 Torr. When
Wsp > 0.05 J cm−3, the surface density of the cathode spots has a maximum in the
central zone of the cathode, as in the usual gap with plane electrodes which are not
linked by a dielectric surface. In the subsequent ignitions of an SIVD without
change of mixture, an appreciable increase and a decrease in the current are
observed in the above electrode system. Since in the case under consideration the
SIVD occupies the entire volume of the discharge chamber (Fig. 15.7f), this fact
indicates that, in the mixture of gases formed as a result of the dissociation of the
starting materials, the effective ionization coefficient is smaller than in the initial
mixture. We may note that a volume discharge in a tube with an internal diameter
close to the diameter of the electrodes had been obtained earlier in a SF6–H2

mixture [37], but the authors [37] did not interpret this result.

Fig. 15.17 Photographs of a discharge in a system of plane electrodes linked by a glass plate in
air (a) and in the SF6:C2H6 = 10:1 mixture (b)
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15.5 Discussion

Thus, the following processes are characteristic of SIVD: consecutive formation of
diffuse channels (with a simultaneous decrease in the current through the channels
which had arisen earlier) during the development of the SIVD in a gap with planar
geometry, the expansion of the diffuse-glow zone in the rod–plane gap, an increase
in the discharge voltage with increase in the specific energy. As already mentioned,
these processes are apparently determined to a large extent by the mechanisms of
the confinement of the current in the conducting channel, which depend on the
specific energy input. We shall consider two possible mechanisms leading to this

Fig. 15.18 Schemes of
experimental setups for
studying the SIVD dynamics:
ignitor (1) and monitoring
(2) conductors
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state of affairs, namely the dissociation of SF6 by electron impact and the attach-
ment of electrons to vibrationally excited SF6 molecules.

In the first place we note that, for the ratios E/N close to the critical value,
virtually the entire energy deposited in SF6 is consumed in dissociation [38].
According to [35, 39], the SF6 = SF4 + 2F channel is dominant.

The ionization potential of F atoms (17.42 eV) exceeds that for SF6 (15.7 eV)
[40], so that an appreciable contribution by the F atoms produced to the overall
ionization should not be expected even at their considerable concentrations. As
regards the attachment of electrons, the formation of F−1 ions via any of the
possible mechanisms is known to be incapable of competing, as shown by estimates
[41], with the attachment of electrons to SF6 molecules. The F excitation threshold
is 12.7 eV [40] (the component of the main doublet with a threshold energy of
*0.05 eV may naturally be disregarded in the given instance), i.e. it is in the region
of the intense excitation of the SF6 terms by electron impact [38]. Furthermore,
there are grounds for the postulate that inelastic processes with participation of SF4
molecules also do not influence in any way significantly the energy spectrum of the
electrons in the discharge.

Thus, bearing in mind the qualitative nature of the models considered and
neglecting therefore the difference between the cross sections for the elastic scat-
tering of electrons by SF6 molecules and their decomposition products, one may
postulate that the influence of the dissociation of SF6 may only affect the decrease
in the reduced field strength E/N with increase in the total concentration of neutral
particles N as the specific energy input increases.

It is possible to show that allowance for additional factors will significantly
complicate the description without altering fundamentally the result: the dissocia-
tion of SF6 by electron impact and the attachment of electrons to vibrationally
excited SF6 molecules may indeed serve as the mechanisms of the limitation of the
current in the conducting channel in the active media of an HF laser. At the same
time, the mechanisms of current limitation in the conducting channel are not suf-
ficient for complete understanding of the processes observed in the experiment, in
particular the propagation of the discharge into the interior of the gap in the
direction perpendicular to the applied field [20]. Figure 15.19 shows the
streak-camera images of a SIVD in the gap with a knife-edge cathode obtained at
different instants of time. The corresponding oscilloscope traces of discharge cur-
rent and voltage are given in Fig. 15.20. One can see from Fig. 15.19 that the gap is
broken down at the center (at the region of the auxiliary spark discharge). At this
instant of time, the SIVD has the form of one diffusion channel, with a cathode spot
already formed. Then, new channels appear near the first channel, which have a
significantly lower brightness, and are developing at a voltage close to the static
breakdown voltage for SF6.

The number of new channels increases with time, they ‘disperse’ from the
middle to the periphery of the gap, and their brightness gradually achieves that of
the first channel, the channels closest to the first channel being the brightest. All the
channels become equally bright with time, while the brightness of the first channel
decreases significantly. Upon a further SIVD development, the brightness of the
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channels at the gap periphery (i.e., the channels removed from the primary
breakdown region) gradually increases. However, for T > 210 ns the glow becomes
uniform again over the cathode length, the glow in the first channel also being

Fig. 15.19 Streak camera images obtained at different instants of time T

Fig. 15.20 Oscilloscope
traces of the voltage and
current of a SIVD
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restored. This effect will be referred to as a current return (to the channel). Then, we
observed the development of discharge instability against the background of the
total diffusion glow.

Therefore, the results outlined above confirm directly the fact that the SIVD
spreads over the gap at a voltage close to the static breakdown voltage in the form
of a sequence of diffusion channels. In this case, the first channel, which was
produced upon the gap breakdown, fades away as new channels emerge. Note also
that the current return (see Fig. 15.19), which is manifested in the equalization of
the brightness of all the channels and in the increase in the brightness of the first
channel following its initial decrease, is observed only when the energy introduced
into the plasma is high enough. This effect vanishes when the energy is lowered or
the linear size of the cathode is increased. For high energy inputs (150–200 J/L)
typical of HF (DF) lasers, the SIVD spreading over the gap is so fast that the time
resolution of our streak camera is insufficient A similar pattern of SIVD develop-
ment is also observed with the plane discharge gap geometry. Figure 15.21 shows
the oscilloscope traces from the igniter and monitoring conductors (see Fig. 15.18b)
obtained in the experiment with the sectioned cathode. One can see from Fig. 15.21
that the current begins to flow through the monitoring conductor with a significant
delay relative to the current through the ignitor.

By the time of onset of the current through the monitoring conductor, the
amplitude of the current through the ignitor lowers by more than a factor of two,
i.e., in this experiment, too, we observed quenching of the initially produced
channel upon the emergence of subsequent channels. One can also see from the
oscilloscope trace of the current through the ignitor (Fig. 15.21) that a current
returns to the first channel after its almost complete quenching in the case of a plane
gap as well, provided the energy input is high enough. In the rod-plane gap, the
spreading of the frame, which simulated a single diffusion channel, was observed to
occur in two stages. During the first 20–30 ns following the gap breakdown, the
discharge volume rapidly increased, out of proportion to the energy inputted. Then,
the discharge volume increased approximately linearly with the energy. For a
constant total energy W introduced into the plasma, the largest volume V occupied
by the SIVD by the instant of energy input termination increased with lowering the
mixture pressure p. Figure 15.22 shows the dependence of V on the parameter

Fig. 15.21 Oscilloscope
traces of the current through
the ignitor (the upper trace)
and monitoring (the lower
trace) conductors
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W/p obtained for different p. One can see that this dependence is satisfactorily, to
within the error of experimental determination of V, described by a linear function.

The results presented above confirm assumptions that there exist mechanisms of
current density limitation in the diffusion channel of a discharge in SF6 and SF6-
based mixtures [28, 33, 41–45] (and also in several other strongly electronegative
gases [33, 45]). It would be reasonable to attempt to relate these mechanisms to the
specific feature of SF6, namely, with its strong electronegativity.

Strongly electronegative gases have highly reduced electric field strengths of
E/N, where E is the field strength and N is the concentration of neutral molecules, at
which an electrical breakdown occurs and the energy is inputted into the plasma.
They also have large electronegativity parameters Xa defined as the ratio of con-
centrations of negative ions and electrons. For this reason, the following features of
the charge kinetics inherent in these gases should be taken into account in the study
of a volume self-sustained discharge in strongly electronegative gases such as SF6
and SF6-based laser mixtures.

First, the electron-impact dissociation of SF6 molecules and other components of
the mixture plays a significant role in this discharge. Indeed, for high E/N close to
the critical value (E/N)Cr = 360 Td, the average energy of plasma electrons in the
quasi-stationary stage of a self-sustained discharge approaches the SF6 dissociation
threshold and more than 80% of the energy inputted into the discharge is spent to
the dissociation [41, 46] resulting in the production of an F atom. In the submi-
crosecond range typical for the discharge under study, decomposition products have
no time to escape from the discharge channel, resulting in a local increase in the
concentration N of particles, a decrease in E/N, and a decrease in the electric
conductivity of the diffusion channel due to the increase in electron losses through
attachment.

Fig. 15.22 Dependences of
the volume V occupied by
discharge on the parameter W/
p for the SF6:C2H6 = 10:1
mixture at a pressure p
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High negative ion concentrations are attained in the discharge, with the effect
that the electron detachment from negative ions can make a significant contribution
to the balance of charged particles. Usually the disintegration of negative ions in
their collisions with neutral molecules and/or due to associative ionization is taken
into account. However, for medium gas pressures (p = 10–100 Torr) and a sub-
microsecond discharge duration, these processes do not make any noticeable
contribution to electron multiplication [47]. However, there are firm grounds to
believe that the electron-impact detachment of electrons from negative ions can be
an efficient channel of the delivery of secondary electrons to the discharge plasma
[48].

Third, a significant influence on the parameters of an SF6-discharge plasma,
including its conductivity, can be exerted by dissociative electron-ion recombina-
tion because high concentrations of positive ions are achieved in the discharge, and
the energy is mainly inputted into the plasma. Ion-ion recombination must also be
taken into account, because it may significantly limit the concentration of ions in
the plasma.

Therefore, it follows from the above discussion that the main mechanisms of
SIVD current density limitation are the dissociation of SF6 molecules by electron
impact resulting in a decrease in the ionization rate and an increase in the electron
attachment rate due to the local reduction of the parameter E/N in the diffusion
channel, and also electron-ion recombination, which is responsible for the growth
of electron losses with increasing current density in the channel. It was shown
qualitatively [45] that the current density can be also limited due to the attachment
of electrons to vibrationally excited SF6 molecules. However, the absence of reli-
able data on the rate constants for these reactions in the literature complicates a
quantitative estimate of the role of this process in the balance of charged particles in
the plasma.

We performed SIVD simulations to verify whether the above assumptions are
consistent with the available experimental data. The channel structure of the dis-
charge was modelled with a set of resistive elements connected in parallel. Similarly
to [49], the concentrations of particles were determined by solving continuity
equations for particles of each sort in combination with the Kirchhoff equations for
the discharge circuit. The nonuniformity of initial conditions for the development of
channels along the cathode length was simulated by prescribing different initial
electron concentrations in each of the channels. In addition to the electron-impact
ionization of SF6 and electron attachment to SF6 molecules, the following pro-
cesses were included in the calculation.

(1) SF6 dissociation by electron impact. The number of dissociated molecules was
defined as Nd = W/qF, where W is the energy inputted into the discharge and
qF—4.5 eV is the energy spent to produce an F atom [37].

(2) Electron detachment from negative ions by electron impact. It was assumed that
SF6—negative ions dominate in the plasma because the charge exchange
reactions have no time to occur during the discharge period, while the cross
sections for the electron-impact production of other negative ions are too small
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[46, 47]. The rate constant for the disruption of negative ions by electron impact
should not be smaller than the rate constant for elastic electron scattering by
molecules [48].

(3) Dissociative electron-ion recombination. The rate constant for this process was
estimated assuming that the SF6 discharge plasma is dominated by SF5

+ ions
(52).

(4) Ion-ion recombination. In this case, the rate constant for the E/N values close to
the critical value was taken from [47].

We simulated an SIVD with nine channels, which corresponds approximately to
the conditions of the experiment performed using the setup of Fig. 15.18a.
Figure 15.23 shows the oscilloscope traces of the voltage, the total discharge
current and the current through a single channel for which we prescribed the
maximum initial electron concentration, calculated for the energy density inputted
into the discharge plasma equal to 80 and 40 J/L. One can see from Fig. 15.23a that
the current through a single channel has two maxima when the energy input is high.
This is in qualitative agreement with the oscilloscope trace of current through the
ignitor (see Fig. 15.21) in the plane gap geometry and in agreement with the
experimentally observed redistribution of the channel glow intensity upon the SIVD
development in the knife edge-plane gap (see Fig. 15.19). The current return
vanishes when the energy input is lowered (Fig. 15.23b).

Calculations also show that the electron detachment by electron impact and
electronion recombination virtually compensate each other within the accuracy of
estimates of the rate constants. The dissociation of SF6 molecules and other com-
ponents of the HF(DF)–laser mixture should therefore be considered as the prin-
cipal mechanism responsible for current density limitation in the SIVD channel.
However, it is reasonable to refine the magnitudes of the rate constants. Note that
our model (like any zero-dimensional model which neglects the time variation of
the SIVD volume) pretends only to a qualitative illustration of the current redis-
tribution in the channels when account is taken of possible mechanisms of current
density limitation.

Note also that the electron detachment from negative ions by electron impact
should be taken into account in the analysis of the processes determining the
instability development of the volume discharge in SF6 and other strongly elec-
tronegative gases. Once again we draw attention to the result that follows from the
investigation of the dynamics of a single diffusion channel: an SIVD develops at an
approximately constant value of the energy parameter W/(Vp).

15.6 Conclusions

We investigated the formation of the SSVD in CO2–N2–He mixtures by prelimi-
nary filling of the gap with an electron flux from an auxiliary discharge plasma.
This method was suitable for large distances between the electrodes. A study was
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made of the characteristics of some of the discharges which could be used as
auxiliary ones. It was established that the formation of a SSVD was affected sig-
nificantly by the distortion of the electric field due to the presence of a space charge
of the electron flux. Dynamic profiling of electrons was found to be possible and a
SSVD was attained in systems with a strongly inhomogeneous initial distribution of
the electric field in the gap [50–53].

The simplicity of the proposed methods is very promising for their applications
in CO2 lasers. Although the main results of the present investigation were obtained
for CO2–N2–He gas mixtures, the methods can clearly be applied also to other
gases like N2O, for example. Due to our investigations the aperture of SSVD based
lasers and amplifiers had been increased up to 80 cm. for the electric efficiency of
more then 10%.

Fig. 15.23 Calculated oscilloscope traces of the voltage U, the total discharge current I, and the
current In through the first channel for energy density 80 (a) and 40 J/L (b)
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At the same time the SIVD in SF6, used as the active media for nonchain HF
lasers, has been investigated as well. The following features of the development of
the SIVD have been established:

1. After the primary electrical breakdown of the discharge gap, the SIVD spreads
in the gap in the direction perpendicular to that of the electric field as a result of
the consecutive appearance of overlapping diffuse channels. As the new chan-
nels appear, the current owing through the channels formed earlier diminishes.

2. The volume occupied by the SIVD increases almost linearly with increase in the
energy deposited in the plasma and, when the discharge volume is confined by a
dielectric surface, the discharge voltage increases simultaneously with increase
in the current.

3. The hypothesis was put forward that mechanisms exist for the limitation of the
current in the conducting channel. They are associated with the specific energy
released in the plasma and they prevent the transfer of all the deposited energy
through a separate channel. It is shown that such mechanisms may be the
dissociation of SF6 and the attachment of electrons to vibrationally excited SF6
molecules. Main result for SIVD based HF(DF) lasers looks very much
promising and half of Kj level for energy output is very far from the natural limit
for this type of the systems [53–56].
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Chapter 16
High Power/Energy HF (DF) Lasers

16.1 Introduction

Non-chain HF (DF) lasers are the most suitable and ecologically safe source of
powerful and energetic coherent radiation in the 2.6–3.1 lm (HF laser) and 3.5–
4.1 lm (DF laser) spectral regions. Among the different methods of HF (DF) pulse
and pulse-periodic laser creation suggested by our team under the guidance of
Academician A.M. Prokhorov was self-sustained volume discharge (SSVD). It is
well known that a SSVD can be established in a gas by creating a primary electron
density that exceeds a certain minimum value nmin throughout the discharge gap.
Various methods for the preionization of the gas in the discharge gap have been
developed for this purpose. Using these methods, primary electrons can usually be
created directly in the discharge gas, which sometimes causes difficulties in the
establishment of the conditions necessary for the formation of SSVD. For example,
high voltages are needed for the formation of an initial plasma when the preion-
ization source and active medium are combined in the same volume, whereas
preionization with ultraviolet radiation may be ineffective because of the strong
absorption of such radiation in a medium. In the case where soft x-rays are used, it
is necessary to ensure rigid synchronization of the x-ray and pump sources.

In the mixtures of gases typical of CO2 lasers, electron losses due to the trapping
process are relatively small at low values of E/p. The trapping coefficient is con-
siderably smaller than the absorption coefficient of ultraviolet radiation for the same
mixtures. In principle, it should be possible to create primary electrons at the
density needed for the formation of a SSVD at a considerable distance from an
ionization source, and then to transport the electrons to the gap by drift in an electric
field. We have investigated and confirmed this physical matter experimentally [1].
A SSVD formation method that works by filling the discharge gap with a flux of
electrons drifting in an electric field, without preliminary ionization of the whole
discharge volume, was proposed and implemented by our team. The electron source
was a plasma formed in an auxiliary discharge initiated under a grid cathode. This
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method also made it possible to establish a SSVD in a system with a strongly
inhomogeneous electric field in the discharge gap [1].

The basic advantages of non-chain electric discharge HF (DF) lasers are high
radiation pulse power, the ability to operate at reasonable pulse repetition fre-
quencies, simple design and convenience of use. This method is one of the most
attractive for applications and it is ecologically safe [2]. However, for an appre-
ciable length of time these lasers were limited by their relatively low maximum
radiation energy (<10 J). Evidently, the problem of improving the energy charac-
teristics of similar lasers, as with most other electric discharge lasers operating at
intermediate and high gas pressures, is readily connected to the challenge of per-
forming SSVD itself. We investigated SSVD in the working mixtures of non-chain
HF (DF) lasers with the aim of increasing their radiation energy to at least the level
of a few hundred joules [2–12]. As a result of this study, a number of special
features were found for non-chain HF (DF) lasers [3–12], which not only follow the
traditional principles for forming a volume discharge at intermediate and high gas
pressures [13, 14], but also largely contradict them. Specifically, it was found that
SSVD can be ignited without any preliminary ionization in SF6 and mixtures of SF6
with hydrocarbons (deuteron–carbons) [2, 3]. We called this form of SSVD
self-initiated volume discharge (SIVD) [5]. The realization of SIVD in large vol-
umes allowed us to increase the radiation energy of non-chain HF (DF) lasers up to
*400 J at an electrical efficiency of *4% [7–11].

An attempt has been made to obtain a deeper insight into the physics of SIVD,
starting from the results of the investigations of non-chain HF (DF) lasers that we
performed with A.M. Prokhorov at the GPI RAS, and analyze the potential of the
method for further increasing the energy parameters of non-chain lasers.

16.2 A New Form of SSVD

Certain conditions should be met on the way to SIVD realization in dense gases, the
following of which are the basic ones.

(1) Primary electrons with number densities of no less than 106–109 cm3 must be
created within a gas volume through its preliminary ionization.

