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Gas breakdown, steady-state maintenance and the continuous generation of a low-temperature plasma, and
propagation of the plasma fronts, all are induced by laser radiation. By nature, and in conformity with the
fundamental laws, these effects are not different from similar processes that occur in constant and alternating
fields and which are a traditional subject of the study of the physics of gas discharge. In fact, a new chapter
has been added to the gas-discharge sciences: discharge at optical frequencies. It is a rapidly developing new
field which encourages both new experiments and applications. It appears useful at this time to characterize
the position occupied by the new field within the general framework of discharge sciences, and to analyze and

appraise the latest results.

PACS numbers: 51.70. + f

1. POSITION OF THE OPTICAL DISCHARGES AMONG
OTHER DISCHARGE PHENOMENA

(a) Frequency ranges

During the “pre-laser” era and, more precisely, up
to the mid-60’s, the physics and technology of gas dis-
charge were committed to fields in three basic fre-
quency ranges: (1) constant electric fields with which,
depending on the nature of interaction, relatively short-
lived pulsed fields and low-frequency oscillating fields
are partially conformable, (2) high frequencies (called
“radio frequencies” in the foreign literature), a broad
range with a mean around 1 MHz, and (3) superhigh
frequencies, designated SHF (called “microwaves” in
the foreign literature) and to be found in the gigahertz
region that corresponds to the centimeter and milli-
meter waves. Beyond these lies the optical region: in-
frared, visible and ultraviolet radiation. However,
during the pre-laser era—characterized by weak con-
ventional, non-laser, light sources and the fields they
produced —the possibility of occurrence of gas-dis-
charge effects in the light fields was beyond everyone’s
comprehension.

Historically, gas-discharge phenomena were explored
in general in the order of ascending frequency ranges.
Thus, constant or short-lived fields generated by con-
denser discharges were investigated first (hence, in-
cidentally, the term “discharge” which applies to proc-
esses occurring in the gas portion of a circuit). To-
ward the end of the last century and the early part of
this century, attention had shifted to rf fields. The
early 1940’s and the development of rocket technology
had advanced the range to microwaves. And, finally,
the mid-1960’s have moved the field into the optical
range.

The development of relatively powerful pulsed and

cw lasers had enhanced the discovery and investigation
of the many new phenomena induced in a gas by laser
radiation, and the interaction of the latter with ionized
gases and plasmas. Upon closer examination, it be-
comes evident that among these effects there are spe-
cific processes which naturally and fully belong to gas-
discharge physics. The laser technology has essential-
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ly bequeathed to the discharge physics a fourth, optical
range, thus intrinsically endowing this science with a
fundamentally new, exceptionally interesting and highly
applicable chapter that deals with discharges in optical
fields. Conceivably, the new term-—optical discharge—
sounds alien to many at this time, but, in fact, it con-
veys as much sense as the time-honored terms “radio
frequency” or “microwave” discharges. The new chap-
ter occupies a proper place among the gas-discharge
sciences, and it entails the same fundamentals as the
chapters on radio-frequency and microwave discharges.

(b) Classification of ““discharge processes’’

For simplicity, and in order to clarify the position
that effects, arising from the interaction of laser ra-
diation with the ionized gases, occupy among the con-
ventional gas-discharge phenomena, it is expedient to
classify all gas-discharge phenomena in some meaning -
ful way. Bearing in mind that the interaction of laser
radiation with a gas is unaffected, as a rule, by the
presence of solid surfaces, the effects must be classi-
fied according to criteria which are dissociated from
the effects of electrode-, near-electrode- and bound-
ary-intensive processes. We shall distinguish three
basic types of spatial gas-discharge processes:

(1) Gas breakdown, development of a turbulent ava-
lanche ionization in it due to an applied external field,
and conversion of initially non-ionized gas into a plas-
ma,

(2) Maintenance of an unstable plasma by a field, in
which the temperature of electrons responsible for the
ionization is sufficiently high, and the gas containing
atoms, molecules and ions remains cold. Normally,
this corresponds to a weakly-ionized plasma at fairly
high pressures, below 100 torr., The degree of ioniza-
tion is, moreover, much lower than a value for a sta-
ble plasma, which corresponds to electron tempera-
ture.

(3) Maintenance of a stable plasma by a field, in
which the electron and heavy-particle temperatures
are close, and the degree of ionization is close to that
of a thermodynamically stable plasma. This is a so-
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TABLE L

Type of E
Field magel Rreakd A of anun-| Maintenance of a
1 ? stable plasma 1 stable plasma
frequency
range
Constant electric In interelectrode Glow discharge D.C. arc
field gaps
Radio frequencies Radio frequency, elec{ Radio fi y mod- | Inductive disct
trode or electrode- erate-pressure capaci| at atmospheric
less tive discharge pressure
Microwave i In guides and Pulsed discharges in | Microwave plasmo-
resonators waveguides and trons
resonators
Optical frequencies In gases, induced by |1 ate stagesofan  [Cw optical discharge,
a focused laser optical break- maintained by a
pulse down CO, gas laser radi- |
ation |

called low -temperature plasma with temperatures of
the order of 10,000 K, and at pressures normally of
the order of atmospheric.

Each of these processes may occur in any of the fore-
going frequency ranges. In fact, nearly all the possible
alternatives have been investigated experimentally, and
many of these have been found to have occasionally im-
portant research and engineering applications. Table I
above illustrates the adopted classification, and indi-
cates typical conditions under which one or another
process is observed,

{c) Purpose of the paper

Below, we shall consider processes that are induced
by laser radiation and belong to the category shown in
the bottom line in the table. Having analyzed the salient
points, we shall show the gas-discharge nature of these
processes and verify that, in principle, they hardly dif-
fer from other processes in the same category. We
shall also review the current status of investigations
and results in this area. The first problem calls for a
brief digression into the realm of well-known concepts.
The second pertains basically to results obtained after
1972-1973, which were excluded from the author’s
monograph published in 1974 (Ref. 1).

2. OPTICAL GAS BREAKDOWN
(a) Discovery

The instant of birth of the new chapter of gas dis-
charge physics is etched in the memory of many physi-
cists of the present generation. It is associated with
the discovery of a remarkable effect: optical gas
breakdown. The first to report this effect were Maker,
Terhune and Savage in February 1963.2

The discovery of the effect was made possible by the
invention of the @~switched laser, which is capable of
producing an especially powerful, so-called giant pulse.
When the beam of such a (ruby) laser was focused by a
lens, a spark occurred in the focal region, producing
a plasma there, as in the case of breakdown in the dis-
charge gap between electrodes (Fig. 1). Very high ra-
diation parameters are required to break down the free
air by optical radiation. Air breaks down at the peak
power of 30 MW and when a beam is focused to a spot
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FIG. 1. Photograph of a laser spark.

102 cm in diameter (the typical duration of a giant
pulse is 30 ns=3 X10™® g; the energy in such a pulse is
1J). The flux density at the focus for these parameters
is 10° MW/cm?, and the electric field intensity in the
electromagnetic wave is approximately 6 X 10%V/cm.?
The breakdown threshold is well defined, and a small
decrease in the flux density below a given value will
preclude breakdown.

The new effect had evoked such broad interest among
physicists that they literally rushed to investigate it.
During the next several years, optical breakdown was
being studied experimentally and theoretically with such
intensity of detail that today our knowledge about it is
as extensive as is our understanding of its closest ana-
log, the microwave breakdown, and is certainly super-
ior to our understanding of a more complex process,
breakdown of a relatively long gap between electrodes.
The bulk of materials dealing with the optical break-
down was generated during the 1960’s, as was also the
theory of the phenomenon.' In recent years, little was
added to these data in the way of fundamental know -
ledge, although some additional experimental numbers
have been calculated, refinements of the theory carried
out, and allowances for certain subtle and understood
details made.

Figure 2° shows the threshold fields in an optical
wave E,, which are required to break down several
gases by focused radiation from a ruby laser. The
threshold values were measured over a broad range of
pressures p. By way of comparison, Fig. 3 shows
similar data pertaining to breakdown due to micro-
waves.? The overall similarity of the E,(p) curves
should be underscored. As we shall see further, this
property has a profound physical meaning.

(b) Avalanche ionization in a field

An electron avalanche develops in a gas under the ef-
fect of an electric field associated with an optical
wave, as it also does during breakdown in any other
field. In the case of breakdown induced by ultrashort
pulses from ruby and neodymium-glass lasers, the
first, priming electrons appear as a result of a multi-
photon emission from atoms, molecules and, possibly,
dust which is present in the gas. In this respect,

In a constant field, free air breaks down at the field intensity
of 3x10* V/em.
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FIG. 2. Thresholds for a ruby-laser-induced breakdown in Ar,
He, and N,. Pulse duration 50 ns, focal spot diameter 1072
cm (Ref. 3).

breakdown in the optical field differs from breakdown

in fields of lower frequency, in which the first electrons
appear at random (from cosmic rays). Inside the wave
field, an electron gradually acquires energy due to col-
lisions withatoms, anditbecomes sufficiently energetic
to ionize an atom and to produce a new electron. This
is the mechanism of electron multiplication.