(2) In the special case where SSVD is employed for laser excitation, which imposes
tight constraints on the uniformity of the active medium characteristics over the
working volume, the primary electron multiplication should occur in a uniform
electric field, which is usually provided by special shaping of the electrode
surfaces. Clearly, the first condition cannot be observed in such a strongly
electronegative gas as SF6 [5, 7] because of the great primary electron losses
from electron attachment, except for in the special ‘photo triggered discharge’
mode [15], which, however, is ineffective for energy input into molecular gases
because of the low over-voltages at the gap and, in the case of large discharge
gaps and active medium volumes, it is not realized at all. With increasing laser
aperture and discharge volume, the problem of how to meet the second condition
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also arises–there are technical difficulties regarding the fabrication of large-sized
intricate-shaped electrodes and the rise of the discharge circuit inductance
caused by a useless growth in the transverse size of the electrodes [3, 4].

It clearly follows from the simplified analysis presented above that the possi-
bilities for the creation of powerful electric discharge non-chain HF (DF) lasers
while following the known physical principles for forming SSVD in dense gases are
very limited. Moreover, when starting from these principles, all attempts to create
non-chain HF (DF) lasers with a radiation energy of *1 kJ and above seem to hold
no promise. This appeared to restrain researchers’ efforts to increase the energy
parameters of non-chain HF (DF) lasers. Although there have been numerous works
concerned with non-chain HF (DF) lasers, the radiation energy attained for them by
1996 was at the level of 10 J [16–18]. The incompleteness of the traditional
understanding of the physics of forming SSVD in dense gases came to be under-
stood after we found that it was possible to obtain discharge in SF6 and mixtures of
SF6 with hydrocarbons (deuteron-carbons) in the systems of plane electrodes with
high electric field enhancement at the edge without any preionization in a gas [2, 3].
The sufficient condition for the realization of SSVD in this case was the presence of
small-scale (*50 lm) roughness on the cathode. We called this form of discharge
SIVD [5]. SIVD is not dissimilar to an ordinary SSVD with preionization. It
comprises a set of diffuse channels that diverge in the direction of the anode and
attach to bright cathode spots. When overlapped, these diffuse channels show a
common diffuse glow [3, 5]. The SIVD current and voltage oscillograms are also
typical of SSVD in electronegative gases [5]. In non-chain HF (DF) lasers with a
rough cathode surface, preionization influences not only the discharge character-
istics, but also the output laser energy [3, 5]. It should also be mentioned that
analysis of the literature data indicates a negligible role for preionization in the
formation of SSVD in non-chain lasers. For example, in [16], where a set of metal
rods connected to a common busbar through a resistance (resistance uncoupling)
served as the discharge gap cathode, preionization was absent, while in [18] it was
performed through a high current dielectric surface discharge whose spectrum
displayed not only UV radiation, but also soft x-ray radiation.

We have defined SIVD as a form of SSVD that is obtained without preionization
in SF6 and SF6 based mixtures under SF6 pressures of 30–150 Torr, which are
typical for HF (DF) lasers. Based on analysis of the experimental results, the
following questions are considered below.

(1) What are the key features of the development of SIVD?
(2) What are the physical mechanisms that determine the possibility of SIVD

existing?
(3) Is SF6 a unique gas or can SIVD can be observed in other gases?
(4) What are the active medium and output characteristics of non-chain HF

(DF) lasers based on SIVD?
(5) What are the prospects for further increases to the radiation energy of non-chain

lasers?
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The setup used to investigate the dynamics of SIVD formation is represented
schematically in Fig. 16.1a. A SIVD of *500 ns duration was initiated in a
SF6:C2H6 = 10:1 mixture at a pressure of 33 Torr and an inter-electrode distance of
4 cm. The electrodes were a 0.5 mm thick and 16 cm long copper stripe (cathode)
stood edgewise and a disk anode with a diameter of 6 cm rounded off along its
perimeter to a radius of 1 cm. The breakdown was force initiated at the gap edge by
a low-current spark restricted by resistance R = 900 X. This spark could not in
principle provide a sufficient number of primary electrons in the gas volume, but it
allowed the site of the primary gap breakdown to be spatially stabilized. The
luminosity of the SIVD was recorded by a single frame camera with an exposure
time of 20 ns that was run with varying time delays relative to the instant of the gap
breakdown.

The SIVD dynamics was also studied in the plane-plane gap geometry in
experiments with the sectioned cathode depicted in Fig. 16.1b. In this case, the
inter-electrode distance, the working medium pressure and the setup’s electrical
scheme were the same as in the former experiment, but the cathode was a flat disk
rounded off along its perimeter to a radius of 1 cm. Isolated conductors with a
diameter of 1 mm were inserted into holes with a diameter of 2 mm that had been

Fig. 16.1 Scheme of the
experimental setup for
investigation of the SIVD
dynamics
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drilled within the flat part of the cathode and spaced at a distance of *4 cm. The
basic cathode and these conductors were connected to a common bus. The current
through each conductor was recorded by Rogowskii coils. One of the conductors
(1) extended *1 mm above the cathode surface, which ensured a primary gap
breakdown at that point, whilst comparing the oscillograms for the currents through
the initial (1) and control (2) conductors allowed the SIVD extension over the gap
to be followed.

The dynamics of a single diffuse channel was investigated using the setup
represented schematically in Fig. 16.1c. The diffuse channel was initiated via dis-
charge in the rod (cathode)–plane geometry in the SF6:C2H6 = 10:1 mixture at
pressures p = 16.5 + 49.5 Torr and an inter-electrode distance of d = 4 cm. The
end of a 1.5 mm diameter rod dressed with polyethylene insulation was used as a
cathode and the anode was a disk with a diameter 10 cm. Limitation of the cathode
surface ensured the development of no more than one cathode spot. The SIVD
dynamics was followed by a single frame camera, as in the experiments performed
according to the scheme in Fig. 16.1a. The SIVD was also filmed with a video
camera, which allowed exact calculation of the volume occupied by the discharge
as a function of the energy put into the plasma, with the latter being calculated via
the current and voltage oscillograms. With the aim of increasing the specific power
input into the discharge plasma SIVD in the given gap, the geometry was bounded,
in a number of experiments, by a glass tube with a diameter of 6–8 mm (bounded
SIVD [6, 11]), as shown in Fig. 16.1c using a dashed line. This made it possible to
bring up specific energy depositions to *1 J cm−3.

The frames of the SIVD obtained via a single frame camera at different instants
of time relative to the instant of the gap breakdown are shown in Fig. 16.2.
Figure 16.3 gives the discharge voltage and current oscillograms that correspond to
the process we have described. As can be seen from Fig. 16.2, the gap is broken
down at the edge in the vicinity of an auxiliary electrode. At this instant in time, the
SIVD constitutes a single diffuse channel with an already developed cathode spot.
Then, near the first channel, much less bright new channels appear, which grow
temporally in number while their brightness gradually becomes comparable to that
of the first channel, with the brightest channel being the one located closest to the
primary channel. In time, all the channels become equally bright, while the glow
intensity of the first channel decreases noticeably. On further development of the
SIVD, an increase in glow intensity is observed for the diffuse channels at the gap
edge removed from the region of the first breakdown. However, at T > 250 ns the
glow again becomes homogeneous throughout the length of the cathode, with the
glow within the region of the first channel being recovered. Further, discharge
instability begins to develop against the background of the total glow.

A very interesting picture of SSVD development is observed. Despite a local gap
breakdown and the drop of the voltage across the gap to its quasi-stationary value
(see Fig. 16.3), close to that of the static breakdown voltage in SF6 [19], the initially
formed channel is no longer capable of passing all the energy restored in the
capacitor through itself, as takes place, for example, in air or nitrogen [7], where a
local gap breakdown, even in the form of a diffuse channel, must be followed by
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discharge instability and, at a sufficiently high restored energy, transition of the
discharge from its diffuse to a constricted state. Instead, we see the formation of
new diffuse channels after the appearance of the first one, and the extension of
SIVD to the whole gap at the voltage close to the static breakdown value (see
Fig. 16.3); in so doing, judging from the decrease of the brightness of the first
channel in time, the current through it not only rises, but, conversely, falls with the
appearance of new channels, i.e. an initially formed channel progressively quen-
ches. It should be noted that the effect of current recovery, which is demonstrated in
Fig. 16.2 and manifests itself by equalizing the brightness of all the channels after
their initial drop, is only observed under sufficiently high deposited energies. With
decreasing energy or cathode size growth (accompanied, naturally, by increased
anode size), this effect is absent. However, when high energies are deposited in the
discharge plasma (150–200 J l−1), as is typical of HF (DF) lasers, SIVD extends to
the whole gap so quickly that the single frame camera we use does not allow the
process to be resolved.

A similar picture of SIVD development is observed in the discharge gaps with
plane-plane geometry. Figure 16.4 shows the oscillograms for the currents through
the initiating and control conductors (see Fig. 16.1b) obtained in the experiment
with a sectioned cathode. It is seen from this figure that the current through a
control conductor begins to flow with a noticeable delay relative to the current
through the initiating conductor. It is also seen that the amplitude of the current

Fig. 16.2 SIVD frames for different T-values

Fig. 16.3 Typical oscillograms for the voltage (upper trace) and current (bottom trace).
Timescale: 100 ns div−1
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through the initiating conductor has reduced by half by the time that the current
through the control conductor appears, i.e. in the given experiment we observe the
effect of the quenching of the first channel through the next channels successively
filling the discharge gap as they appear. The number of diffuse channels formed
during the discharge current pulse duration, as shown in [5, 7], is proportional to the
specific energy input into the discharge plasma. It is seen in the oscillograms in
Fig. 16.4 that the effect of current recovery in the first channel also takes place in
the plane–plane discharge gap geometry after its almost complete quenching. In the
experiments described above, we observed an increase of the volume occupied by
SIVD in the course of the energy input into plasma in the rod–plane geometry, i.e.
the discharge volume depended directly on the energy deposited in this volume.
Figure 3.5.5 gives the dependence of the volume V occupied by SIVD on the
parameter W/p, where W is the energy put into the discharge and p is the gas
mixture pressure. It is seen in Fig. 16.5 that the discharge volume grows linearly
with the parameter W/p.

After the size of the SIVD in the rod–plane geometry was restricted by a glass
tube, the discharge voltage and current oscillograms at energy depositions of up to
Win = 200 J l−1 showed no changes, but at energy depositions in excess of 400 J 1−1,
the oscillograms of a bounded SIVD displayed appreciable changes. Figure 16.6
shows the voltage and current oscillograms for bounded (Ub, h) and unbounded (U,
I) SIVD in a SF6:C2H6 = 10:2 mixture at pressure p = 33 Torr and d = 4 cm. As
may be inferred from this figure, on restriction of the SIVD volume (equivalent to
increasing a specific energy deposition), the voltage, just after its initial drop under
breakdown, rises simultaneously with the current, even during a certain period of
time after the current passes its maximum. As a whole, Ub > U whilst Ib < I, i.e. an
unusual situation is observed here–the gap conductivity decreases with increasing
specific energy deposition. It should be pointed out that SF6 and SF6 based mixtures
are not unique in this respect. Electric discharges in other strongly electronegative
gases and their mixtures exhibit similar features. Figure 16.7a, b show the current
and voltage oscillograms for a bounded SIVD in C3F8 and C2HCl3:C2H6 mixture,
respectively. It is seen in Fig. 16.7a that the oscillogram Ub shows a more
pronounced bend in C3F8 than in SF6.

Fig. 16.4 Oscillograms for
the current through the
initiating (upper trace) and
control (bottom trace) wires.
The timescale is 50 ns div−1
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The above-listed features of the development of SIVD allow one to assume that
there are current restriction mechanisms in SF6 and SF6 based mixtures that make
the passage of all the stored energy through a single channel difficult. It is clear that
these mechanisms cause the existence of such an unusual form of discharge as
SIVD, as well as the possibility of its generation in gaps with a high edge
non-uniformity of the electric field. The results presented above are indicative of the
presence of certain restriction mechanisms of the current density in diffuse channels
in SF6 and SF6 based mixtures. It is natural to link the presence of these mecha-
nisms to such a distinguishing feature of SF6 as its high electro-negativity. Relative
to other gases capable of attaching electrons to their molecules to form stable
negative ions, strongly electronegative gases such as SF6 are distinguished by (i) the
high values of their operating reduced electric fields E/N and (ii) high magnitudes of
electro-negativity va, defined as the negative ion to electron concentration ratio.
This gives rise to some special features for the discharge displays, which we
summarize briefly below.

I. SF6 molecule dissociation by electron impact becomes important. At E/N-
values such that the electron impact ionization coefficient a is no less than the
electron attachment rate g, high mean electron energies that approach the SF6

Fig. 16.5 Dependence of volume V occupied by SIVD on W/p. Mixture: SF6:C2H6 = 10:1.
I–p = 5 Torr; A–p = 30 Torr; and O–p = 45 Torr

Fig. 16.6 Experimental
voltage and current
oscillograms for bounded (Ub,
Ib) and free (U, I) discharges.
Timescale: 50 ns div−1
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dissociation thresholds are attained. As a result, more than 80% of the energy
deposited goes into dissociation [20]. Note that the dissociative ionization
and electron attachment processes characteristic of SFg can contribute sig-
nificantly to gas decomposition, and specifically to F-atom production [21].
On the sub-microsecond time-scale, the by-products formed have no time to
leave the discharge channel, which leads to a local increase in the total gas
number density N and, consequently, diminishing electric conductivity.

II. Because va is normally well over unity, large negative ion concentrations are
achieved in SIVD, which means that electron generation processes via
electron detachment from negative ions may come into play. Traditionally,
detachment processes via negative ion-neutral molecule collisions or/and
associative ionization are invoked. However, at intermediate gas pressures
(10–100 Torr) on a microsecond timescale, the mechanisms mentioned do
not contribute at all to electron multiplication, as follows from experiments
and theoretical considerations [22]. On the other hand, there are strong
grounds to believe that electron detachment by electron impact may be very
efficient at producing secondary electrons in SFg. As applied to the devel-
opment of electron avalanches in SF6, this ionization mechanism was first
proposed and quantitatively assessed in [23, 24]. It was also later considered
for plasmas formed in other fluorine-containing gases.

III. The high positive ion concentrations attained in SIVD, together with the
fact that the relation a � g holds under the working conditions, mean that
dissociative electron–ion recombination can strongly influence the SF6
discharge plasma parameters, both qualitatively and quantitatively. At the
SF6 plasma decay stage (the trailing edge of the voltage impulse), ion-ion
recombination also affects the discharge characteristics considerably. It
should, however, be stressed that both of the recombination processes in SF6
are poorly known, so that no firm data on the corresponding rate constants at
elevated reduced electric fields close to (E/N)cr can be found in the literature
at this time.

Fig. 16.7 Current (Ib) and voltage (Ub) oscillograms for a bounded SIVD. Timescale: 50 ns div−1

a 30 Torr C3F8 and b mixture: 15 Torr C2HCl3 + 3 Torr C2H6
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To describe SF6 dissociation, the energy spent for F-atom production is taken to
be equal to 4.5 eV. Further, it is suggested that the negative ion SF�6 dominates
under the conditions of interest, because charge transfer reactions have no time to
be accomplished [22] and the cross-sections for the direct production of other
negative ions by electron impact are too small [21]. The rate constant for electron
impact detachment from negative ions is assessed as kd = 10−7 cm−3 s−1, on the
assumption that this quantity is no less than that of the elastic electron scattering in
SF6 [23]. The rate constant bei for dissociative electron-ion recombination is derived
with regard to the fact that the positive ion SFþ

5 predominates in SF6 electric

discharge plasma [21]. In addition, it is assumed that bej � T�1=2
e , where Te is the

electron temperature. As a result, bei = 10−7 cm−3 s−1 is taken. To determine the
ion–ion recombination rate constant bii, special experiments are carried out [25, 26].
Without going into detail, here we give = 10−8 cm−3 s−1 as an adequate value for
the conditions of interest. It is clear that all the processes considered above, when
taken into account with their actual rate constants, may influence the SIVD voltage
oscillograms considerably. It can be inferred that dissociative electron-ion recom-
bination and electron detachment by electron impact seem to equilibrate each other,
at least within the accuracy to which the corresponding rate constants are presently
known. This seems to lend additional support to the estimates for the rate constants
kd and bei presented in this chapter.

Advanced studies on a submicrosecond intermediate pressure SIVD in SF6 and
SF6–C2H6 mixtures are presented. It is found that the decomposition of SF6
molecules–either immediately through electron impact or through dissociative
ionization and electron attachment–influences the discharge characteristics
(specifically the voltage and current oscillograms) greatly. The breakup of C2H6

molecules may also be thought of as a notable dissociation mechanism. Electron-
ion dissociative recombination and electron impact detachment from negative ions
are felt to balance each other in pure SF6 and in SF6 with small C2H6 additives. The
considered processes enable one to explain such a unique phenomenon as SIVD
qualitatively. It should also be noted that electron detachment from negative ions
because of electron impact is one of the most probable mechanisms for the
development of SSVD instability in SF6 and SF6 based mixtures. Taking into
account the influence of the listed processes enables one to describe the dynamics of
SIVD formation qualitatively. In our calculations the channel structure of SIVD is
modeled by a set of paralleled pure resistances whose conductivity is determined in
accord with [10, 19]. The differences in the initial conditions when developing the
channels lengthwise of the cathode are specified by different initial electron number
densities n0 for each of the channels. A total of nine channels are taken into account,
which corresponds to using a knife cathode in the experiment. Figure 16.8 gives the
calculated oscillograms for voltage U, total current I and the current through the
first channel. It is seen that a current through an individual channel displays two
maxima, which correlates qualitatively with the results of the experiments that
investigated the SIVD dynamics, wherein the effect of current recovery was
observed.
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By this means, it is the presence of the mechanisms that restrict current through a
conducting channel that makes it possible to form SSVD without preionization–
SIVD. However, a sufficiently high uniformity and stability should also be ensured
for SIVD to be used in non-chain HF (DF) lasers. SIVD can only conventionally be
assigned to ordinary volume discharges. A volume nature is attained for SIVD by
overlapping individual diffuse channels attached to cathode spots, i.e. in principle
SIVD has a jet structure. What is important for the uniformity and stability of such
discharges is, therefore, not the initial electron number density as such, but the
surface density of the cathode spots, which is to a large extent determined by the
surface state, in addition to a number of other factors. The results of experiments
performed with the aim of revealing these factors are discussed below.

Experiments were carried out in a dielectric discharge camera filled with a
mixture of SF6 and hydrocarbons (C2H6 or C3H8) at a total pressure of
p = 5 + 15 Torr. A volume discharge was burnt between an A1 Ø6 cm cathode
rounded off to a radius 1 cm along its perimeter and an A1 Ø12 cm anode at values
pd = 0.02–0.7 cm atm. In the experiments we used both cathodes that had been
polished and cathodes that had been subjected to sandblasting. A capacitor was
discharged through the gap. Changing the capacitance and the capacitor’s discharge
voltage varied the energy inserted into the SIVD plasma.

Figure 16.9 shows the number Ns of spots on the cathode that had been sub-
jected to sandblasting as a function of the parameter Wsp, Eqs, Wsp is the deposited
energy per unit gas volume and Eqs is the electric field strength in the
quasi-stationary phase of SIVD. As can be seen in Fig. 16.9, this relationship is
satisfactorily approximated by a linear function:

Ns ¼ aþ bWsp � Eqs: ð16:1Þ

The rise of the quantity Ns and, consequently, of the cathode spots surface
density–which is observed not only when a specific energy deposition is increased,
but also when the electric field strength is–reflects the fact that the electric field
strength magnitude determines the probability of the formation of a cathode spot to
a considerable extent [14]. The constant b in expression (16.1) is in turn a function
of the cathode surface state and the hydrocarbon content in the mixture.