Avalanche development is determined by an interplay
of two opposing processes: energy accumulation by
electrons due to the field and energy loss by electrons
due to collisions (elastic and inelastic). It is also de-
termined by a loss of electrons due to diffusion or
sticking in electronegative gases. Loss of both energy
and electrons is relatively independent of the nature of
a field, and it occurs in a manner that is more or less
the same for all fields. Energy acquisition is the only
frequency -dependent process whereby singular features
of the optical breakdown, which are associated with the
quantum nature of interaction between light and elec-
trons, may be revealed.

In an alternating field, electrons pursue both oscilla-
tory and random motion. According to classical theory,
each collision of an electron with a molecule or atom
results in a transfer of the mean energy of an oscillat-
ing electron At =e?E%/m w* into the energy of random
motion ¢ (E is the mean-square electric field and w is
angular frequency). This occurs provided the collisions
are relatively infrequent. However, if an electron fails
to undergo many oscillations during a period between
collisions, i.e., each time oscillations fail to swing
“fully,” energy transfer from the field to electrons is
slowed down. In the general case, the field imparts the
following energy per second to an electron
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FIG. 3. Breakdown thresholds for N,, O,, and air in a micro-
wave field. Frequency 0.994 GHz, diffusion length of discharge
volume 1.51 cm (Ref. 4).
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where y,, is the effective frequency of electron colli-
sions with molecules.

Inasmuch as the collision rate is proportional to gas
density or pressure, the rate of energy build-up due to
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{c) Threshold field

In order that an avalanche may develop and break-
down take place, energy losses by electrons and a loss
of electrons must be surmounted. In the case of very
short field pulses, another requirement is that an ap-
preciable level of ionization must be attained within the
pulse width, such that a sufficient number of electron
generations is produced. Clearly, an appropriately
high rate of energy conversion is required to accom-
plish this, which is sufficient to provide the required
gas ionization frequency v,. The latter is the recipro-
cal of time an electron needs in which to attain energy
greater than the ionization potential and to produce ion-
ization. Thus, the breakdown criterion places a speci-
fic condition on the parameters (de/dt); and E=E,.

Consequently, at low pressures, when 12 < «?, the
breakdown threshold field E, is proportional to frequen-
cy and decreases with increasing pressure. Converse-
ly, at high pressures, when 2> «?, the threshold field,
grows with increasing pressure and only weakly de-
pends on the frequency. In alternating fields, the
breakdown threshold is minimal at pressures that ap-
proximately satisfy the condition y_=const p~ w. These
considerations explain the behavior of curve Et(p) in
Fig. 3 for a microwave breakdown.?’

The behavior of the optical breakdown curve may be
explained in the same qualitative way (see Fig, 2). If
we proceed from the same equation [Eq, (1)], it be-
comes evident why breakdown at optical frequencies re-
quires fields considerably stronger than at microwave
frequencies (E,~ w, threshold intensity of electromag-
netic wave S,~ E}~ o°). It becomes clear why the E,(p)
minimum shifts in the direction of high pressures the
order of hundreds of atmospheres {the minimum occurs
atp~ w). The main issue is to what extent the applicabil -~
ity of Eq. (1) is validated for the quantum case of opti-
cal frequencies.

(d) Classics and quanta

The possibility of using a simple and clear formula
[Eq. (1)] in the case of optical frequencies was validated

2 Incidentally, the shape of the right-hand side (ascending)
branch is, ingeneral, similar to the right-hand side (ascending)
branch of the Paschen curve for the breakdown of a gap
between electrodes to which a voltage was applied.
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in one of the first works dealing with the optical break-
down® in which a quantum theory of this effect was for-
mulated. Actually, an electron absorbs energy in
quanta, i.e., significant amounts of #w equal to 1.78 eV
for a ruby laser and 1.17 eV for a neodymium-glass
laser. Moreover, the actual energy %w acquired by an
electron during collision with an atom is much greater
than At = ¢?E®*/mw?, the collisional energy that an elec-
tron would have received according to the classical
theory. It would seem the latter is totally inapplicable
under these conditions.