Figure 16.10 shows the dependences of Ns on a partial pressure of C2H6 in the
mixture at an SF6 pressure of 30 Torr while d = 4 cm, obtained using a polished

Fig. 16.8 Oscillograms for
voltage U and general current
I, and the current through the
first channel Ib scales:
current–25 A div−1, voltage–
5 kV div−1 and time–200 ns
div−1
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cathode (curve 1; a mechanical polish of the surface is followed by aging via
approximately 100 discharges) and a cathode subjected to sandblasting (curve 2).
These dependences were obtained at constant energy depositions in the SIVD
plasma. As is seen in Fig. 16.10, the quantity Ns increases appreciably with
increasing hydrocarbon partial pressure. From this figure it is also evident that the
roughness of the cathode surface comes to play a role in increasing the density of
the cathode spots and, correspondingly, the effective volume occupied by the SIVD.
In accordance with expression (16.1), the density of the cathode spots in the
SF6–C2H6 mixture can also be increased by stepping up the discharge burning
voltage through adding small quantities of gases that are more electronegative than
SF6, for example, CCl4 or C2HCl3. Note that 2 Torr C2HCl3 addition to the
SF6–C2H6 mixture does not lead to a noticeable decrease in the SIVD stability.

Fig. 16.9 Dependence of the
number of cathode spots Ns

on Wsp Eqs for the SF6:
C2H6 = 10:1 mixture with
d = 6 cm and p = 33.6 Torr
(□), d = 6 cm and
p = 16.8 Torr (■), d = 4 cm
and p = 23.3 Torr (*),
d = 3 cm and p = 23.3 Torr
ðHÞ, d = 3 cm and
p = 33.6 Torr (o), d = 3 cm
and p = 50.4 Torr (D),
d = 3 cm and p = 67.2 Torr
(•), and d = 2 cm and
p = 33.6 Torr (x)

Fig. 16.10 Dependences of the cathode spots number Ns on a partial pressure of C2H6 in SF6:
C2H6 mixture. SF6 pressure p = 30 Torr. 1–polished cathode and 2–cathode subjected to
sandblasting
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The problem of increasing the stability of SIVD in SF6 based mixtures is ade-
quately covered in [5–10], and so it is not covered in detail in this paper. We only
report on the basic results in this area. In [5], it was shown that the addition of
hydrocarbons and deuteron–carbons to SF6 allows specific energy depositions to be
increased by a factor of 5–6 at a given discharge duration, for which reason it is
preferable to employ these hydrogen (deuterium) donors in a non-chain HF
(DF) laser, rather than H2 and D2. In addition, it was shown in [8, 10] that the
stability of SSVD in a mixture of SF6 with hydrocarbons or deuteron–carbons does
not in practice depend on whether there are sites of local electric field enhancement
at the discharge gap, which enables us to use identical flat electrodes rounded off to
small radii r � d along the perimeters as the anodes and cathodes–i.e. to employ
essentially compact electrodes–in non-chain HF (DF) lasers. This makes it possible
to substantially decrease the size of the discharge camera and, correspondingly, the
discharge circuit inductance, which is of great importance in scaling the charac-
teristics of non-chain HF (DF) lasers.

We should point out that the detachment of electrons from negative ions, which
is taken into account by us when considering the mechanisms of electric current
density restriction, may be one of the possible mechanisms leading to the devel-
opment of instability in SF6 and SF6 based mixtures. However, such an analysis is
very challenging because of the severe difficulty of exactly accounting for the
plasma composition within the channel growing from a cathode spot, wherein the
initial components of the working mixture are strongly dissociated owing to great
current densities (up to 104 A cm−2).

16.3 Non-chain HF (DF) Lasers Pumped by SIVD

SIVD has great potential for the creation of extremely simple and compact
non-chain HF (DF) lasers. However, in the absence of preionization, setups with
working medium volumes of less than 21 at a relatively small cathode surface
exhibit an appreciable scatter in the pulse breakdown voltage amplitudes that is
especially undesirable under the pulse-periodic working mode. Therefore, in the
given case, it is expedient to initiate SIVD by, for example, a low-current spark
located either outside the discharge gap or in a hole on the cathode [5]. In principle,
this regime is similar to a ‘photo triggered discharge’ mode [15, 17, 27]. However,
in classical photo triggered discharge schemes being applied to excimer lasers, a
powerful illumination of the gap is necessary, since this illumination serves the dual
function of initiating the breakdown and producing the necessary primary electron
number density in a gas medium. In mixtures of SF6 with hydrocarbons, powerful
illumination is not needed, because the distinguishing feature of SIVD is that a
discharge after a local gap breakdown spreads, as shown above, over the whole
surface of the cathode, wherever it first occurs [5]. This means that a local illu-
mination of the cathode by a low-current spark is quite sufficient to stabilize the
electric and output characteristics of HF (DF) lasers. With reference to an unusual
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operating mode, some special features of an HF (DF) laser with an aperture of 5 cm
are considered in this section in detail.

In the laser (Fig. 16.11), flat A1 electrodes with dimensions of 20 � 80 cm
(anode) and 7 � 60 cm (cathode), rounded off to a radius of 1 cm in their
perimeters and separated by a distance of d = 5 cm, were used. The cathode surface
was subjected to sandblasting. To obtain SIVD, the Fitch scheme was used with
capacitors C1 and C2 of 0.1 lF and a maximum discharge voltage of 50 kV. The
discharge gap was laterally illuminated with a spark limited by two resistances of
r = 5 k X connected directly to the electrodes. The spark was located symmetri-
cally relative to the electrodes at a distance of *5 cm from the cathode edge. Ten
blowers ensured the operation of the laser in a pulse-periodic regime with a fre-
quency of up to 10 Hz. The laser worked with mixtures SF6-C2H6 and C6D12 at
pressures of 45–70 Torr. In the majority of the experiments, a resonator formed by
an A1 mirror with a radius of curvature of 20 m and a plane-parallel plate of BaF2
was used. The laser radiation divergence was measured using an unstable telescopic
resonator with the amplification M = 3. To rule out the influence of the
near-electrode regions on the results, the laser aperture in these measurements was
limited to a diameter of 4 cm. The radiation divergence measurements were carried
out via the focal spot method using a mirror wedge [28].

Note that in contrast to a typical photo triggered discharge system, breakdown
initiation in our case occurred spontaneously as soon as the voltage across the gap
exceeded a certain critical magnitude. With the separation of the illumination
scheme from the laser-pumping scheme, it was possible to initiate breakdown at an
arbitrary instant of time.

Typical oscillograms for the pulses of the laser generation, current and voltage
across the gap are presented in Fig. 16.12 (curves 1, 2 and 3, respectively). As is
seen in this figure, discharge gap breakdown occurs due to photo initiation at the
leading edge of the voltage pulse, a laser pulse maximum delaying slightly relative
to the current maximum. Without the initiating spark, the scatter in the gap
breakdown voltage amplitudes is as high as 20%, which, correspondingly, causes a
spread of 15% in the magnitudes of the output laser energies.

Figure 16.13 shows the dependence of the output laser energy (Wout) (generation
on HF) on the energy W deposited in the discharge plasma for mixtures with
different proportions of C2H6. It can be seen that in the mixtures with the

Fig. 16.11 Electrical scheme
of the non-chain HF
(DF) laser
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component ratios C2H6:SF6 = 1.5:22 and 2:22 the output energy rises with the
increase of the deposited energy practically linearly. In the experimental conditions,
the mixture C2H6: SF6 = 1.5:22 turned out to be optimal, with a maximum value of
the generation energy ofWout = 8 J obtained at an electrical efficiency of 3.2%. The
discharge volume assessed by the laser radiation print on thermal paper was −1.51,
which corresponds to a specific energy deposition in the plasma of *220 J l−1.
A decrease of Wout with increasing W in mixtures with a lower content of C2H6

(mixture C2H6:SF6 = 1:22) arose from discharge instability at high energy depo-
sitions. Indeed, in this mixture, when operating at energy depositions of *200 J
1−1, we observed bright plasma stems growing from the cathode edge, which
sometimes bridged the gap. For mixtures with a higher C2H6, content, there was no
decrease in laser efficiency with increasing W until the discharge remained stable,
and the lengths of the plasma channels were not in excess of d/2. This causes us to
anticipate that the increase of the electrical efficiency with increasing inter-electrode
distance takes place because the SIVD becomes more uniform due to a greater
overlapping of diffuse channels [5, 7].

In the investigated electrode system, a great enhancement of the electric field
takes place at the gap edge. In such gases as CO2, air and N2, this results in the
discharge concentrating at the gap edge [4]. In mixtures of SF6 with hydrocarbons
this is not the case, because of the distinguishing feature of SIVD–even though

Fig. 16.12 Typical
oscillograms of laser pulse
(1), current pulse (2) and
voltage across the discharge
gap (3) for the mixture
66 Torr SF6 + 6 Torr C2H6.
Scales: current–3 kA div−1,
voltage–10 kV div−1 and
time–100 ns div−1

Fig. 16.13 Dependences of
the output laser energy (Wout)
(generation on HF) on energy
W deposited in the discharge
plasma obtained for mixtures
of C2H6:SF6 with different
component ratios: □–1:22,
●–1.5:22 and D–2:22
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SIVD originates at the edge, it then displaces into the interior of the gap because of
the existence of the mechanisms that limit the current density in a diffuse channel.
The SIVD plasma intensity distribution over the optic axis-contained plane parallel
to the electrode surfaces is shown in Fig. 16.14. The maximum of the SIVD
luminosity intensity is attained at the axis. The radiation energy is also distributed
over the laser aperture in a similar manner, i.e. the edge’s electric field enhancement
does not appreciably influence the distribution of the output laser radiation.

By this means, a local illumination of the cathode is quite sufficient to obtain a
uniform SSVD in mixtures of SF6 with hydrocarbons, and the presence of regions
displaying high edge non-uniformity does not worsen the SIVD stability and only
influences the distribution of the laser radiation energy over the aperture slightly.
Therefore it is possible to use plane electrodes rounded off to small radii along their
perimeters. We have not found any appreciable features for the P-P operating mode
that have not been mentioned previously elsewhere [27–29].

Fig. 16.14 Plasma intensity distribution over the optic axis-contained plane placed in parallel to
the electrode surfaces

Fig. 16.15 Angular distribution of the radiation energy in the far zone
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The radiation divergence was measured in the special case where the laser
operated on DF molecules (Fig. 16.15). As can be seen from Fig. 16.15, the ra-
diation divergence at a level of 0.5 is h0:5 ¼ 2:9� 10�4 rad, which corresponds to
four diffraction limits. Further improvement of the given parameter can be expected
from increasing the laser aperture, because lengthening the inter-electrode distance
should improve the discharge uniformity through greater overlapping of diffuse
channels.

16.4 Wide Aperture Non-chain HF (DF) Lasers

On increasing the cathode surface and active medium volume, the necessity of
initiating the gap breakdown disappears. In this case, the breakdown delay becomes
so negligible that it cannot be inferred from the oscillogram, and the breakdown
occurs at the voltage leading edge. Therefore, when dealing with setups with great
active medium volumes, there is no necessity for additional units to initiate the gap
breakdown, since a sufficiently uniform discharge forms spontaneously.

We considered the scaling problems for non-chain HF (DF) in previous papers
[6, 8, 10] in greater detail.

16.5 Conclusions

So, in this chapter we touch on the necessary conditions for obtaining SIVD in large
volumes.

(1) The cathode surface should posses a small-scale (*50 lm) roughness;
(2) It is important to match the circuit wave impedance to the discharge plasma

resistance at a given inter-electrode distance, and a mixture pressure should be
chosen in such a way that the discharge burning voltage determined by the
conditions of the gap breakdown in SF6 [19] is two times smaller than the
voltage fed to the gap;

(3) The increase of electrical energy produced via the increase in the generator’s
capacitance at a given maximum generator voltage should be followed by the
growth of the discharge volume V as V * C3/2, where C is the generator’s
capacitance [8, 10]. On fulfillment of all these conditions, one should also try to
maximally decrease the time period of the energy deposition in the discharge
plasma.

The maximum generation energies obtained for non-chain HF (DF) lasers in our
experiments were 407 J (HF) and 325 J (DF), with electrical efficiencies of 4.3 and
3.4%, respectively. The active medium volume was *60 l at an aperture of 27 cm
(Fig. 16.16a, b).
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Fig. 16.16 a Discharge gap and b power source for a non-chain HF laser with P = 407 J

Fig. 16.17 Dependence of
the output HF laser energy
Wout on the energy stored in
the generator’s capacitors
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Of natural interest is the problem of further increasing the laser radiation energy.
Figure 16.17 shows the dependence of the output HF laser energy Wout on the
energy Wp stored in the capacitors of a high-voltage generator. This figure reflects
the data we obtained using setups with different volumes of active medium. This
allows us to predict the possibility of further increases to the output energy of
non-chain HF (DF) lasers through the creation of setups that operate at energy
depositions above a few tens of kJ using the methods we developed during that very
productive period of time [30–32].
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Chapter 17
High Power/Energy Optics

17.1 Introduction

History of high power/energy optics is inextricably associated with the creation of a
single-mode CO2 laser (P = 1.2 kW), operating in the master oscillator-power
amplifier regime and employing the principle of a quasi-optical transmission line, at
the Laboratory of Oscillations of the P. N. Lebedev Physics Institute headed at that
time by A. M. Prokhorov. Its creator was A. I. Barchukov, who worked with a team
of young scientists on the problem of scaling of single-mode electric-discharge laser
systems [1–5]. Due to the research conducted on such a laser system, we managed
to study many physical phenomena occurring when high intensity radiation inter-
acts with matter, including with the elements of the optical path of laser systems,
which subsequently greatly facilitated creation of high-power lasers. Then, in the
early 1970s, we paid attention to a phenomenon that was to limit undoubtedly the
further growth of the power generated by lasers being developed [6]. More than
twenty years of fundamental and applied research devoted to the study of this
phenomenon and to the solution of problems associated with it allow a conclusion
that its essence consists in the following. An optical surface of a highly reflecting
power/energy optics element (POE) or any element of an optical path does not fully
reflect radiation falling on it. A small portion of energy (fractions of a percent,
depending on the wavelength) is absorbed by this reflecting element and turns into
heat. As the output power increases, even a small amount of it is sufficient to induce
thermal stresses in a POE. Thermal stresses distort the geometry of the reflecting
surface, affecting thereby, for example, the possibility of long-distance delivery of
radiation and its concentration in a small volume. The discovered effect of thermal
deformations of a POE required a theoretical study of the problem that had not been
solved in such a setting ever before. Very useful was the experience in solving the
problems of thermo elasticity, gained by the theoretical department headed at that
time at by B. L. Indenbom at the Institute of Crystallography, USSR Academy of
Sciences. Minimisation of the thermoelastic response of the optical surface of the
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POE exposed to intense laser radiation is one of the key problems of power optics.
Improving the efficiency of laser systems, increasing the output power/energy and
imposing stricter requirements to the directivity of generated radiation fluxes are
inextricably linked with the need to design and create a POE with elastic distortions
k0=10� k0=20 (k0 is the wavelength) at specific radiation loads up to several tens
of kW cm−2 [7–10].

Interest in high power/energy optics and its physical, technical and technological
solutions is unabated to this day. An almost simultaneous creation of first lasers in
the USA and the USSR gave birth to annual symposia on Optical Materials for
High-Power Lasers (Boulder, USA) and Nonresonant Laser–Matter Interaction
(Leningrad, USSR). Regular meetings of scientists and engineers, as well as pro-
ceedings of the symposia have had a significant impact on the development of
research in the field of power optics in many countries [11–13].

The data presented in this review allow one to reconsider important aspects of
temperature fields, thermoelastic stresses and thermal deformations in POEs,
resulting from the exposure of their surfaces to high power/energy laser radiation.
In this case, use is made of the relations (which are similar to Duhamel’s integral
formula from the theory of heat conduction) between the quantities characterising
the thermal stress state in any nonstationary regimes of energy input into a solid.
A peculiar feature of the analysis of the thermal stress state in this case consists in
the fact that these relations comprise time t not as an independent variable, which is
used in the differentiation (as, for example, in review [14]) but as a parameter,
which is a consequence of incoherence of the quasi-stationary problem of ther-
moelasticity presented below. Thus, by using the theory we developed in the early
1970s, we consider in this review a wide range of phenomena related to the thermal
stress state of a solid-body surface exposed to radiation arbitrarily varying in time
[15–21]. This consideration is particularly important for the optics of high power/
energy, high-pulse repetition rate laser systems that are being actively developed.
The review published [14] contains data (important for the development of high
power/energy optics) on the use of capillary porous structures with a different
degree of the surface development, which can be efficiently employed to increase
the heat exchange at a temperature below the boiling point of the coolant. The
evaporation–condensation mechanism of heat transfer in the POE on the basis of
porous structures and the idea of lowering the boiling temperature under reduced
pressure of the coolant in cellular materials, developed by us at the same time
[14, 21], are not considered in this review.

17.2 Static POEs Based on Monolithic Materials

Consider the most important aspects of the problem of static POE fabrication,
namely, the conditions needed to achieve high optical damage thresholds for a
mirror surface. Note that in our first studies [4–9] we obtained only stationary
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expression for the limiting intensities, leading to the optical destruction of POEs,
and the stability parameters of optical surfaces based on them.

17.2.1 Thermal Stress State of a Solid Body Exposed
to Laser Radiation

Temperature field. We considered a strongly absorbing isotropic body, which at
the initial moment of time has a fixed temperature. The body surface with the
absorption coefficient A is exposed to an axisymmetric radiation flux of arbitrary
temporal shape. It is assumed that the intensity distribution in the laser beam cross
section obeys the Gaussian law: IðrÞ ¼ I0 expð�K0r2Þ, where K0 ¼ 2=r20. Energy
absorption takes place directly on the irradiated surface. Physically, this means that
the skin-layer depth d is smaller than the depth of the temperature field penetration
in the body under consideration during the characteristic times s of changes in the
radiation intensity, i.e., d �

ffiffiffiffiffiffiffi
a2s

p
, where a2 is the thermal diffusivity of the

material.
The problem of determining the temperature field was considered in the linear

formulation: it was assumed that all thermal and mechanical characteristics of the
materials are independent of temperature and energy loss by radiation and con-
vection was neglected. Provided that the characteristic size of the beam is r0 < L,
where L is the characteristic size of the irradiated body, and the energy input time is
t\L2=a2, in solving this problem one can use the half-space model. The heating of
the sample material is described in this case by the heat conduction equation [22]

@T
@t

¼ a2DT ð17:1Þ

at the following initial and boundary conditions:

@T
@z

����
z¼0

¼ � I0A0

k
f tð Þ exp �K0r

2� �
;

T r; z; 0ð Þ ¼ 0;

lim T\M;
r;z!1

ð17:2Þ

where M is the finite quantity; f(t) is the time function of the laser beam intensity
normalised to I0; A0 is the absorption coefficient of laser radiation on a metal
surface; k is the thermal conductivity of the body material; and T is the temperature.

Using the method of successive integral Hankel and Laplace transforms, we
obtain the solution to (17.1):
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T r; z; tð Þ ¼ T� I0A
2k

ffiffiffiffiffiffi
K0

p ;

T� ¼ 1
2pi

ffiffiffiffiffiffi
K0

p
Zrþ i1

r�i1
dpW pð Þ exp ptð Þ

Z1
0

n
exp �n2=4K0
� �

c
exp �yzð ÞJ0 nrð Þdn;

ð17:3Þ

where p and n are the parameters of Laplace and Hankel transforms;
c2 ¼ p=a2 þ n2; WðpÞ is the Laplace transform of f(t); and J0 is the zero-order
Bessel function.

This expression allows us to describe the thermal state of a solid body heated by
laser radiation, whose intensity varies with time in an arbitrary manner.

Thermoelastic stresses. The thermoelastic behaviour of the body is analysed by
using the system of equations [22, 23]

lr2uþ k0 þ lð Þgrad div u� 3k0 þ 2lð ÞaTrT þF � q€u ¼ 0;

r2T � 1
a2

@T
@t

þ W0

k
� 3k0 þ 2lð ÞaTT

k
div u ¼ 0;

ð17:4Þ

where k0 and l and are the Lame coefficients [24]; и is the deformation vector; q is
the density of the material; F is the external force; aT is the coefficient of thermal
expansion; and W0 is the density of volume heat sources.

In considering the deformation of an elastic metal halfspace whose surface is
exposed to pulsed laser radiation, when the inequalities

q€uj j � 3k0 þ 2lð ÞaT rTj j;

r2T � 1
a2

@T
@t

� 3k0 þ 2lð ÞaTT
k

div u
ð17:5Þ

are fulfilled, we can pass to the system of equations of the quasi-stationary ther-
moelasticity theory:

lr2uþ k0 þ lð Þgrad div u� 3k0 þ 2lð ÞaTrT ¼ 0;

r2T � 1
a2

@T
@t

¼ 0:
ð17:6Þ

In this case, from the first inequality we obtain the duration of a single pulse

s � max
qa2

k0
;
qa2

l

� �
� 10�6�10�8 s; ð17:7aÞ
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and from the second–

s3=2 � q2c2a
la2TI0A

: ð17:7bÞ

We represented the stress tensor components in the general form [21]:

r̂zz ¼ 2GD
Z1
0

n2J0 nrð Þ/ nð Þ e�cz � e�nz 1þ z n� cð Þ½ �� 	
dn;

r̂rr ¼ 2GD
Z1
0

/ nð Þ�J0 nrð Þ n nz� 2ð Þ n� cð Þe�nz þ n2e�nz � c2e�cz

 �

þ J1 nrð Þ
r

ne�cz � n� cð Þ nz� 2 1� mð Þð Þþ n½ �e�nz

 �	

dn;

r̂rz ¼ 2GD
Z1
0

n/ nð ÞJ1 nrð Þ c e�cz � e�nz
� �� nz n� cð Þe�nz


 �
dn;

r̂// ¼ 2GD
Z1
0

/ nð Þ J0 nrð Þ n2 � c2
� �

e�cz � 2mn n� cð Þe�nz

 ��

þ J1ðnrÞ
r

n� cð Þ nz� 2 1� mð Þð Þ½ � þ nf ge�nz � ne�cz

 �	

dn;

ð17:8Þ

where G is the shear modulus; J1 is the first-order Bessel function;

D ¼ aT
2
1þ m
1� m

I0Aa2

K0kp
W pð Þ; /ðnÞ ¼ n

c
exp �n2=4K0
� �

;

and m is Poisson’s ratio. Analysis of the expression reveals the nature of the time
changes at any point in the half-space.

Thermal deformations. The stress state occurring in a solid body is accom-
panied by its deformation, its largest amplitude being achieved on the irradiated
surface. The expression for the normal displacement of the surface, corresponding
to a given temperature distribution, has the form:

W r; z; tð Þ ¼ W� 1þ mð ÞaTI0A
kK0

; ð17:9Þ

W� ¼ F0

2pi

Z1
0

dm
Zrþ i1

r�i1
dp

W p=tð Þ
p

exp p� mð ÞJ0
ffiffiffi
m

p
dr

� � ffiffiffi
m

p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþ p=F0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþ p=F0

p ; ð17:10Þ
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where F0 ¼ 4K0a2s. The resulting expression allows us to trace the changes in the
surface shape during irradiation.

Thus, this consideration has made it possible to describe fully the characteristics
of temperature fields, thermoelastic stresses and thermal deformations occurring in
solids whose surface is exposed to high-power laser radiation varying with time in
an arbitrary manner. In addition, the following relations are fulfilled between the
quantities characterising the thermal stress state in the continuous-wave and any
other nonstationary regime of energy input into the solid [22, 24]:

T tr ¼
Z t

0

f t � sð Þ @T
st

@s
ds;

rtrik ¼
Z t

0

f t � sð Þ @r
st
ik

@s
ds;

W tr ¼
Z t

0

f t � sð Þ @W
st

@s
ds:

ð17:11Þ

These relations are similar to Duhamel’s integral formula from the theory of heat
conduction. It should be noted that the local deformation of the POE surface is the
determining factor of the laser impact and the bending deformation component of
the POE as a whole can be reduced to zero due to the large thickness of its
effectively cooled base. Later, both components of the POE deformation were
examined in the book of Tsesnek et al. [25].

17.2.2 Continuous-Wave Irradiation

Temperature field. If the time of laser irradiation satisfies the inequality
r20=a

2 � t� L2=a2, a steady-state temperature field can be established in the sample
material. The main property of the process of its establishment is described by the
expression [21]

T� ¼ 2ffiffiffi
p

p arctan
ffiffiffiffiffi
F0

p
: ð17:12Þ

It follows from (17.12) that for instants of times t, at which F0 	 4, the current
temperature is 10% less than the steady-state value. We therefore assume that,
starting at time t, at which F0 > 4, a stationary thermal state is established in the
sample material (Fig. 17.1).
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The expression for the temperature field in the half-space has the form [21]

T� ¼
Z1
0

J0
ffiffiffi
m

p
dr

� �
exp � ffiffiffi

m
p

dz þ
ffiffiffi
m

p� �
 � dmffiffiffi
m

p ; ð17:13Þ

where dz ¼ 2
ffiffiffiffiffiffi
K0

p
z and dr ¼ 2

ffiffiffiffiffiffi
K0

p
r. From this expression we obtain the locality of

the temperature field, the characteristic values of which decrease with increasing
distance from the centre of the surface irradiation region and inside the material
(Figs. 17.2, 17.3 and 17.4).

Thermoelastic stresses. In the steady-state regime ðp ! 0Þ, nonzero are only
the components of the tensor of thermal stresses r�rr and r�uu [21]:

r�rr ¼ 2 1� mð Þ
Z1
0

exp � ffiffiffi
m

p ffiffiffi
m

p þ dz
� �
 �

J1
ffiffiffi
m

p
dr

� �� J0
ffiffiffi
m

p
dr

� �
 � dmffiffiffi
m

p ;

r�uu ¼ 2 1� mð Þ
Z1
0

exp � ffiffiffi
m

p ffiffiffi
m

p þ dz
� �
 � �J1

ffiffiffi
m

p
dr

� �
= mdrð Þ
 �

dm;

ð17:14Þ

Fig. 17.1 Time dependence
of the sample surface
temperature at the centre of
the region (number F0)
exposed to cw radiation

Fig. 17.2 Temperature field
distribution on the z axis
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where

r�ik ¼
k
ffiffiffiffiffiffi
K0

p
1� mð Þ

I0AGaT 1þ mð Þ rik rð Þ:

The maximum values of these components are achieved in the centre of the
irradiated region (Fig. 17.5) on the surface of the half-space, where the stationary
field of thermoelastic stresses have the form (Figs. 17.6 and 17.7)

Fig. 17.3 Temperature field
distribution on the sample
surface

Fig. 17.4 Dependence of the
axial stress rzz on the
exposure time of laser
irradiation
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r�rr ¼
ffiffiffi
p

p
1� mð Þ
2 1F1

1
2
; 2;�d2r=4

� �
;

r�uu ¼
ffiffiffi
p

p
1� mð Þ
2 1F1

1
2
; 2;�d2r=4

� �
� 1F1

1
2
; 1; �d2r=4

� �� 

:

ð17:15Þ

The main property in establishing a steady state for rrr and ruu are characterised
by the dependence shown in Fig. 17.8:

Fig. 17.5 Distribution of the
peripheral ðruuÞ and radial
ðrrrÞ tensor components on
the z axis for different
exposure times of laser
irradiation

Fig. 17.6 Stress field rrr on
the surface of the half-space.
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r�ii dr ¼ dz ¼ 0ð Þ ¼ 1þ mffiffiffi
p

p F0 arctan
1ffiffiffiffiffi
F0

p � 1ffiffiffiffiffi
F0

p
� �

� 1� m
1þ m

arctan
ffiffiffiffiffiffi
F0

p� 

: ð17:16Þ

This expression completely describes the characteristics of the stressed state
arising in a solid when its surface is irradiated by cw laser radiation.

Thermal deformation of the surface. The expression for the displacement W�

of the reflective surface in the half-space model has the form [21]:

W� ¼ � 1
2

F0 exp �d2r=4
� �� 4

ffiffiffiffiffi
F0

p
1þF0

� 2 ln
ffiffiffiffiffi
F0

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
F0 þ 1

p� �� 

1F1

3
2
; 1;� d2r

4

� �� �
:

ð17:17Þ

Fig. 17.7 Stress field ruu on
the surface of the half-space.

Fig. 17.8 Establishment of a
stationary stress sate on the
surface, in the centre of the
irradiated region
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Deformation surface profiles for different exposure times are shown in Fig. 17.9.

17.2.3 Pulsed Irradiation

Temperature field. In the case of short irradiation times, the depth of the tem-
perature field penetration into the material is proportional to

ffiffiffiffiffiffi
a2t

p
� r0; therefore,

the radial heat spreading can be ignored, and the temperature distribution over the
surface repeats the laser beam intensity distribution profile [26]:

T� ¼ 2ffiffiffi
p

p H t�ð Þ arctan ffiffiffiffiffiffiffiffiffi
F0t�

p� ��H t� � 1ð Þ arctan
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F0 t� � 1ð Þ

p� �h i
exp �K0r

2� �
;

ð17:18Þ

where Hðt�Þ is the Heaviside function; t� ¼ t=s; and s is the pulse duration.
Thermoelastic stresses. Thermoelastic stresses arising in a solid irradiated by

laser light play an important role in the destruction of the optical surface of the
POE. Under pulsed irradiation ðF0 � 1Þ the expressions for the stress tensor
components are given by (17.15), because in this case the propagation of heat in a
solid is of quasi-one-dimensional character and the radial heat spreading can be
neglected. The depth of penetration of thermal stresses in the material isffiffiffiffiffiffiffi
a2s

p
� r0, which follows from the form of rik on the z axis:

r�rr dr ¼ 0ð Þ ¼ � 2ffiffiffi
p

p ffiffiffiffiffi
F0

p
exp �d2z=4F0
� �� ffiffiffi

p
p

dz
2F0

erfc
dz

2
ffiffiffiffiffi
F0

p
� �� 



 8F3=2
0ffiffiffi
p

p
d2z

exp � d2z
4F0

 !
;

ð17:19Þ

where

Fig. 17.9 Establishment of a
quasi-stationary deformation
state on the surface, in the
centre of the irradiated region
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dz
2
ffiffiffiffiffi
F0

p � 1:

The maximum values of the components r�rr and r�uu are achieved on the surface,

r�rr ¼ r2uu ¼ �2
ffiffiffiffiffiffiffiffiffiffi
F0=p

p
exp �d2r=4
� �

; ð17:20Þ

i.e., the distribution of the components r�rr and r�uu on the surface repeat the laser
beam intensity distribution. The components r�rr and r�uu on the surface z = 0 are
equal, and the expression for r�iiðdr; dz ¼ 0Þ has the form:

r�ii ¼ � 2ffiffiffi
p

p H t�ð Þ ffiffiffiffiffiffiffiffiffi
F0t�

p �H t� � 1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F0 t� � 1ð Þ

ph i
: ð17:21Þ

In the case of small irradiation times

r�zz ¼ 2dzF0t
�
Z1
0

V3 exp �V2 � Vdz
� �

dV ;

r�rz ¼ � dr
2
exp � d2r

4

� �
F0t

�erf
dz

2
ffiffiffiffiffiffiffiffiffi
F0t�

p
� �

þ
ffiffiffiffiffiffiffiffiffi
F0t�

p
p

dz exp � d2z
4F0t�

 !" #
;

ð17:22Þ

where V is a transform variable. The difference in signs of the components
means that in the case of thermal deformation of the sample by laser radiation, for
rzz tension of a material is realised, whereas for rrz—compression. The maximum
value of rzz is achieved on the z axis; in this case, dmax

z 
 4
ffiffiffiffiffi
12

p
, i.e., zmax

0 
 0:66r0,
and r�max

zz 
 1:9F0. The component r�rz reaches its maximum value at point

rmax
0 ¼ r0=2 and zmax

0 
 2
ffiffiffiffiffiffi
a2t

p
:

r�max
rz 
 �0:5F0: ð17:23Þ

A distinctive feature of the behaviour of the r�zz component is that if the inequality
F0 � 1 is fulfilled, the position of its maximum on the z axis is determined by the
spatial characteristics of the laser beam rather than the irradiation time. The max-
imum of this component is achieved by the end of the laser pulse. This feature is
explained by the fact that at F0t� � 1 the region of thermoelastic perturbations lies
on the sample surface and localises in the irradiation region, because heat due to
heat conduction has no time to spread over the sample material. In the opposite
case, i.e., at F0t� [ 1, the point of this component maximum is determined from the
condition dz2=ð4F0t�Þ ¼ 1.
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Thermal deformations. The expression for the thermal deformation of the
reflecting surface irradiated by a rectangular laser pulse, whose duration satisfies the
condition F0 � 1, has the form [21]:

W� ¼ �F0

2
exp �K0r

2
� �

H t�ð Þt� �H t� � 1ð Þ t� � 1ð Þ½ �: ð17:24Þ

The distribution of thermal deformations of the reflecting surface repeats the
laser beam intensity distribution (Fig. 17.10), which we used in our method of the
dynamic control of the intensity distribution of laser radiation [27].

17.2.4 Repetitively Pulsed Irradiation

Thermal deformations of a solid body exposed to repetitively pulsed laser radiation
were analysed by using the previously derived relations that are similar to
Duhamel’s integral formulas. The energy flow was treated as a train of rectangular
pulses having a duration r, period T0 (repetition rate v0 ¼ 1=T0) and off-duty ratio
SQV ¼ s=T0. It was assumed that F0 ¼ 4K0a2T0\1. The arising thermal stresses
and deformations of the temperature field are expressed in terms of the integrals
(typical of the cw regime) that are similar to Duhamel’s integrals [28]:

FPP ¼
Z t

0

f t � sð Þ @F
cw

@s
ds: ð17:25Þ

Fig. 17.10 Deformation
surface profiles for different
exposure times
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At the initial instants of time, i.e., when F0t�\1, repetitively pulsed irradiation
is similar to pulsed irradiation. The geometric meaning of (17.25) is characterised
by the area of the integrals in Fig. 17.11. (For the temperature and the components
ruu and rrr, the value of @Fcw=@s tends to infinity as 1=

ffiffi
t

p
at t ! 0 and to zero at

t ! 1; for deformation @Fcw=@s tends to const at t ! 0 and to zero at t ! 1.) In
the case of long irradiation times, i.e., when F0t� [ 1, the temperature and thermal
stresses reach their quasi-steady states, i.e., a constant component of these values
becomes similar to that in the cw regime of energy input with a reduced intensity
I0SQV. In this case, against the background of this component, along with changes
in the laser beam intensity, there will be the characteristic peaks of temperature and
stress, which are similar to peaks during pulsed irradiation. A separate ‘pulse’ of
thermal deformations of the reflecting surface exists against the background of a
‘stationary component’ tending to infinity.

Temperature field. The expression for the temperature has the form [21]

T� ¼ 1
2pi

Zri�i1

ri þ i1
dpW pð Þep

Z1
0

e�VJ0
ffiffiffiffi
V

p
dr

� �
exp � ffiffiffiffi

V
p ffiffiffiffi

V
p þ dz
� �
 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8=F0 þV

p dV ; ð17:26Þ

since for a train of pulses

WðpÞ ¼ 1� exp �psð Þ½ � 1� exp �p Nþ 1ð ÞT½ �f g
p 1� exp �pTð Þ½ � ð17:27Þ

is the Laplace transform of f(t); and N is the number of propagated laser pulses.
In the centre of the irradiation region the temperature reaches a maximum value

by the time the next pulse terminates (F0 > 1):

T�
max ¼

ffiffiffi
p

p
SQVþ 2ffiffiffi

p
p arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F0SQV

p
; ð17:28Þ

where SQV is the off-duty ratio of the temporal structure of radiation.

Fig. 17.11 Geometrical
interpretation of Duhamel’s
integrals
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Thermoelastic stresses. Maximum values of the radial and circumferential
tangential stress are achieved in the centre of the irradiation region, where they are
equal to each other:

rPPii ¼
Z t

0

f t � sð Þ @r
cw
ii

@s
ds ð17:29Þ

[rcwii is determined from (17.16)]. The field distribution of stresses r�ii on the surface
by the time when the next laser pulse terminates has the form:

r�ii ¼ SQVr
� 1ð Þ
ii þ

XN
n¼0

H nþ 1� t�ð Þ
H t� � nð Þ

� r�ð2Þii t� � nð Þ �H t� � n� SQVð Þr�ð2Þii t� � n� SQVð Þ�;
ð17:30Þ

where r�ð1Þuu and r�ð1Þrr are determined from (16), and r�ð2Þuu ¼ r�ð2Þrr —from (17.21).
Because in the steady stress state rzz and rrz are identically zero, their values in the
case of repetitively pulsed irradiation are the same as in the case of pulsed irradi-
ation (accuracy * SQV).

Deformation of the surface. The displacement of a solid-body surface exposed
to repetitively pulsed radiation also has stationary’ and pulse components [21]:
W� ¼ SQVW�ð1Þ þW�ð2Þ.

When the quasi-stationary state is reached

W� ¼ �SQV ln 2
ffiffiffiffiffi
F0

p
F1

3
2
; 1;� d2r

p

� �

� F0

2

XN
n¼0

H nþ 1� t�ð Þ½H t� � nð Þ t� � nð Þ

�H t� � n� SQVð Þ t� � n� SQVð Þ� exp �K0r
2� �
:

ð17:31Þ

17.2.5 Criteria for the Optical Surface Stability

Expressions given for the characteristics of the thermal stress state of a solid whose
surface is irradiated by high-power cw, pulsed and repetitively pulsed laser radia-
tion allowed us to determine the limiting intensities corresponding to different
stages of the optical damage of mirror surfaces [21, 29]. To this end, the parameters
of the optical surface stability include not only the thermophysical and mechanical
properties of the material but also the parameters of a Gaussian-like beam, namely
the intensity in the centre of the irradiation region, the size of the irradiation region
and the duration of a single pulse and, in the case of repetitively pulsed irradiation,
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—the pulse train off-duty ratio. The stability parameters of the reflector contain the
ratio of a maximum value of the thermal stress state characteristic to its value at
which the solid material experiences irreversible macroscopic changes—melting,
plastic (brittle) or fatigue deformation or achievement of a critical value k0=20 by
the amplitude of thermal deformation of the optical surface, where k0 is the
wavelength of the laser used. The thus introduced stability parameters of mirrored
POE surfaces made it possible not only to compare different pure metals and their
alloys in terms of applicability in power optics but also to create specific types of
combined POEs capable of withstanding high-power fluxes of cw, pulsed and
repetitively pulsed laser radiation.