However, analysis of the quantum kinetic equation
for the electron energy distribution function shows that
Eq. (1) may be used anyway, even if the actual classical
condition 7w < At is not satisfied. This requires a
much less stringent condition fw<< e, where ¢ is the
actual electron energy. In the microwave range, even
the trivial requirement #w << A¢ is satisfied and the
question of quantum effects does not generally arise.
Conversely, in the optical range, Ae~10"% eV <fiw
~1 eV; however, the mean energy of electron spectrum
is of the order of the ionization potential, i.e., 10 eV
and, therefore, the condition #w <€ may be considered
satisfied, at least for the frequencies of ruby and neo-
dymium-glass lasers.

Thus, in the case of optical fields, Eq. (1) roughly
holds, although it should be treated statistically. Let,
for example, Ae=0.01 fw. An electron, of course, may
not receive a hundredth of a photon from the field dur-
ing collision. This means that, roughly speaking, it
gains nothing in the first 99 collisions, and in the hun-
dredth collision it absorbs a full photon all at once.
Strict calculations of the electron avalanche and break-
down threshold are normally carried out on the basis
of the kinetic equation. Calculations carried out in Ref.
5 and subsequent works (see Ref. 1) are in satisfactory
agreement with experimental results.

Alongside the many classical characteristics, cer-
tain new details also appear at optical frequencies,
which are associated with the quantum nature of inter-
action between the optical radiation and matter, Thus,
for example, ionization of excited atoms is possible by
means of two- or three-photon emission of electrons
and this sometimes significantly affects the multiplica-
tion rate for electrons. However, the avalanche mech-
anism of the optical breakdown is neither different in
principle from a mechanism responsible for microwave
breakdown, nor from a spatial breakdown at lower fre-
quencies, including the Townsend (not streamer) gas
discharge between electrodes.

(e) A link between microwaves and light

A particularly convincing experimental result in this
respect is the fact that the classical laws E,~ wor S,
~ w? are satisfied for the threshold values over a broad
range of optical frequencies, up to the microwave
range. As far as the latter is concerned, the law E,~ w
is theoretically valid only at low pressures that corre-
spond to the left-hand side of the curve E,(p). However,
even the atmospheric pressure in the optical region is
“low” in this sense.
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FIG. 4. Thresholds for atmospheric-pressure air breakdown
induced by various lasers. Dashed line corresponds to the clas-
sical function S; ~ («#+ 2} which, with the exception of very
long-wave region, yields a law S, ~ w?, i.e., a straight line in
the logarithmic scale.

To validate the law, we have numerous data for the
air breakdown by ruby (A=0,694 um), neodymium-glass
(x=1.06 um) and CO,(x =10.6um) lasers, Quite re-
cently, other results were obtained in the intermediate
infrared range by means of HF (A=2.T um) and DF (»
=3.8 um) lasers,® and a heavy water laser (A=385 pm
=0,38 mm) was used to establish a point in the broadest
unknown region of the spectrum between the infrared
and microwave regions (the submillimeter region).’

Threshold intensities are shown on a logarithmic
scale in Figure 4; the experimental data points are
plotted on the curve which follows the law S,~ «*. As '
can be seen, data points bunch closely near the curve,
although strict obedience of the law is never expected.
The fact is that work with different lasers is performed
under different experimental conditions. The pulse
width of ruby and neodymium-glass lasers is approxi-
mately 30 ns; CO, laser, in this case, 80ns; HF,
120ns; DF,90ns; and D,0,75ns. The focal spot diam-
eters are also different (1072-10"% ¢m). At the long
wavelength, threshold essentially depends on either
presence of dust particles in the air or the preioniza-
tion conditions, since the occurrence of priming elec-
trons in these cases is difficult. Deviation of a point at
A=0.38mm from the curve S,~ «’ is associated with the
fact that the frequency w is already comparable with
collisional frequency y_, and the law must be corrected
for the latter [S,~(w?+2)]. Allowance for this makes
the theory more compatible with experiment.

The law S, ~ «* is violated significantly in the short-
wave region of the spectrum as a result of breakdown
by the second harmonics of neodymium-glass and ruby
lasers. Instead of increasing, the threshold intensity
decreases sharply with increasing frequency (quantum
growth), Here, quantum effects are fully in evidence;
the second harmonic of a ruby laser is very large,
3.56 eV.