Continuous-wave regime. A solid body whose surface is exposed to cw laser
radiation is destroyed when the temperature field in the centre of the irradiation
region reaches the melting point of the material and the components of the stress
field reach the yield point. The stability of the optical surface under cw irradiation is
by the parameters

ccwTmelt
¼

ffiffiffi
p

p
I0A

2k
ffiffiffiffiffiffi
K0

p
Tmelt

; ccwrT ¼
ffiffiffiffiffiffi
3p

p
1þ mð ÞI0AGaT
2k

ffiffiffiffiffiffi
K0

p
rT

ð17:32Þ

If cTmelt
and crT\1, the material will undergo no irreversible changes. The values of

these parameters in the case of cw laser radiation at a power density
I0A = 1 kW cm−2 and K0 = 8 � 102 m−2 are shown in Table 17.1 for Cu, A1 and
Mo. The main reason for the damage of the optical surface can be determined from
the relation

ccwrel ¼
ccwrT
ccwTmelt

¼
ffiffiffi
3

p
1þ mð ÞGaTTmelt

rT
: ð17:33Þ

If rcwrel [ 1, the material will be destroyed when the component rii reaches the yield
point, or when the melting point of the material, Tð0; 0;1Þ is reached.

For the materials in question (Table 17.1), the main reason for the deterioration
of the optical surface at lower laser intensities is irreversible plastic deformations of
the POE in the centre of the irradiation region. There is another important reason for
the deterioration of the optical surface—excess of the critical value k0=20 by the
value of thermal deformation of the optical surface—which is implemented at long
exposure times of high power laser radiation and in the range of the parameters
corresponding to the elastic deformation of the material. In this case, phase and
energy characteristics of the reflected laser beam are markedly impaired. The cri-
terion for the optical surface stability to such changes in the optical characteristics
of the reflector is given by parameter

ccwk0=20 ¼
20 1þ mð ÞaTI0A

kK0k0
ln 2

ffiffiffiffiffi
F0

p
: ð17:34Þ
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The value ccwk0=20\1 can be reached if use is made of some types of reflector designs

with efficient cooling [30].
Pulsed regime. The parameters of the optical surface stability under pulsed

irradiation by a Gaussian-like laser beam having a duration s and intensity I0 in the
centre of the irradiation region, determined by the ability to reach critical values
Tmelt, rT and k0=20 by temperature Tð0; 0; sÞ, thermoelastic stresses riið0; 0; sÞ and
thermal deformations Wð0; 0; sÞ, have the form [29]:

cPTmelt ¼
2I0Affiffiffi
p

p
kTmelt

ffiffiffiffiffiffiffi
a2s

p
;

cPrT ¼ 4

ffiffiffi
3
p

r
I0AGaT 1þ mð Þ
kGT 1� mð Þ

ffiffiffiffiffiffiffi
a2s

p
;

cPk0=20 ¼
40 1þ mð ÞI0AaTa2s

kk0
:

ð17:35Þ

The values of these parameters, found for copper, aluminium and molybdenum at
I0A = 1 kW cm−2, K0 = 2.82 � 102 m−2 and s ¼ 50 ls, and the heat flow values
I0A, at which cpi ¼ 1, are presented in Table 17.1. In the cw regime, the optical
surface properties are mainly degraded due to irreversible plastic deformations in
the centre of the irradiation region. Under pulsed irradiation the behaviour of the
thermal stress state is more complicated than under cw irradiation. Thus, in contrast
to the stationary thermal stress state, the nonstationary state in the material of a solid
is characterised by the presence of the nonzero components rzz and rrz. In this case,
the highest value is reached by the component rzz on the z axis at a distance of
*0.66r0 from the optical surface. If at some level of these I0A values the

Table 17.1 Parameters of stability and threshold intensities for Al, Mo and Cu at
I0A = 1 kW cm−2, r0 = 5 cm, and t = 5 � 10−5 s

Parameter Material

Cu Mo Al

CW regime

cTmelt
¼

ffiffi
p

p
I0A

2k
ffiffiffiffi
K0

p 1
Tmelt

0.74 0.8 2.3

Ith ¼ 1
cTmelt

=kWcm�2 1.4 1.3 0.44

crT ¼
ffiffiffiffi
3p

p
I0AGaTð1þ mÞ
2k
ffiffiffiffi
K0

p
rT

19.3 104 38.3

Ith ¼ 1
crT

=kWcm�2 0.05 10−4 2.6 � 10−2

Pulsed regime

cTmelt
¼

ffiffi
p

p
I0A

2k
ffiffiffiffi
K0

p 1
Tmelt

2.0 � 10−3 1.45 � 10−3 5.4 � 10−3

Ith ¼ 1
cTmelt

=kWcm�2 500 700 190

crT ¼
ffiffiffiffi
3p

p
I0AGaTð1þ mÞ
2k
ffiffiffiffi
K0

p
rT

0.16 55 0.28

Ith ¼ 1
crT

=kWcm�2 6.3 1.8 � 10−2 3.6
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component rzz is greater than the strength modulus rb, it is possible to implement
the conditions of brittle fracture, at which the surface layer of the POE material will
be detached. For this type of destruction the parameter of the optical surface sta-
bility has the form:

cprb ¼
4I0AEaTa2s

ffiffiffiffiffiffi
K0

p
1� mð Þkrb ;

and the stability parameter defined with respect to plastic deformation, has the form:

cprT ¼
ffiffiffi
3

p
I0AEaTF0

k
ffiffiffiffiffiffi
K0

p
1� mð ÞrT

1þ 2
ffiffiffiffiffi
F0

p
3p

exp �
ffiffiffi
3

p

2F0

� �� 

; ð17:36Þ

The values of the parameters and their corresponding intensities for Al, Mo and
Cu are listed in Table 17.1.

Repetitively pulsed regime. The state of a solid body, whose surface is irradiated
by repetitively pulsed laser pulses, combines the characteristic features of thermal
stress states under pulsed and cw irradiation. In this case, for the temperature fields,
the fields of the components rrr and ruu, the stress tensor and the thermal defor-
mation fields the realisable temperature and thermal stress states are a combination of
stationary and nonstationary states. In this regard, the stability parameters of the
reflecting surfaces, defined by the ability of the temperature to reach the melting
point of the material, of the components rrr and ruu to reach the yield point and of
thermal deformation to reach the threshold k0=20, are as follows [21]:

cPPi ¼ SQVccwi þ cpi : ð17:37Þ

Under repetitively pulsed irradiation, a nonstationary, cyclically repeated stress
state arises on a solid surface in the material. As a result, the material of the solid
body may experience irreversible fatigue damage. The conditions under which the
POE surface undergoes macroscopic fatigue fracture can be assessed by Wohler
curves, determining the dependence of modulus of the amplitude of fatigue stresses
on the number of cycles of the loading pulses Np [21, 31].

17.2.6 Irreversible Changes in the Optical Surface

Dynamics of the fatigue and brittle fracture is characterised by the emergence and
extension of microcracks. Therefore, inadmissibility of destruction of the optical
POE surface is dictated by the need to preserve the diffusely scattered component of
laser radiation at negligible levels. Moreover, the origin and development of
microcracks is accompanied by microstructural and phase transformations of the
material, leading to a change in the structural and phase composition of the
reflecting surface and, as a consequence—to an increase in its absorption coefficient
A, whereas the adsorption of various substances on the resulting system of
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microcracks initiating an optical breakdown leads to a decrease in radiation resis-
tance of the reflecting surface. Furthermore, the optical breakdown of air near the
target can occur without the segregation of impurities directly in the vicinity of
emergence of microcracks, because they become the nucleus of the electric fields,
etc. We considered sequentially the basic mechanisms of microstructural and phase
transformations preceding the stage of plastic, fatigue and brittle fracture or
accompanying these stages, as well as analysed the possible reasons for the change
in the optical surface quality. The expressions obtained are important not only for
the problems of power optics. They are effectively used today for the analysis of the
conditions of fracture of solids of different nature due to excess of limiting stresses
for the various components of the stress tensor.

17.3 Static OPEs Based on Materials with a Porous
Structure

The feasibility of using porous structures for cooling thermally stressed POEs was
justified theoretically and experimentally in our papers [32–39]. An increase in the
optical damage threshold of laser reflectors based on porous structures was pro-
vided by a ‘minimum’ thickness of the separating layer (tens of microns), by the
heat transfer intensification, by high permeability of the heat exchanger for the
selected coolants pumped through the porous structure and by the use of the heat
exchanger with a significantly developed surface. The test results of water-cooled
POEs that are based on the porous structures indicated the possibility of removal of
high heat flows at low values of the mirror surface deformations. The maximum
density of the heat flow being removed, which does not lead to destruction of the
mirror surface, was equal to 8.2 kW cm−2. At q = 2 kW cm−2 the value of thermal
deformation was � k0=20, where k ¼ 10:6 lm [32, 33].

A further increase in the optical damage threshold of cooled mirror surfaces can
be realized by the optimization of the porous structure parameters [34, 38, 39], the
appropriate choice of the coolant [21], the development of the technology of fab-
rication of a thin separating layer based on intermetallic compounds [32] and the
rational design of the POE on the whole [35–37]. The development of a cooled
POE requires a detailed study of heat and mass transfer in porous structures. These
processes at the beginning of research in the field of high power/energy optics were
either insufficiently studied or not studied at all.

17.3.1 Temperature Field in Porous Structures Under
Convective Cooling

The temperature fields in porous structures are calculated in the one-dimensional
formulation under the following assumptions: the incident radiation is uniformly
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distributed over the irradiated surface; the thickness of the porous layer Dp is much
greater than the depth of heating, which makes it infinitely large ðDp ! 1Þ and
allows consideration of the half-space model; and the temperature and velocity of
the flow through the thickness the porous layer are constant. The heat transfer
equation, which describes the temperature distribution over the thickness of the
porous layer, can be written in the dimensionless form:

d2H
d�x2

¼ N H� 1ð Þ; ð17:38Þ

where H ¼ t=tT, �x ¼ x=dm and N ¼ ~NuN 0 are the dimensionless temperature,
coordinate and Nusselt number, respectively; dm is the mean diameter of the
structure particles; ~Nu ¼ hmdm=~k is the modified Nusselt number, which charac-
terises the ratio of the convective cooling to the heat transfer due to skeleton
thermal conductivity; N 0 ¼ SVdm is a dimensionless parameter; and SV is the heat
transfer surface.

The boundary conditions of this equation can be written in the form:

�x ¼ 0; dH=d�x ¼ �~Nu�q�x ! 1; H ! 1; ð17:39Þ

where �q ¼ q=ðhmtTÞ is the dimensionless heat flux density and q is the heat flux
density transmitted through the separating layer. The solution to this equation has
the form [21, 34]

H �xð Þ ¼ 1þ �q
ffiffiffiffiffiffiffiffiffiffiffiffiffi
~Nu=N 0

q
exp �

ffiffiffiffiffiffi
Nx

p� �
: ð17:40Þ

It follows from (17.40) that the rate of temperature decrease over the thickness of
the porous structure is determined by the parameter

ffiffiffiffi
N

p
. The maximum heat flux

density, removed from the reflector due to convective cooling, follows from the
condition of equality of the coolant temperatureHp at a fixed pressure to the boiling
temperatureHboil of the coolant ðHp ¼ HboilÞ at a chosen pressure and has the form:

�qmax ¼ Hboil � 1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
N 0=~Nu

q
: ð17:41Þ

The degree of heat transfer intensification in a porous structure as a result of the
turbulent flow circulation and the surface development is determined by the coef-
ficient Kint, which characterises the ratio of the amount of heat removed by the
coolant in the structure under consideration to the amount of heat that would be
removed directly from the cooling surface of the separating layer by the coolant
when it flows in a slot gap of depth D [40]:

Kint ¼ q=hD t�x¼0 � tTð Þ; ð17:42Þ
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where hD is the coefficient of convective heat transfer in the coolant flow in a slot
gap. For example, for the turbulent regime of the coolant flow the Nusselt number
has the form

NuD ¼ 0:023Re0:8 Pr
0:4
; ð17:43Þ

where Re and Pr are the Reynolds and Prandtl numbers.
In the case of removal of heat fluxes, the depth of heating is [41]

�Dmax ¼ N�1=2 ln 102 Hboil � 1ð Þ: ð17:44Þ

In combination with the expressions describing the flow hydrodynamics, the
obtained dependences are the basis for optimising the parameters of porous struc-
tures, ensuring minimal thermal deformations of POE surfaces or, if necessary, the
maximum heat fluxes, removed in the case of convective cooling.

17.3.2 Convective Heat Transfer in a Porous Structure

The regime of the coolant flow in porous materials, which is of interest for
high-power optics, is a transition between laminar and turbulent regimes. The
criterion equation of the interporous convective heat transfer for gases and droplets
can be represented in the form [41]

Nu ¼ c Re Prð Þn; ð17:45Þ

where c and n are the constants depending only on the structural characteristics of
the porous material.

Using known experimental data from the literature [42], we analysed the
dependences of c and n on the structural characteristics of porous structures for
which these constants are quite authentically known. As a result, we found that
c and n depend mainly on the bulk porosity ПV. Thus, relation (17.45) for the
dimensionless Nusselt number with account for correlation expressions c(ПV) and n
(ПV) allows one to calculate the coefficient of convective heat transfer in porous
structures.

17.3.3 Hydrodynamics of a Single-Phase Flow in a Porous
Structure

The temperature field and thermal deformation of the POE are largely determined by
the flow rate of the coolant pumped through a porous layer, which depends on the
hydrodynamic characteristics and conditions of the coolant inlet and outlet.
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Hydrodynamic characteristics of a single-phasefluidflow in porous structures,mainly
in the region PV � 0:5, were studied in many experimental papers [41, 42]. In the
general case, the hydrodynamics of the flow in porous structures is described by the
modified Darcy’s equation (Dupuit–Reynolds–Forchheimer equation) [43–45]:

� dp0
dx

¼ al0uþ bqu2; ð17:46Þ

where p0 is the flow pressure; и is the filtration rate, equal to the ratio of the specific
mass flow rate of the coolant G0 to the density q; a and b are the viscous and inertial
resistance coefficients, respectively; and l0 is coefficient of dynamic viscosity of the
coolant.

From (17.46) we obtained the equation for the coefficient of friction, Cf, in the
form

Cf ¼ 2= Reþ 2ð Þ; ð17:47Þ

where Cf ¼ �2ðdp0=dxÞq=G2
0b and Re ¼ G0b=l0a (the characteristic size b=a).

Known also is a slightly different approach to the calculation of Cf: as a char-
acteristic size use is made of

ffiffiffiffi
K

p
, where K is the permeability coefficient, char-

acterising the hydrodynamics of the flow according to Darcy’s law ðRe ffiffiffiKp G
ffiffiffiffi
K

p
=lÞ,

then

Cf ¼ 2 1=Re ffiffiffiKp þ c
� �

=c: ð17:48Þ

The relationship between the coefficients a; b and parameters c and K can be
represented as a ¼ 1=K and b ¼ c=

ffiffiffiffi
K

p
. The parameter c is a universal constant for

identical porous structures. For example, for all the materials made of metal
powders with spherical or close-to-spherical particles c 
 0:55, and for materials
made of powders of arbitrary particle shape 0.45 < c < 0.566. Thus, when calcu-
lating the hydraulic characteristics of the structures we assumed c = 0.55, although
in our case this provides a somewhat higher value of the friction coefficient Cf.

The permeability coefficient K, which is a structural characteristic of a porous
structure, does not depend on the flow regime and is determined experimentally
from Darcy’s law. In connection with the development of works in the field of heat
pipes, many experimental data are currently available to determine K for powder
and metal fibrous structures. The dependence of the permeability coefficient for
metal fibrous structures on bulk porosity has the form [46]:

K ¼ APm
V; ð17:49Þ

where A and m are the coefficients depending on the relative length of the fibers l/d.
Similar expressions can be obtained for powder porous structures. In addition,
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the permeability coefficient is calculated from the known Carman–Kozeny relation
[41]:

K ¼ uP3
Vd

2
m=ð1�PVÞ2 
 P3

V=5SV; ð17:50Þ

where u is a constant depending on the structure.
We used the expressions presented to determine the hydraulic characteristics of

power optics elements utilising porous structures made of metal powders and metal
fibrous structures.

17.3.4 Effect of the Coolant Inlet and Outlet Conditions
on the Hydraulic Characteristics of the POE

Usually, in cooled POEs the coolant is supplied to and removed from the porous
structure through evenly distributed alternating channels on the surface being
cooled. In the case of inlets and outlets in the form of alternating holes we may deal
with a significant nonuniformity of the velocity field in calculating the flow in radial
directions. This leads to additional pressure drops in the circulation of the coolant,
which are accounted for by the coefficient Kg. In this case, the total pressure drop in
a porous structure has the form

DP0 ¼ Dp0Kg; ð17:51Þ

where Dp0 is the pressure drop in the case of a uniform velocity field.
The coefficient Kg, characterising the influence of collector effects on hydraulic

resistance during the motion of the fluid in a porous structure, can be written as:

Kg ¼ F
ps2nð1� aÞ

cGð1=a� 1Þ=pnqsD� ðv= ffiffiffiffi
K

p Þ ln a
v
ffiffiffiffi
K

p þ cv
: ð17:52Þ

Here F is the area of the irradiated surface; n is the number of channels for the inlet
(outlet) of the coolant; and a = 2r0/s is a relative spacing between the holes. One
can see from (17.52) that Kg depends both on the geometric characteristics of the
supply and removal of the coolant (on a) and on G; with increasing a and G, the
coefficient Kg increases. Thus, the coefficient Kg characterises the design excellence
of the inlet and outlet system of the POE coolant.

When Kg is known, the total pressure drop in the porous structure is calculated
by formula (17.51), taking into account the expression for calculating Dp0:

Dp0 ¼ vqs 1� að Þ v=
ffiffiffiffi
K

p
þ cv

� �
=
ffiffiffiffi
K

p
; ð17:53Þ

where v ¼ Cs=ðqFDÞ is the coolant filtration rate.
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17.3.5 Thermal Conductivity of Porous Structures in POEs

As for the problems of cooling of POEs, of interest is to study the thermal con-
ductivity of a porous structure skeleton. In most cases, data are summarised in the
form of the dependence ~kðPVÞ for the samples, manufactured using the single
technology and the same type of material. In calculations use can be made of the
Odolevsky equation [47]:

~k ¼ kc
1�PV

1þPV
; ð17:54Þ

where kc is the thermal conductivity of a compact material.
Effective thermal conductivity of metal fibrous felt structures may have a con-

siderable anisotropy depending on the direction of the fibres in the felt. Usually, ~k is
generalised by the relations [47]:

~kjj ¼ kc 1�PVð Þ exp �PVð Þ; ð17:55aÞ

~k? ¼ kc 1�PVð Þ2; ð17:55bÞ

where ~kjj;? is the effective thermal conductivity in the direction parallel and per-
pendicular to the felt-making plane. In the latter case one can also use the
expression

~k? ¼ kc 1�PVð Þ3: ð17:56Þ

The expressions presented satisfactorily approximate the experimental data [40,
47] and can be used in the determination of the thermal characteristics of cooled
POEs made of metal fibrous structures. In this case, expression (17.55b) describes
the upper limit of the experimental data (an optimistic estimate), and (17.56)—the
lower (a pessimistic estimate).