{f) A longspark

At a moderately high intensity above threshold, laser
radiation must be gharply focused to produce break-
down, which occurs only in a small focal region. How-
ever, at very high intensities in the case of a beam
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weakly collected by a long-focus lens, the intensity is
sufficient to produce air breakdown over a long dis-
tance along the lens axis and beyond. This results in
an extended optical breakdown, a highly impressive
phenomenon called the “long spark.”

A two-meter long spark was observed for the first
time in 1967, when a 1-GW 18-ns giant-pulse neodymi-
um-glass laser was focused through an f=2.5-m lens.®
Two years later, a 25-m spark was produced [by a 90-
J 4-GW(peak) neodymium-glass laser, with a beam di-
vergence of 4 X107 rad and focused by a f=28-m lens}.®
A 15-m section of the spark extended in front of the
focus and a 10-m section, behind. A record-length
spark—longer than 60 m—was obtained in 1976 by
means of a two-stage neodymium-glass laser setup,
with the combined energy of 160J and average power of
5GW, using an f=40m lens.'® The spark, produced in
a courtyard (at an institute) is well defined against the
background of a building (Fig. 5). Long sparks are
never continuous, but consist of ionized sections alter-
nating with those unaffected by breakdown. Clearly,
this is associated with the statistical origin of the prim-
ing electrons which occur at selected points and, prob-
ably, the time-dependent variations in the field at vari-
ous points due to a complex spatial-temporal and angu-
lar structure of the intense light beam,

Long sparks were also obtained in air by means of
high-power electroionization CO, lasers'!'*? (of the
order of 1 m!'), The purpose of one work!Z was to es-
tablish the maximum power and intensity of the CO,
laser radiation that can be propagated through air, a
problem of considerable importance. The laser output
was 160J, of which 30J was produced during 50 ns and
the remainder, 130J, during us; the peak power was
0.56 GW. The longest spark (7.5m) was achieved by
expanding the initial beam by means of a telescope to
be 40 cm in diameter and, subsequently, focusing it by
means of a long-focus mirror ( f=54m) directly out-
doors; the angle of beam convergence (d/f) was 1/135
and the least cross-section diameter, 0.5 cm. The
spark occurred at intensities of 1 —2 X10°W/cm?2 A
considerable portion of radiation (of the order of tens
of percent) was absorbed in the process by the plasma.
Both the plasma generation threshold and amount of

5

FIG.5. Photograph of a long spark obtained by means of a neo-
dymium-glass laser. Spark length 8 m, focal length of lens 10
m (Ref. 10).
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energy absorbed in the plasma depend on the dust con-
tent of air, the presence in air of sub-micron size
aerosol particles, and humidity. In purified air, the
threshold increases to 3 X10° W/ecm?. Schlieren pho-
tography shows that each particle serves as a plasma
focus from which an optical detonation wave propagates
(see below) and leaves an absorbing plasma cloud be-
hind it.

Actually, the plasma generation threshold measured
in the experiment (10° W/em?) is not the same as the
breakdown threshold, i.e., occurrence of avalanche
ionization in a gas induced by a priming electron; the
latter is an order of magnitude higher. Instead, it
represents a threshold at which the plasma foci occur
as a result of heating of gas particles and the subse-
quent ionization of ambient air by laser radiation. The
question of what is the real mechanism for breaking
down dusty air by CO, laser radiation remains unclear.
Citations concerning this subject may be found in Refs.
12 and 13. The breakdown threshold is further reduced

if the radiation is focused near a solid surface s (ad
references therein)

(g) Discharge initiation by a laser spark

It was observed some time ago that concurrent inter-
action of the laser radiation and other fields—micro-
wave, constant—with a gas considerably enhances its
breakdown by the other field. In this manner, directed
breakdown is achieved between electrodes under a con-
stant potential: The spark discharge develops along the
optical channel and may be directed either at an angle
to the constant field or even be fractured (for refer-
ences see Refs. 1 and 11). The lowering of the electric
breakdown threshold and a very rapid laser interaction
effect have contributed to the development of laser-fixed
dischargers.'® The long laser spark has been used ef-
fectively to initiate discharge in long interelectrode
gaps.'*'1"*® This procedure may replace the conven-
tional method of using thin exploding wires for initiating
electrical discharges, which has many disadvantages.
The long laser-spark path provides a conduit for the
electrode gap discharge. Moreover, breakdown elec-
tric field intensity is reduced considerably to 250V/
cm.'® Normally, electric breakdown of long gaps is
due to a leader mechanism: A bright channel leader,
propagates from the anode, and is preceded by a darker
streamer. The dense portion of a long laser spark,
which lies relatively close to the focus, is an equiva-
lent of a leader thus formed.*®

3. MAINTENANCE OF AN UNSTABLE PLASMA

Glow discharge is one of the most common discharge
processes in a constant field at pressures below tens
of torr. Unstable, weakly-ionized stationary plasmas
may be produced at both radio and microwave frequen-
cies at low pressures. At optical frequencies, how-
ever, the steady-state process is totally atypical, in-
stead, it calls for much higher radiation intensities.
The power of currently available cw lasers is suffi-
cient, as a rule, to maintain a stable plasma only.

Steady -state maintenance of an unstable plasma al-
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ways requires electric fields that are considerably
stronger than those used to maintain a stable plasma,
This applies in general to all frequency ranges includ-
ing the optical. Actually, energy which an electron re-
ceives from the field is transported without delay to
atoms, molecules and ions. The electron temperature
T, rapidly assumes a steady-state value which is de-~
termined by a balance between an average energy ac-
quisition from the field, and transfer to heavy particles
during each collision:
Ll _
m(ei4-v3)

8- K(Te—T); (3)

where T is temperature of heavy-particle gas, and 6 is
average portion of energy given up by an electron to
heavy particles when 7,> T. In an atomic gas, 5=2m/
M~10"° -10™ (M is atomic mass); in a molecular gas,
because of inelastic processes of excitation of vibra-
tions and rotations, 6~10™-1072

In order that the electron-shock ionization of atoms—
the rate of which rapidly increases with T ,——could make
up for electron losses and the plasma remain intact,
the electron temperature in any discharge, both stable
and unstable, must be maintained at approximately 1-
€V level. In a stable plasma, for which T,-T < T, and
the energy exchange between electrons and molecules
is bilateral, the required field is much smaller than in
an unstable plasma, where T,> T and the electrons
only yield energy to molecules and receive nothing
from them. In the unstable case, Eq. (3) defines the
field required to maintain a plasma. In the stable case,
field is defined by the overall energy balance of the en-
tire plasma (see Section 4), and Eq. (3) fixes only a
small detachment of temperature (7, ~ T) being estab-
lished. Equation (3) may be used fo estimate the re-
quired CO,-laser radiation intensity readily for the
steady-state maintenance of an unstable plasma with
T,> T. We have w=1.78 X10* rad/s, and for p<10
atm, w?> 2, i.e., E and S=cE*/4r are independent of
pressure. Let 7,=1.5 eV; 6=27 X10™® and S=3 x10°
W/em? in argon and ~0.8 X102 and ~10° W/cm? in air,
respectively. These values are very high for cw la-
sers, the latter even exceeding the breakdown threshold
for natural free air. However, in order that a dis-
charge be prevented from spontaneously becoming sta-
ble, rapid extraction of energy from the gas is neces-
sary, for which lower pressures are preferred (as also
in the case of all unstable discharges).?®*?

Thus, although there exists in principle a possibility
of a steady-state maintenance of an unstable plasma by
light, application of this process is difficult. The proc-
ess is also “unprofitable:” A weakly-ionized plasma
absorbs only a small portion of radiation, unless it is
produced along a very long and powerful optical beam,

%) The fact that Ef',m,m, > E,ﬁm,,e does not mean that more
energy is relased in an unstable plasma than in a stable pl-
asma. The energy yield density is proportional not only to
E?, but also the electron density n,. The unstable plasma
is always weakly ionized: In the case of strong ionization
the energy yield is somewhat large, the heat transfer is un-
able to prevent heating of the gas to the electron temperature
level, and the plasma becomes stable.
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Although experiments of this kind have not been tried,
the effect occurs automatically for short periods of
time in the terminal stage of the optical breakdown at
near-threshold powers.