17.3.6 Thermal Deformation of the Optical Surface

To assess small distortions of the optical surface, which are characteristic of POE
deformation, we made an assumption of free expansion of the porous structure and
the separating layer according to the temperature fields. Then, the thermal defor-
mation of the mirror surface W* is the sum of expansions of the separating
(thickness Ds) and porous (thickness D) layers:

W� ¼ asDstT 1=2 H1 þH2ð Þ �H0½ � þ apDtT 1�H0ð Þþ �qdm= N 0Dð Þ½ �; ð17:57Þ

where as and ap are the temperature coefficients of linear expansion of the sepa-
rating and porous layers, respectively; Hi ¼ ti=tT is the dimensionless temperature;
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t0 is the coolant temperature at the inlet of the reflector; and t1 and t2 are the
temperatures of the outer and inner surfaces of the separating layer, respectively.

The above-derived expressions describing the processes of heat and mass
transfer in porous structures were used to calculate the characteristics of cooled
POEs.

Figure 17.12 shows the qualitative dependence of thermal deformation on the
maximum density of the heat flow being removed (the variable ПV at a constant dm)
for two selected regions of the reflector, corresponding to the regions of injection
½W�

1 ðqlim 1Þ� and outflow ½W�
2 ðqlim 2Þ� of the coolant. Varying the average grain size

dm (or the diameter of the fibre), we can construct a family of curves, characterised
by a constant value of dm and variable porosity V, for reflectors with the same type
of the capillary structure. The curves were plotted at a constant pressure drop and
by taking into account the coolant heating in the porous structure; in addition, the
temperature of the coolant at the inlet was assumed equal to the POE temperature.

The deformation of the optical surface in the coolant outflow region isW�
2 [W�

1 ;
hence, crucial to the selection of the structural characteristics of the porous structure
is curve (17.2), and the difference between curves (17.1) and (17.2) characterises the
degree of perfection of the cooling system. The curves are the envelopes of the
working thermal deformation characteristics of a family of reflectors with this type of
structure. The performance characteristic of the reflector with a given porosity of the
structure ПV is obtained by connecting the straight line from point C with the origin
of the coordinates. Point C corresponds to the maximum density of the heat flow,
removed due to convective cooling, and the line segment 0C is a dependence of
thermal deformations of the mirror surface on the heat load.

In general, curve (17.2) has two points: point A corresponding to optimal
porosity Popt

V1 which facilitates removal of the heat flow having the maximum
density for the selected grain size, the coolant pressure drop, and coolant inlet and
outlet conditions; and point B [the point of tangency of curve (17.2) with the
straight line from the origin of the coordinates] corresponding to the porosity Popt

V2,

Fig. 17.12 Qualitative
dependence of thermal
deformations on the
maximum power density for
the heat flow removed from
two POE zones,
corresponding to the regions
of (1) injection and
(2) outflow of the coolant
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for which in the porous structure the optimal thermal distortions of the mirror
surface are realised.

The choice of material and the basic parameters of the structure (dm and ПV)
must be based on a comparison of a family of curves (17.2) with possibilities of
obtaining the desired porous structures and separating layers. In our review [14] we
presented the results illustrating the feasibility of the experimental method and
numerical calculations of thermal deformation characteristics of water-cooled POEs
made of widely used copper and molybdenum powders.

17.3.7 Liquid-Metal Coolants in POEs Based on Porous
Structures

In 1978, we were first to suggest that a further increase in the optical damage
threshold of mirror surfaces of POEs based on porous structures is possible when
liquid alkali metals and their alloys are used as coolants [38]. Prospects of utilising
liquid-metal coolants in POEs were determined by the possibility of achieving a
high heat transfer coefficient in the porous structure due to a favourable combi-
nation of thermophysical properties of liquid metals. This allowed one to lessen the
requirements to the thermal conductivity of the porous structure material, which
opened up the possibility of using new structural materials with a low thermal
expansion coefficient and thermal conductivity in reflectors. Of particular interest
was the employment of eutectic alloys of liquid metals with low melting points in
POEs.

Consider some results of theoretical and experimental investigations of heat and
thermal deformation characteristics of POEs cooled by the eutectic alloy Na–K. As
part of earlier assumptions the heat transfer equation can be written as

d2t
dx2

¼ he
~k
SV t � tTð Þ; ð17:58Þ

where he is the heat transfer coefficient between the porous structure material and
the coolant. Due to the lack of published data on the heat transfer of liquid metals in
porous structures, the lower bounds of the heat transfer coefficient were estimated
by using the known data on the heat transfer of liquid-metal coolants in triangular
arrays of nuclear reactor fuel elements [48]. To calculate the heat transfer of liquid
metals in the nuclear fuel assemblies, use was made of the relations:

in densely packed structures (s/d = 1)

Nu ¼ Nulam þ 0:0408 1� 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:24eþ 1:15

p� �
Pe0:65; ð17:59Þ

in not densely packed structures (1.0 < s/d < 1.2)
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Nu ¼ Nulam þ 3:67

90 s=dð Þ2

� 1� 1

s=dð Þ30�1
h i

=6þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:24eþ 1:15

p

2
4

3
5Pem1

8<
:

9=
;;

ð17:60Þ

in not densely packed structures (1.2 < s/d < 2)

Nu ¼ Nulam þ 3:67Pem2=90 s=dð Þ2: ð17:61Þ

Here, m1 ¼ 0:56þ 0:19s=d � 0:1=ðs=dÞ80; Pe is the Peclet number;

Nulam ¼ 7:55
s
d
� 6:3

s=dð Þ17 s=dð Þ s=d�0:81ð Þ

 !" #
1� 3:6

s=dð Þ20 1þ 2:5e0:86ð Þþ 3:2

" #

is the Nusselt number for the laminar flow; s/d is the relative spacing of the fuel
elements in the array; and e ¼ kst=kT is the ratio of the thermal conductivity of the
fuel element cladding material to the thermal conductivity of the coolant. The
relations (17.59)–(17.61) are valid for e[ 0:01 and 1� Pe� 4000.

Assuming that the hydraulic diameter of the array of the fuel elements corre-
sponds to the hydraulic diameter of the POE porous structure (ds = dp), and the
diameter of a set of rods – to the wire diameter (for metal-fibrous porous structures),
we can obtain the dependence ds ¼ dmPV=ð1�PVÞ for felt porous structures.

Figures 17.13 and 17.14 show the results of numerical calculations of thermal
deformation characteristics of the POE cooled by the eutectic coolant Na–K. It was
assumed that the porous structures of the reflectors were made of molybdenum and
invar felt. The mean diameter of the felt and the bulk porosity of the structure varied
within 20� dm � 200 lm and 0:1�PV � 0:9. The curves in Figs. 17.13 and 17.14
are the envelopes of the thermal deformation characteristics of the POE family and
plotted at a constant pressure drop of the coolant and a maximum temperature of the
cooling surface equal to 100 °C.

One can see from Fig. 17.13 that the deformation of the optical surface in the
region of the coolant outlet, calculated with account for its heating in the porous
structure, substantially exceeds the deformation in the region of the coolant inlet
ðW�

2 [W�
1 Þ. The maximum power densities of the heat flux for the POE in question

are as follows: q1 > 20 kW cm−2 in the region of the coolant inlet and
q1 = 6.6 kW cm−2 in the region of the coolant outlet; in this case, W�

2 ¼ 0:3 lm.
The minimum deformation W�

2 in the region of the coolant outflow at a power
density of 4.2 kW cm−2 is 0.12 lm, which is significantly lower than the optical
damage threshold of the POEs for CO2 lasers.

Analysis of the data in Fig. 17.14 shows that the use of porous structures made
of materials with a low thermal expansion coefficient (invar fibres) allows one to
significantly (approximately by 3–4 times) reduce thermal deformations of the
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mirror surface both in the region of the coolant inlet and outlet in the case of
liquid-metal cooling. Thus, the maximum thermal loads, experimentally allocated
from the mirror surface, exceeded 10 kW cm−2. The experimentally measured
thermal deformations of POEs made of invar fibres in the region of minimum
deformations were less than 0.5 lm.

It should be noted that the results presented in Figs. 17.13 and 17.14 clearly
show that liquid metals are very promising for POE cooling. Such cooling in
combination with porous structures made of materials with relatively low coeffi-
cients of thermal expansion opens up fundamentally new possibilities for creating a
class of very precise POEs with a high optical damage threshold.

Today, due to the accumulation of experimental data on convective heat transfer
and hydrodynamics in porous structures, such structures are widely used in space
instrumentation and nuclear power systems exposed to high radiation doses. Due to
the structural features, metal porous structures have no blind pores, which elimi-
nates unwanted thermal processes. They provide good permeability, high thermo-
physical characteristics, ability to use POEs at a boiling point of working fluids in
heated regions, high heat transfer rates and high limiting values of critical heat
fluxes. Metal porous structures exhibit good physicomechanical and performance
characteristics. Metallurgical production technology ensures their stability and

Fig. 17.13 Nomograms of thermal deformation characteristics of POEs based on metal-fibrous
porous structures made of molybdenum, which are cooled by a Na–K coolant in the regions of its
inlet (a) and outlet (b) at dm = (1) 20, (2) 50, (3) 100 and (4) 200 lm
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Fig. 17.14 Nomograms of thermal deformation characteristics of POEs based on metal-fibrous
porous structures made of invar, which are cooled by a Na–K coolant in the regions of its inlet
(a) and outlet (b) at dm = (1) 20, (2) 50, (3) 100 and (4) 200 lm

Fig. 17.15 Cooled POE with
a powder porous structure
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reproducibility, long service life, and high reliability. One of the first mirrors based
on porous structures is shown in Fig. 17.15.

The new areas of research, which have been successfully developed recently,
include the study of boiling on surfaces with porous coatings with their structural
and hydrodynamic characteristics taken into account, the study of the influence of
these characteristics on the contact thermal resistance between the porous and solid
layers, and the study of heat transfer during condensation of liquids on the working
surfaces of porous structures. It should be noted that our investigations of heat
transfer in porous structures made it possible to develop the technological basis for
creating a series of water-cooled mirrors for power lasers by employing chemical
etching of metal foils with subsequent soldering to fabricate a multilayer heat
exchanger with a moderate degree of development of the heat exchange surface
[49–52].

17.4 Adaptive POEs and Optical Systems Based on Them

The variety of the phenomena that change the optical characteristics of the medium
in the propagation path of radiation and in the optical system of the laser-leads to
degradation of the quality of the wavefront (WF), which is manifested by a sig-
nificant increase in the angular divergence of the generated beam and by a reduction
in the peak intensity upon focusing. Most fully the entire range of requirements to
WF correctors in adaptive optics systems is met by POEs with adjustable shape of
the reflecting surface, in which the WF distortion are compensated for by changing
the shape of the mirror surface. In this case it is possible: (1) to fabricate cooled and
uncooled adaptive POEs with a high optical damage threshold in a wide range of
radiation exposures [21, 53]; (2) to produce adaptive optics systems for the entire
set of currently known schemes for generation of cw and repetitively pulsed laser
radiation in wavelengths ranging from far-IR to ultraviolet; and (3) to manufacture
adaptive POEs for correcting and measuring non-stationary phase distortions in the
time interval up to several milliseconds, by selecting the substrate materials of the
mirror surface which provide their predetermined static and dynamic deformation
properties [54–56].

The most challenging, in our view, is the realisation of adaptive POEs with a
high optical damage threshold of the reflecting surface, because it is necessary in
this case to combine the shape and cooling control systems in the reflector. Our
approach to creating adaptive POEs was based on the methods of forced heat
removal for cooling the mirror surface while shaping the reflecting surface by
controlled elastic deformation of the porous structure of the heat exchanger.

Prospects of our proposal consisted in the possibility of providing the necessary
static and dynamic deformation and thermal characteristics of adaptive POEs,
because the use of porous structures allows one to implement the optical damage
threshold (up to several tens of kW cm−2) of the mirror surface, whereas their use as
a substrate material of the mirror surface having low stiffness enables control of the
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shape of the reflecting surface in a wide range of local displacement amplitudes of
its individual regions. Moreover, since in the operating condition the material of the
porous heat exchanger of an adaptive POE is filled with a liquid coolant, natural
resonant oscillations of the mechanical design of the adaptive POE may be effec-
tively damped in the dynamic regime of the device operation.

Studies on modelling the correction of basic WF distortions by the adaptive POE,
determining the optical quality of the intense laser radiation flux (including the WF
tilt, defocusing, spherical aberrations), showed that at a consistent satisfaction of the
power optics requirements, involving realisation of high values of the optical
damage threshold (the porous structure thickness of the exchanger must be several
millimetres), inaccuracy of conjugation of the WF shape with the shape of the
reflecting surface for CO2 laser radiation is k0=10� k0=20 using a control system
with 50–60 actuators on the aperture of the adaptive POE up to 100 mm in length.

Along with the well-known solutions [56, 57], our approach to creating adaptive
POEs is very promising in the development of adaptive optics systems for
high-power lasers [58–63]. However, its implementation required complex inves-
tigations to establish the peculiarities of dynamic and static regimes of deformation
of porous structures, to study the influence of the processes of internal friction in
porous materials on the dynamics of their cyclic loading, to determine the effect of
anisotropy of mechanical properties of the structure on the form of the response
function of the reflecting surface, to establish an optimal (for these devices) control
of an adaptive optical system, and to create new types of actuators with high energy
capacity. It is important to note the major role of the design bureaus headed at that
time by B. V. Bunkin and N. D. Ustinov in achieving these goals.

Great importance in the development and creation of adaptive POEs with
specified static and dynamic characteristics was given to actuators providing the
required amplitudes of deformation over a wide dynamic range. Solutions related to
the use of piezoelectric materials in physical problems associated with adaptive
POEs are not free from drawbacks. These include the need for high strains required
for the realisation of amplitude displacements and the inevitability of hysteresis
phenomena that hinder the formation of a phase-conjugated laser beam WV by the
relief of the reflecting surface. In the regimes of ‘modulation’ and ‘phase conju-
gation’ the amplitudes of local displacements of the reflecting surface should reach
0:1� 0:5k0 and 1� 5k0, respectively. To ensure such displacement amplitudes we
proposed adaptive POE actuators of new types, which are made of magnetostrictive
materials and implement the conditions for the Joule and Wiedemann effects [62,
63]. At the same time we pointed out the prospect of creation of compact highly
efficient actuators, providing a stable amplitude displacement in the frequency range
up to 10 kHz.

The employment of the designed and built adaptive POEs utilising porous
structures is not confined to adaptive optics, although in this field they solve a
number of important problems. According to the results of modelling intracavity
optical systems [64–68], the use of adaptive POEs allows one to obtain the
diffraction angular divergence of radiation fluxes when use is made of unstable
resonators in high-power carbon dioxide laser systems. Adaptive POEs were
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essentially a new type of devices ensuring the local control of phase characteristics
of coherent radiation fluxes. As a result, they served as prototypes for different laser
beam modulation, selection and scanning devices. For example, the use of an
adaptive POE in the laser cavity made it possible to convert high-power cw radi-
ation into high-frequency repetitively pulsed radiation by Q-switching [68], and the
employment of adaptive POEs in a Fabry–Perot interferometer allowed for auto-
mated analysis of spectral and modal composition of laser radiation, etc. Undoubted
are the advantages of this class of adaptive POEs in traditional applications of
adaptive systems, such as laser ranging. Here we should mention paper [57], which
presents the characteristics of a number of adaptive mirrors.

17.5 Large POEs Based on Multilayer Honeycomb
Structures

Actual operating conditions of large POEs put forward in most cases contradictory
requirements, significantly complicating the process of their manufacture. With low
weight and high specific stiffness, large POEs should continue to operate under
intense unilateral heating and rapidly changing ambient temperature. However,
increasing the size of the POEs, while preserving the predetermined level of the
optical surface distortion, dramatically increases their mass. To reduce the weight of
large POEs while maintaining the stiffness of their structures, along with new
approaches such as the use of materials with synthesised physical and technical
properties promising is also the search for new solutions to the problem. In some
cases, the POE weight is reduced by creation of internal voids with relatively large
cells. This allows one to decrease the POE weight by 6–7 times for the value of
optical surface distortion by its own weight, which is 0.7–0.8 of monolithic mirror
distortion. However, it is difficult to create a system of thermal stabilisation without
significant loss of rigidity in POEs with large internal voids.

An alternative way to reduce the weight of bulky POEs, as in the case of highly
loaded POEs, is the use of highly porous honeycomb materials [69, 70]. We the-
oretically and experimentally investigated the possibility of creating lightweight
bulky POEs based on multilayer honeycomb structures. Such structures have a
relatively small mass at high specific stiffness, good thermal insulation properties
and high absorption of elastic vibrations. Multilayer structures also provide the
ability to create a highly efficient system of thermal stabilisation.

In the case of axisymmetric thermal loading the problem of thermal distortions
of the optical surface of a cooled multilayer honeycomb POE was solved in [71]. In
this case, to calculate the temperature fields in a large POE, we considered the
problem for a multilayer cylinder whose end and side surfaces were heated, and
inside the layers the heat was removed by a coolant. Thermal deformations W* of
the optical surface were determined as the sum of the normal thermal expansion of
the POE and its bending
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W� ¼ W�
n þW�

bend; ð17:62Þ

where W�
n ¼ RH0 bðzÞTðz; rÞdz is the normal extension; bðzÞ is the linear expansion

coefficient; T(z, r) is the temperature; and H is the POE thickness.
Bending was determined from the equation

r4Wbend ¼ �r2 MT

D
;

where

MT ¼
Zz0

z0�H

Ebz
1� m

Tðz; rÞdz

is the temperature moment;

D ¼
Zz0

z0�H

Ez2

1� m
dz

is the bending stiffness; and E is Young’s modulus. Poisson’s ratio ~v and the
position of the neutral surface were determined from the conditions

Zz0
z0�H

E
1� v2

~v� vð Þdz ¼ 0;
Zz0

z0�H

Ezdz ¼ 0;

WbendðrÞ ¼ C1 þC2 ln rþC3r
2 þC4r

2 ln rþ 1
D

Z2
0

1
q

Zq
0

nHðnÞdndq;
ð17:63Þ

and the constants C1, C2, C3 and C4-from the boundary conditions.
Studies showed [72, 73] that for the absorbed heat flux equal to *10 W cm−2

the optical surface distortions of the POE based on multilayer honeycomb invar
structures do not exceed 0.7 lm at the POE diameter of 1 m. Constant thermal
stabilisation (time needed to reach steady-state operation), which is determined
from the solution of the nonstationary problem, for such structures is a few tenths of
a second. A peculiar feature of lightweight honeycomb POEs is the fact that a
relatively non-rigid filling material may experience a shear strain and transverse
compression, significantly affecting the POE operation. In this connection, there
appeared a problem of its optimisation, which was considered in the framework of
nonlinear programming. The relative displacement of the POE surface under the
influence of gravitational, mechanical and thermal loadings was determined by the
finite element method [73].
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Figure 17.16 shows the dependence of M*/M and H*/H on the allowable dis-
tortion W* of the optical surface of the POE under its own weight. Here M* and H*

are the weight and thickness of a circular monolithic plate, and M and H are the
weight and thickness of the three-layer honeycomb invar structure with a diameter
of 2 m. It can be seen that the effectiveness of the multilayer honeycomb structure
increases with toughening the requirements for an acceptable distortion of the
optical surface. Figure 17.16 also shows that for certain ratios of the structural
parameters, the optical surface distortion can be minimised. The example of
employment of multilayer honeycomb structures during the manufacture of large
POEs 1 m in diameter is shown in Fig. 17.17. Lightweight bulky POEs made of
invar are currently used in laser facilities and confirm their high efficiency. This
class of POEs is described in detail in [74].

17.6 Large POEs Based on Composite Materials

Progress in this area is largely provided by the rapid development of new tech-
nologies and the synthesis of materials with fundamentally new properties. The
need for such a development is associated with an ever-expanding range of prob-
lems faced by modern science and practice.

A common disadvantage of large POEs made of glass, glass ceramics, fused
quartz and other materials, which are used in optical astronomy and laser tech-
nology, is their low thermal conductivity. Such mirrors cannot be used effectively in
unilateral heating and technological features of their production do not allow one to
significantly reduce weight and ensure effective thermal stabilisation.

Good results in the fabrication of lightweight large POEs have been achieved
using composite materials, the methods of their manufacture being well developed
[75–78]. Of greatest interest is the silicon infiltrated carbon-fibre-reinforced silicon
carbide composite. The process is based on the deposition of carbon on a free
surface during gas phase pyrolysis. Precipitating carbon strengthens frame filaments
and combines them into a rigid three-dimensional lattice. The thus obtained porous

Fig. 17.16 Dependences of
the thickness and weight of a
bulky honeycomb invar POE
2 m in diameter on distortions
of the optical surface
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silica preforms are impregnated with silicon melt in an inert atmosphere. By
varying the amount of silicon and impregnation temperature, one can produce
samples, significantly different in porosity and phase composition. One can also
fabricate virtually carbide porous structures with advanced open porosity, which,
except for weight reduction, provides an effective system for thermal stabilisation.
Heat treatment removes residual stresses in the composite, increasing its structural
stability.

A significant weight reduction of POEs while maintaining their specific rigidity
can be achieved also by creating a honeycomb structures. For a honeycomb frame
to be manufactured, we used the slip-casting method. Specially prepared slip mass
was poured into a mold and polymerised. After removal of the mold the preform
was annealed and siliconized.

Fig. 17.17 Preform of a
large multilayer honeycomb
invar POE 1 m in diameter

Fig. 17.18 Honeycomb
frame of the POE
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Figure 17.18 shows a honeycomb frame, produced by the slip-casting method.
By joining the resultant honeycomb frame with monolithic plates made of the same
material one can form a multilayer honeycomb structure with highly efficient
thermal stabilisation.

Figure 17.19 shows a photograph of a lightweight uncooled POE 500 mm in
diameter, placed on a polishing/lapping machine. A highly reflecting coating was
deposited on the optical surface of the silicon carbide wafer having a surface
roughness of 0.010 lm.

The optical damage threshold of cooled and uncooled POEs based on silicon
infiltrated carbon-fibre-reinforced silicon carbide composites was measured exper-
imentally, high power densities being simulated by the electron beam heating
facility we developed [79–81]. The POE was installed in a vacuum chamber and
served as an anode of an electro-optical system. The optical damage threshold of the
cooled POE 500 mm in diameter was achieved under thermal loading by an
electron beam with a power density of *300 W cm−2, which at characteristic
values of the reflection coefficients of the POE materials for laser radiation is
equivalent to a power density up to a few tens of kW cm−2. Significant expansion
of the range of new materials and the development of modem processing methods
and technologies of their connection favours the manufacture of effective large
POEs made of C/SiC materials based with record-high thermal stabilisation and
high optical performance.

Fig. 17.19 Large POE
500 mm in diameter on a
polishing dapping machine
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17.7 High Power/Energy Optics and Its New Applications

17.7.1 Cooling of Laser Diode Assemblies

One of the brightest and most promising implementations of the ideas of power
optics is now the introduction of forced heat transfer in high power/energy semi-
conductor lasers, which are widely used today to pump solid-state lasers having
active elements of different geometry: rods, disks, slabs, fibres [82–86]. Solid-state
lasers have the highest efficiency reaching 80% in some case. Modem manufac-
turing technologies of semiconductor structures made it possible to significantly
increase the laser lifetime (tens of thousands of hours of continuous operation). The
variation of the semiconductor material composition can change the wavelength
range of radiation from the near-IR to the UV. These lasers are very compact,
reliable and easy to operate. The power output can be increased by the simultaneous
use of a large number of laser diodes, which are formed in one-dimensional or
two-dimensional effectively cooled structures (Fig. 17.20).

Cooled laser diode assemblies possess almost all the remarkable properties of
single semiconductor lasers: high intensity, high reliability and long lifetime. These
lasers have much smaller weight and size dimensions in comparison with other
types of lasers, can easily be fed from independent low-voltage power supplies
(solar, nuclear energy) without bulky transformers. Equipment based on laser diode
assemblies really becomes a reliable high-performance instrument that can be used
in industry, medicine, research and military applications.

The stability of operation of laser diode assemblies and the value of their output
are completely determined by the heat transfer efficiency. Laser diode arrays are
soldered with a low-temperature solder to the surface of the heat exchanger, which
is produced in accordance with high-power optics technology. It should be noted
that the levels of heat fluxes which are to be removed from the contact region of the
array with the heat exchanger have already approached the characteristic values of
the power optics and are equal to several hundreds of W cm−2 [87, 88].

Fig. 17.20 Cooled laser
diode assembly
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17.7.2 New Generation of High Power/Energy Optics Based
on Silicon Carbide

Currently, the development of high-power optics stimulates three trends of efficient
use of its technical and technological solutions:

– lightweight, highly stable, large ground- and space-based telescopes for study-
ing the universe and transmitting energy over long distances;

– astronomical optical instruments for remote sensing of the Earth and near space
from spacecrafts;

– highly efficient cooled POEs for high-power lasers and laser systems.

All the three trends are based on cutting-edge technologies. The choice of the
POE material is a key issue in production of a new generation of optical objects.
Thus, a bulky silicon carbide POE has a weight that is 7–10 times lower than that
of the POE made of glass ceramics, the best quality in terms of radiation scattering,
high thermal stability and a minimum time constant (Fig. 17.21). Comparative
evaluation of materials with the help of optical quality criteria developed by us in
the early 1970s showed that silicon carbide has a distinct advantage over traditional
materials [19, 20]. This conclusion is consistent with more recent conclusions of
foreign experts from Germany, France, Japan and China. It is appropriate here to
note the contribution of acad. E. P. Velikhov, who initially supported the creation
of the technology of silicon carbide production and the development of large optics
[89–93].

Obviously, the development of bulky POEs for high power/energy lasers and
transition to a new generation of space-based telescopes is accompanied by the
introduction of silicon carbide and related technologies into everyday practice.

Fig. 17.21 Silicon carbide
POE
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17.8 Conclusions

In concluding this chapter of theoretical and experimental works in the field of high
power/energy optics we should note one very important point: Effective develop-
ment of any of the areas of modem cutting-edge technologies, as a rule, gives a
result not only in the related fields of technological applications, but also in com-
pletely different branches of science and technology. Thus, the appearance of one-
and two-dimensional cooled high-power laser diode arrays, large astronomical
cooled POEs based on silicon carbide and complex composite materials is largely a
consequence of the success of power optics [94–99]—a recognized effective donor
for many areas of science and advanced technology of the XXI century. Its suc-
cessful development continues.
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Chapter 18
New Technologies for High Power/
Energy Lasers Based on LD-Structures,
New Technologies and Materials

18.1 Introduction

At the present, high power/energy lasers are often treated as laboratory equipment
requiring constant maintenance by specially trained personnel. In this regard, the
most promising now are semiconductor lasers. To date, they have the record-high
efficiency reaching 70%. Modern technologies of fabrication of semiconductor
structures have made it possible to significantly increase the lifetime of the laser,
which is tens of thousands of hours of continuous operation. Besides the variation
of the semiconductor material can change the wavelength range of the radiation
from the infrared to the ultraviolet.

Currently, semiconductor lasers are the only lasers used in household appliances,
namely, in communication and electronic devices. The cost of semiconductor lasers
is still high, but falling from year to year as the production grows up. Semiconductor
lasers are very compact and easy to operate.

The main feature of lasers based on semiconductor structures (LD-structure),
which allowed them to work at room temperature, is a small amount of the active
medium. Therefore, the output power of a single diode is low. Currently, it does not
exceed 10 W. To increase the output power, one needs to use at the same time a
large number of laser diodes, which form one-dimensional (bars) or
two-dimensional (arrays) structures. This direction in the development of
high-power semiconductor laser systems is being exploited relatively recently, but
very rapidly.

The assembly of laser diodes has almost all the remarkable properties of single
semiconductor lasers, such as high intensity, high reliability, long lifetime (up to
1012 cycles). These lasers have much smaller weight and size dimensions (up to 10
times) in comparison with other types of lasers. They can be easily fabricated with
an independent low-voltage power supply (solar, nuclear) without bulky trans-
formers. Equipment based on laser diode assemblies really becomes a reliable
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high-performance tool that can be used in industry, medicine, and military
hardware.

Almost all developed countries are, in one way or another, involved in the
design and development of such laser systems. The leading role is played by the
USA, Germany, England, and France. Interest in the creation of these systems is
huge. Suffice it to say that just in the last two years, many small companies,
specializing exclusively in the production of these lasers, have been established in
the USA and China. This proves that their commercial benefits come to the fore.

To date, there are three main areas of use of cooled high power/energy laser
diode assemblies.

(i) Pumping of solid-state crystal lasers. These lasers, having high-quality out-
put radiation, work as light transformers. The efficiency of such lasers is
much higher than the efficiency of solid-state lamp-pumped lasers, because
pumping by semiconductor lasers makes it maximal. For kilowatt lasers, the
efficiency has already exceeded the value of a few tens of percent. Radiation
of semiconductor lasers does not deteriorate the gain medium of solid-state
lasers, thereby extending significantly the lifetime of the entire laser system.
Weight and size dimensions of such systems are small, which makes them
transportable. The main purpose of modern research is to develop and fab-
ricate diode arrays with the highest possible power density. The record of
200 W from a 1-cm-long diode array has been demonstrated recently thanks
to the improvement in technology and assembly structure and to a highly
efficient heat transfer in the porous structure of the heatsink. The maximum
output power from one array, according to calculations, can reach 500 W.
This is especially important for further scaling of the power of laser systems
and for increasing their efficiency. A diode-pumped laser with an output
power of 100 kW and higher has been recently developed and fabricated in
the US.

(ii) Coupling of the diode array radiation into the fiber for puming fibre lasers or
for further transport to the processing facility. Radiation losses in the laser
diode assembly-optical fibre system are about 15–20% and mainly deter-
mined by the heat transfer, which does not allow one to effectively combine
the lasing zones of separate diodes of the array into a minimal spot on the
aperture of the fiber with the help of cylindrical optics.

(iii) Development of phase-locked ID and 2D diode arrays. The output radiation
of such lasers is a set of narrowly focused interference peaks (in particular
one peak) with a low divergence. Based on theoretical estimates, the output
power of such systems can be as high as the power of a conventional out-
of-phase diode array. Therefore, such lasers are a source of light with a high
efficiency inherent in semiconductor lasers and with a low divergence
characteristic of solid-state crystal lasers. At present, such systems are being
actively studied. The possibility of scaling the process of phase-locking of
arrays and bars of laser diodes has already been shown and high-power laser
diode assemblies have been produced.
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(iv) Recent advances in solid-state, fiber, and diode laser technologies along with
various beam combination techniques resulted in a rapid increase of output
power available from these devices. Design of high-power laser systems
exceeding limits of single-aperture emitters relies on coherent and incoherent
combination of radiation from multiple emitters into a single beam with
enhanced brightness. Coherent combination requires mutual phase locking of
multiple emitters. Therefore, coherent oscillation of a multichannel laser
system requires conversion of all emitters to a single-frequency regime
(single transverse and single longitudinal modes) and precise control of
relative phases of all emitters. There are several approaches to mode selec-
tion and phase locking. In this chapter, we would like to stress the impor-
tance of passive methods that require narrow spectral and angular selectivity
of locking elements. Several methods of incoherent combination of laser
beams are currently under investigation. The most interesting approach under
development in our days is the high-density spectral beam combining (SBC),
which requires extremely high spectral selectivity of combining elements.
Low efficiency of a laser system means that excessive amount of heat is
generated during operation. Maintaining low beam divergence (high
brightness) under heat loading and providing efficient heat dissipation in a
portable system are the main challenges associated with high-power laser
systems. Semiconductor lasers are the highest efficiency laser sources
demonstrated up to date. A number of manufacturers have developed high
power/energy laser diodes with efficiency exceeding 70%. However, poor
beam quality and high divergence of high-power diode laser systems prevent
their use as primary sources of emission in a number of important applica-
tions. They have been extensively used to pump other lasers, particularly
solid state (slab and disk) and fiber lasers capable of producing high-quality
beams at the expense of reduced output power and overall system efficiency.
Diode-pumped solid state and fiber lasers are essentially brightness con-
verters for diode laser systems, providing enhanced brightness at the expense
of overall system efficiency. While this approach has proved very useful and
high efficiency of conversion has been achieved, dissipation of additional
heat generated in the system requires significant increase in system size.
Direct diode laser systems would make for more efficient and compact laser
systems if higher brightness could be achieved without using intermediate
lasers. Techniques of transverse mode selection and spectral narrowing of
laser diodes together with efficient beam combining techniques enable a new
generation of compact high-power laser systems. This high-efficiency por-
table direct diode system would produce a 10-kW laser beam with
near-diffraction limited divergence, and even could be scalable up to the level
of 100 kW and more.

Thus, the development and fabrication of water-cooled high power/energy laser
diode bars and arrays are promising direction for the implementation of the ideas of
power/energy optics in new high power/energy sources of coherent radiation.
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18.2 New Approaches for High Power/Energy Lasers
Development

(i) Pumping of solid-state crystal lasers

The use of LD-structures for pumping solid-state lasers leads to the high output
optical quality and generally speaking use to work as a light transformer. The
efficiency of such a system is low due to the low efficiency of solid-state lasers;
however, pumping by semiconductor lasers makes it maximal. Radiation of
semiconductor lasers does not spoil the working medium of crystal lasers, which
makes it possible to significantly extend the life of the entire laser system. Weights
and dimensions of such systems are small, which allows them to be easily trans-
ported. The main purpose is to develop and fabricate diode arrays (bars) with the
highest possible power density. Record-high values, i.e., 115 W from a 1-cm-long
single diode array, were obtained by Coherent Inc., USA. The limiting power from
one bar, as calculations show, can reach 500 W. At the Department of High-Power
Lasers of the A.M. Prokhorov General Physics Institute of the Russian Academy of
Sciences a 1-cm-long diode array with an 100 W output was fabricated. Solid-state
diode-pumped lasers are being increasingly studied and developed by a large
number of firms in the various countries. High-power diode-pumped laser systems
are being developed mainly in such major companies as Rofin-Sinar Technologies
Inc. (Germany), Coherent and Newport Corporation (USA).

(ii) Coupling radiation from a diode array into a fiber

An important problem here is the coupling of radiation from a diode array into the
fiber for further transport to the work piece to be processed. Radiation losses in such
a laser–fiber system reach more than 30%. At the same time, 500-W laser systems
are known to be produced industrially in the U.S., France and Germany.

(iii) Phase-locking of a diode array

In our opinion, the most promising application of laser diode assemblies is the
creation of a phase-locked diode array. The output radiation of such a laser is a set
of narrowly focused interference peaks (in particular one peak) with a small
divergence. The estimated output power can reach the power of a conventional
diode array producing one set of beams that are out of phase with those of another
set of beams. This laser is a light source with high efficiency and low divergence
that are characteristic of semiconductor lasers and solid-state crystal lasers,
respectively. By analogy with the technique of phase-locked antennas in the radio
range, the beam divergence in the case of phase-locked diode arrays can easily be
increased to 10−6 rad without expensive telescopic systems, which provides
ultra-long communication and transmission of energy over long distances.

At present, these systems are being actively studied. For example, Closed
Joint-Stock Company Energomashtekhnika has been conducting research in this
field since 1997 and has produced a prototype of a *20 W phase-locked laser. The
possibility has been shown of scaling the process of phase-locking of the arrays and
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bars of laser diodes. Arrays of laser diodes with an output power up to 500 W have
been fabricated. The effect of phase-locking of high power/energy laser diode
structures is being increasingly investigated. According to the press in other
countries, the maximum output power in a phase-locked array is reported to be only
1.5 W.

(iv) Spectral beam combining

The fiber SBC architecture maintains the high efficiency, high surface-to-volume
ratio for simplified thermal management, and flexible packaging of fiber lasers.
Furthermore, the architecture provides the same exceptional ruggedness and relia-
bility of fiber lasers since the majority of the path length is in fiber without requiring
adjustments or alignment. Fiber delivers light from the different fiber lasers up to a
beam combiner module containing the free space optics. The simple optical layout
combines the outputs from different wavelength fiber lasers on a single reflective
multi-layer dielectric grating without requiring active adjustments or control loops.
The outputs from an array of fibers are collimated with a transform mirror and
directed on to a dielectric grating with each beam at a unique angle. The wavelength
of each beam is selected to diffract into the same output angle, such that the
ensemble of beams are overlapped into a single beam of multiple wavelengths. The
architecture produces near-diffraction limited Gaussian profile beams in the near
and far field, nearly identical to that of the individual fiber lasers. We previously
demonstrated this approach at >3 kW output power with excellent beam quality and
high efficiency by combining twelve fiber lasers of approximately 300 W each.
Below we describe recent work where we extended the SBC approach to 96 fiber
lasers of approximately 300 W each to produce more than 30 kW output power.

18.3 Laser Systems of Propellant Ignition

One of the most important applications of laser diodes is the creation of a system of
multiple ignition of rocket propellant in the combustion chamber of a launcher.
Apart from the fact that the parameters of the laser system should provide multiple
ignition of the mixture with 100% certainty, the laser design must meet the
requirements specific to onboard lasers that are currently used in space technology:

1. Compactness
2. Small size and weight
3. Absence of high-voltage in the power supply system
4. Resistance to vibrations and g forces
5. Absence of active cooling (including the closed circuit with a refrigerant and a

pump)
6. Long service life.

A new and specific requirement for the launcher-related design of the laser is the
need to deliver the laser radiation into the combustion chamber through an optical
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fiber. Accordingly, the peak and average power of the laser must permit delivering
its radiation into the fiber with a minimal chance of the fibre damage.

Since July 2002 works have been on the way for a laser system ensuring mul-
tiple ignition of rocket propellant components in the prechamber (or ignitor) of the
third-stage rocket motor. In the course of these works the following sources of laser
radiation were used:

(A) Solid-state laser

A solid-state laser operating in a modified spike regime, first proposed and patented
by CJSC Energomashtekhnika, with the following radiation parameters:

Wavelength—1.054 µm;
output energy—4–10 J;
temporal shape of radiation—a train of 100–150 pulses with an irregular period;
pulse train repetition rate—a single pulse;
duration of the pulse train—600–700 ms;
duration of a single pulse—200–400 ns;
pulse spacing—4–7 ms;
peak output power *100 kW;
divergence—4 � 10−4 rad;
type of the active element pumping - lamp pumping.

Figure 18.1 shows the oscillograms of a train of pulses (Fig. 18.1a) and of single
spike (Fig. 18.1b) of a laser operating in a modified spike regime. A characteristic
feature of the temporal shape is the irregular spacing between neighboring spikes
within the pulse train and the high contrast of the spikes with respect to the pedestal
(significantly higher than in the pulse of a conventional free-running solid-state
laser). It should be noted that the duration of the spikes is by about order of
magnitude shorter than in the traditional pulse. These differences in the temporal
shape of the modified spike regime made it possible to realize a much higher peak
output power compared to a traditional pulse of the same energy.

The laser is a laboratory model with a rather bulky power supply and cooling
module. The dimensions of the laser head are as follows: 200 � 200 � 1400 mm.
The appearance of the laser head is shown in Fig. 18.2.

(1) A solid-state Q-switched pulsed laser:

wavelength, 1.06 µm;
pulse energy, up to 1 J;
peak power, up to 100 MW;
pulse duration, 10 ns;
repetition rate, a single pulse or 10 Hz.
The laser however was a rather cumbersome laboratory bench.

(2) A serial ytterbium fiber laser (YPL1/100/20):

wavelength, 1.062 µm;
average output power, 20 W;
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pulse duration, 120–150 ns;
pulse repetition rate, 20–80 kHz;
maximum pulse energy, 1 mJ;
maximum peak power, 10 kW;
divergence, 10−3 to 3 � 10−3 rad.

The laser was significantly smaller in size than the two above-mentioned lasers,
the total weight of the power unit and the laser head was 8 kg. Neither water
cooling nor a high-voltage power supply was used in the laser.

Experiments were performed to study the ignition of different fuel mixtures
(oxygen–kerosene, oxygen–alcohol, oxygen–hydrogen) in the prechamber (or ig-
nitor) of the third-stage rocket motor. In the first stage of the research, the radiation

Fig. 18.1 a Oscillogram of a “ruff pulse” (100 mks/div); b oscillogram of single pulse from “ruff
pulse” structure (250 ns/div)

Fig. 18.2 Laser head and power supply
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was delivered into the prechamber through an optical window, which was installed
in the seat of a standard spark plug. The radiation was focused by a lens mounted
outside the chamber onto the target placed inside the chamber. In the experiments a
metal mesh was installed in the channel of the input laser beam. This target made it
possible to successfully ignite the fuel mixture. Due to the large capillary resistance,
the target in the form of a mesh effectively protected the sapphire window (through
which the laser beam is delivered) from condensation. The disadvantages of this
target include the problem of maintaining its thermal stability during the operation
of the combustion chamber. A graphite rod, mounted in a brass ring, is inserted into
the combustion chamber. This target can be moved along the axis of the combustion
chamber, thereby determining the optimal zones to initiate ignition. This target
makes it possible to ignite the fuel mixture at very low levels of laser energy. The
downside of the target is the possibility of its destruction in the high oxidizing
environment; the wall of the subsonic part of the exit nozzle is covered with oxides,
special targets in the combustion chamber are absent. The laser beam was focused
on the wall with a long-focus lens. This variant is the most reliable one for ignition,
as no high requirements are imposed on focusing and there are no changes in the
scheme of the combustion chamber (Fig. 18.3).

The experimental results showed a significant advantage of laser (1) over other
lasers: the use of this laser made it possible to ignite all the above-mentioned
mixtures with a large margin of the radiation energy. In particular, the threshold of
ignition for the oxygen–hydrogen mixture was 90 mJ.

Laser (2) ignited only the hydrogen–oxygen mixture (this mixture is known to
be the most flammable one), and the ignition threshold was 60 mJ.

Laser (3) ignited all the above-mentioned mixtures. However, reliable ignition
was achieved using the full laser power of 20 W, optimal repetition rate of 50 kHz
and conical target, which provided cumulation of the material evaporated from the
target and, accordingly, its additional heating.

Fig. 18.3 Laser head YPL1/
100/20
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In our opinion, in experiments with two lasers, (1) and (3), the optical break-
down threshold for the gas mixture near the target was not reached; the basic
mechanism of ignition was the contact of the gas mixture with heated vapors of the
target material formed near it by laser ablation. Because in the case of laser
(1) the peak power was about 10 times higher, the higher was the temperature of the
vaporized material. Most likely, this parameter played a crucial role in the suc-
cessful ignition of less flammable mixtures such as oxygen–kerosene and oxygen–
alcohol.

Because of a significantly higher peak power, in experiments with laser (2) the
optical breakdown threshold of the gas mixture was substantially exceeded. The
plasma, produced near the target on the leading edge of the laser pulse, shields it
from the rest of the pulse and no target material is significantly evaporated.
Therefore, the main ignition mechanism is the ignition of the gas mixture at its
contact with the laser plasma. However, based on the experimental results, this type
of ignition is less effective because it does not allow one to ignite less flammable
mixtures. Based on these experiments, we can draw the following conclusions:

– The mechanism of laser ablation is more effective to ignite the rocket propellant
mixtures than the optical breakdown of the mixture. An additional argument in
favor of ablation is the fact that the propellant itself is not involved in the
process. Therefore, hot vapors of the target can be produced either before or
during the injection of the propellant components. In the case of the optical
breakdown of the mixture, its threshold depends strongly on the gas composi-
tion and pressure in the chamber. In this case, the breakdown can occur after
filling the chamber with the mixture. Such a regime is ideal in the case of a small
combustion prechamber, but can lead to self-ignition of the mixture and to an
explosion in a large combustion chamber.

– The laser pulse energy (and, hence, its peak power) significantly affects the
temperature of the evaporated material, and the total energy of the pulse train
influence its mass. An increase both in the temperature and the mass of the
evaporated material provides more reliable ignition of propellant mixtures.
Therefore, in designing an ideal laser for ignition, it is needed to optimize both
the peak power of a single pulse and the energy of the pulse train (in the case of
a pulse-periodic laser, high power).

– It is also likely that an important parameter is the laser pulse repetition rate. At
the optimal repetition rate additional heating of the target vapors by subsequent
pulses is also possible, but in such a way that the target vapors would not fully
absorb the incident radiation and allow for ablation in all the pulses of the train.
Thus, when working with laser (3), optimal was the frequency of 50 kHz, at
which a continuous optical discharge was observed near the target (Fig. 18.4).

(B) Fiber-optic coupling system for ignition

The use of optical fibers for coupling light into the combustion chamber eliminates
the installation of an optical window in the wall of the chamber and delivers
radiation through a small hole in the housing, comparable in diameter to those used
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for the injection of fuel mixtures of components (hundreds of µm). Installation of
the optical window is often impossible due to design reasons; besides, an additional
risk is due to the possibility of explosion of the window at very high temperatures
and pressures in the combustion chamber.

Therefore, in the second stage of the works an original construction has been
designed and manufactured to couple optical radiation into the fiber and place the
fiber inside the combustion chamber. This design ensures high reliability of the fiber
attachment, long service life without re-polishing of the end that is in the combustion
chamber, and the optimal delivery of radiation to the target. The optical scheme of
the ignition system with fiber-optic input is shown in Fig. 18.5. Subsequently, this
design was used to deliver the radiation of lasers. The radiation of laser could not be
coupled into the fiber due to the very high peak power that damages the fiber end.
The power can be splitted by seven channels and delivered to the igniter.

Thus, a single-pulse Q-switched solid-state laser with pulse duration of *10 ns
is not optimal for igniting the propellant mixtures and causes big problems when
coupling the laser beam into an optical fiber. We consider it inappropriate to use

Fig. 18.4 Optical igniter with optical discharge

Fig. 18.5 Seven channels pumping block with near field pattern
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such lasers for igniting propellants. Based on the above considerations, it is
proposed to test sequentially the lasers developed and designed by CJSC
“Energomashtekhnika” for igniting propellants in the combustion chamber of the
rocket booster (the oxygen–hydrogen mixture). The lasers have the following
parameters:

I. A solid-state laser with semiconductor pumping:

wavelength, 1.06 µm;
pulse duration, 100–200 ns;
pulse energy, 10–50 mJ;
peak power, 50–500 kW
pulse repetition rate, 5–100 µs (the optimal interval is determined for each
working mixture);
continuous operating time, 5 s.

Based on the experience in designing solid-state diode-pumped lasers and laser
diode arrays at CJSC Energomashtekhnika, we came to the conclusion that such
parameters can be demonstrated by a transversely diode-pumped solid-state laser
with a passive optical switch (e.g., LiF with color centers) to ensure modulation and
by laser diode arrays in phase-locked and out-of-phase regimes. The proposed laser
can make use of the original patented diode-pumped laser with the following
parameters: pulse energy, 50 mJ; pulse repetition rate, 100 Hz; a special design for
fixing the active element and diode laser arrays, which eliminates water cooling. At
present, the laser emits pulses with an energy of 50 mJ and a repetition rate of
50 Hz. If long-term continuous operation is required (the laser operates from 1 to
5 s), a substantial increase in the pulse repetition rate (up to 1 kHz) is possible
without reducing the pulse energy.

II. A laser diode array in an out-of-phase oscillation mode (intermediate stage):

wavelength, 0.808 µm;
operation mode, pulse-periodic;
pulse duration, 100 µs;
pulse energy, 0.2 J;
peak power, 2 kW;
maximum peak power density during focusing, 2 MW/cm2;
pulse repetition rate, 1 kHz;
continuous operation time (without cooling), 5 s.

III. An array of laser diodes in a phase-locked oscillation mode

wavelength, 0.940 µm;
operation mode, continuous;
power, 40 W;
maximum peak power density during focusing, 40 MW/cm2;
continuous operation time (without cooling), 5 s.
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In comparison with diode-pumped solid-state lasers, the laser diode array,
operating both in the out-of-phase (cheaper) and phase-locked oscillation modes is
even more compact and reliable ignition device. Since, as shown above, the
mechanism of laser ablation is more effective to ignite rocket propellants than the
optical breakdown, the devices based on the array technology must take a critical
position in the solution of the above problems. It should be noted that the first
samples of laser diode arrays developed for other purposes, have already been
produced at CJSC Energomashtekhnika. Currently, work is underway to ensure
phase-locking of laser diode structures.

Estimates show that the radiation of the proposed lasers can be coupled into an
optical fiber without the risk of its damaging. A significant increase in the pulse
energy and pulse duration at a high repetition rate within 5 s or a transition to the
continuous regime with sharp focusing of the radiation under conditions of its
phase-locking suggests that the proposed ultra-compact laser systems are ideal
devices for solving the problem of reliable multiple ignition of various components
of the rocket propellant in combustion chambers of the launchers.

Thus, high-power diode arrays are promising sources of radiation, the dominant
role of which in the new millennium is ensured by a unique set of basic features and
characteristics.

18.4 New SiC-Mirror Manufacturing Technology
Capabilities

For many years, Russia has been developing new materials based on refractory
metals and ceramics. Results of works have been widely used in the development of
a nuclear jet engine and fuel elements of nuclear reactors. In the early 1970s,
researchers at the Lebedev Physical Institute of the USSR Academy of Sciences
(the General Physics Institute of the USSR Academy of Sciences was organized
later in 1983 on the basis of the Laboratory of Oscillations of the Lebedev Physical
Institute) discovered the physical effect of local deformation of the reflective mirror
surface and began to actively conduct research to design power optics for
high-power laser systems. The solution of this problem required a material that
under conditions of radiation exposure, alternating temperatures and inertial
accelerations, retains high geometric stability and has high corrosion resistance in
aggressive environments, such as hydrogen fluoride (Table 18.1).

Analysis of a wide range of materials on the basis of stability parameters pro-
posed in [1–3] has shown that silicon carbide produced either by reaction bonding
or sublimation has an advantage over other materials in all criteria. Specific heat
loads under cw, repetitively pulsed and pulsed irradiation (kW/cm2) also play an
important role. The data obtained are in good agreement with the results of similar
studies carried out much later by US specialists [4].
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The technology we developed in the late 1980s allows [5–8] to fabricate mirrors
with a high specific radiation resistance while maintaining the geometric stability of
the reflecting surface (Fig. 18.6).

Currently, SiC is recognized worldwide as a highly promising material for
mirror substrate fabrication and development of all the telescope components due to
its many attractive properties, such as:

– high specific stiffness (high rigidity and low density);
– low thermal sensitivity (low thermal expansion coefficient and very high thermal

conductivity); and
– extreme hardness and stiffness, which allow for good mechanical property

retention in the micron range and ultimate characteristics for mirror forming and
polishing.

Currently available equipment makes it possible to produce meter-class mono-
lithic silicon carbide mirror blanks. The methods developed for the manufacture of
cellular silicon carbide substrates allow for fabrication of lightweight space- and
ground-based laser mirrors (Fig. 18.7).

The original welding technology of SiC ceramics enables the manufacture of
complex structures having low weight and high rigidity, such as, for example,
optical benches, mounts (racks, farms, etc.) and other elements of laser mirrors
(Fig. 18.8).

The developed welding technology provides vacuum-tight connection, which
enables the production of hermetic containers made of silicon carbide for long-term
storage of spent nuclear fuel (SNF). Widely known is the inertness of silicon

Fig. 18.6 a SiC laser mirror (1 m in diameter) cooled via a porous heat exchanger;
b Reaction-bonded non-cooled SiC mirror
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carbide to corrosion and high resistance to all types of ionizing radiation (gamma
rays, neutrons, protons), which ensures reliable storage of SNF that is in contact
with groundwater for thousands of years. In cooperation with the OJSC SPII
VNIPIET we have designed and manufactured a full-size prototype of a silicon
carbide cask for long-term storage and disposal of absorbing elements of nuclear
submarine reactors and unreprocessible SNF of nuclear-powered ice-breaker fleet.

The methods of silicon carbide purification and high production standards
elaborated in Russia made it possible to design and build tooling for manufacturing
processes of very-large-scale integrated circuits (VLSICs). The manufactured
products meet world standards (NORTON company) as evidenced by the growing
volume of purchases of tooling in Europe and the United States. The plant that is
friendly to our organization makes accessories that enable to deposit VLSICs on
silicon wafers with a diameter from 75 to 300 mm (Fig. 18.9).

The high thermal conductivity of silicon carbide (k > 250 W/mK for sublimated
and k * 490 W/mK for single-crystal SiC) enables the use of silicon carbide as a

Fig. 18.7 Honeycomb structure of lightweight laser mirrors

Fig. 18.8 Elements of a
cooled mirror
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heat exchanger. Currently, the technology of manufacturing high-performance SiC
heat exchangers for semiconductor laser diode arrays has been perfected. Thus, in
close cooperation with industrial enterprises we have produced and tested samples
of laser diode arrays (Fig. 18.10) with a radiated power from one array at the level
of 115 W.

Fig. 18.9 Accessories made of high purity silicon carbide for VLSIC production. a Cassette for
silicon wafers up to 200 mm in diameter; b reactor for annealing wafers up to 200 mm in diameter
and c reactor and cassette for wafers 300 mm in diameter (presented by G. I. Babayants)

Fig. 18.10 SiC heat
exchanger for an array of
semiconductor laser diodes
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18.5 Conclusions

The use of silicon carbide as a heat conductive material is also important because its
thermal expansion coefficient is close to the thermal expansion of gallium arsenide
(GaAs), a substrate of a semiconductor laser array, which prevents its cracking
during brazing to the body of the heat exchanger. Studies are under way and
positive results have been obtained in the implementation of radiation phasing on
two-dimensional arrays of semiconductor laser diodes. Currently, research is under
way to develop technology for growing silicon carbide single crystals of much
bigger size for the manufacture of microelectronic and optoelectronic devices
operating at high temperatures and fluxes of ionizing radiation.
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Conclusions

Powerful pulsed and pulse-periodic lasers are capable to create the
current-conducting channels of a large length, which are located at the arbitrary
distances from the source of radiation. Length of channels about hundreds of meters
can be achieved with low energy of the single pulses. Beginning from the 70’s,
successful attempts at their use for the solution of problems by the interception of
lightning and blocking of the waves of overvoltage on the electric power lines were
undertaken. Successful developments of the technology of high-frequency P-P
regime of high power/energy lasers and technology of “Impulsar” make it possible
to foresee the possibility of the realization of the well conducting channels with
length into several ten and hundreds of kilometers for the purpose of the energy
transfer up to the significant distances, creation by new promising for the mastery of
outer space of power engineering and to contribute to an essential improvement in
the global ecology of planet.

The book based on our previous works has shown that, in spite of the discon-
tinuous structure of the long laser spark created by pulsed laser in the vicinity of a
grounded electrode, it may capture the channel of leader discharge developing in
the gap between the electrode and the charged aerosol cloud. The capture takes
place for quite high electric field strength at the electrode, its value being close to
that of the field required for the emergence of an ascending positive leader in the
absence of a laser spark in the gap. The creation of a laser spark near the tip of an
earthed electrode enables a considerable decrease in the time of formation of a
stable leader, which starts propagating toward the cloud and captures a part of the
laser spark. As a result, its velocity increases compared to the case when the
discharge develops in the absence of a laser spark in the gap. The continuous
laser-induced spark that has been demonstrated in our experiments for such
applications is the next step for a reliable lightning protection system development.
Indeed, owing to the interaction process with the continuous laser-induced spark,
the leader discharge developing from the tip of the lightning rod may much better
precede the ascending discharges from the object being protected during its advance
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toward an approaching descending leader, capture the latter, and thus protect the
object.

We determined the range of sizes of dust nanoparticles (from 50 nm to 300 µm)
and their minimum volume density that are necessary to provide an electric
breakdown in order to form a plasma channel according to the “Impulsar” program.
The results of the model experiments showed that nana-particles in the plasma
channel can merge into larger aggregates during the laser reactive engine 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 X/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 electric field 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: (1) 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; (2) 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 during thermionic emission; (3) forma-
tion of large linear aggregates of aerosol particles, which are formed during wire
explosion; (4) low oxygen content in the channel as a result of fast oxidation of
aerosol particles formed during wire explosion.

The use of silicon carbide as well as other new sophisticated materials as a heat
conductive matter is also important because its thermal expansion coefficient is
close to the thermal expansion of gallium arsenide, a substrate of a semiconductor
laser array, which prevents its cracking during brazing to the body of the heat
exchanger. Studies are under way and positive results have been obtained in the
implementation of radiation phasing on two-dimensional arrays of semiconductor
laser diodes.

Currently, research is under way to develop technology for growing silicon
carbide single crystals of much bigger size for the manufacture of microelectronic
and optoelectronic devices operating at high temperatures and fluxes of high
power/energy laser radiation.

Only the nearest future will show the details of physical-technical solution for
the best high power/energy laser which will be used effectively for many important
challenges faced by science and technological advances of the future. However,
today we can say that creation of high power/energy class high frequency
pulse-periodic lasers with a large cross section of the active medium, high com-
pactness and low weight will open up a great prospects for their use in solving the
problems of launching of small satellites by lasers, formation of super-long con-
ducting channels in space (vacuum and atmosphere), cleaning of the near-Earth
space from space debris and other important tasks of our days.
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