4. STEADY-STATE MAINTENANCE OF A STABLE
PLASMA

{(a} Continuous optical discharge and the optical
plasmotron

Discharges of the arc type, in which a stable plasma
is maintained in a steady state by a field, have broad
application in physical research and engineering. Gen-
erators which produce dense low-temperature plas-
mas—plasmotrons—are built on this basis. In a plas-
motron, cold gas is blown through a steadily burning
discharge. The gas is heated to temperatures of 5000~
10,000 K, and flows out as a continuous plasma jet,
more often at atmospheric pressure. Today, fields
are used in laboratories and industrial equipment which
fall into three frequency ranges: constant, rf and
microwave, Accordingly, there are three types of
plasmotrons: arc, induction and microwave.

In 1970, the possibility of steady-state maintenance
of a plasma by cw laser radiation was articulated and
theoretically validated, and thoughts concerning the
design of an optical plasmotron based on this principle
were expressed.? A continuous optical discharge—as
it was called-—was obtained experimentally the same
year by means of a cw CO, laser.? In terms of deter-
mining processes, the continuous optical discharge was
similar to static stable discharges occurring in any
other fields. Energy release in a plasma due to ab-
sorption of the optical wave makes up for the losses as-
sociated with energy discharge due to thermal conduc-
tion and radiation. Not unlike electrical conductivity,
light absorption coefficient depends on both temperature
and pressure under equilibrium conditions. The tem-
perature of a steady-state plasma is determined by the
need for the precise compensation of energy lost and
energy released, and for stability of the state.

But, of course, plasma maintenance by laser is
characterized by special features which are associated
with the radiation properties of the optical region, the
principal among these being a capacity to transfer op-
tical energy freely over distances. If the delivery of
energy to a plasma in all other fields requires the use
of gpecific structural components—such as electrodes
in an arc discharge, an induction coil for rf, and a
waveguide for microwaves—a light beam may deliver
energy directly through air. This opens vast possibili-
ties for initiating an optical discharge in virtually in-
accessible places or directly in the middle of a room.
The plasma may be set in motion in space by trans-
lating the light beam and thereby tracing “plasma pat-
terns” in the space. Gas may be blown across a dis-
charge, thus obtaining an optical plasmotron. In case
of the latter, as also in all existing plasmotrons, the
electromagnetic energy supplied from outside is ulti-
mately spent on heating successively new batches of
incoming cold gas to a high temperature.
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FIG. 6. Diagramof an experimental setup for obtaining a con-
tinuous optical discharge. Plasma is displaced from focus
toward beam.

In practice, optical discharge is induced at a specific
location by focusing a laser beam with a lens or mir-
ror. The plasma lies near the focus where the intensity
of light is high. It is slightly shifted from the focus
toward a source of radiation, up to a cross-section of
the light cone where intensity is still sufficient to sup-
port burning of a discharge (Fig. 6). In order to ignite
a steady -state discharge, it is necessary to produce
initial plasma in the focal region, because the beam
power required to maintain an existing plasma is far
too small to generate it, i.e., to produce a gas break-
down (as the case is with all other steady-state dis-
charges). It is possible, for example, to produce gas
breakdown at a focus by means of an outside source;
the simplest way to do it is to insert a wire into the
focal region for a short time, and to remove the same
after a discharge has ignited.

{b) Determination of the plasma temperature and
threshold power of light

The fundamental problem in the theory of stable dis-

charges is the determination of the plasma temperature

as a function of the strength of applied field (and other
conditions). This requires solving a coupled system of
energy balance equations for the plasma and field.
Normally, efforts are made to simplify the equations
by first simplifying the discharge geometry. Thus, for
example, an arc between electrodes or an inductive
discharge inside a solenoid can be modeled by an in-
finitely long plasma cylinder. This procedure reduces
the problem to the one-dimension case.

The geometry of an optical discharge is highly com-
plex and, at least, two-dimensional (see Fig. 6). How-
ever, having interest in the lowest beam powers that
will support a discharge, i.e., conditions at which the
plasma is centered near the focus, for the purpose of
calculation, the plasma formation may be considered
to be a sphere in which a spherically-symmetric con-
verging laser beam with power P, is partially absorbed.
Moreover, in the case of extremely small dimensions
(large temperature gradients) and relatively low pres-
sures (p<5 atm), radiative losses are small in com-
parison with energy lost by the plasma due to thermal
conductivity, and may be neglected.

In a highly ionized gas the infrared radiation of a CO,
laser is absorbed in the course of collisions between
electrons and positive ions (in a process which is the
opposite of bremsstrahlung). The absorption coefficient
u,, is proportional to densities of colliding particles,
1,~T ¥ p,.' Inthe case of partial single ionization
ng,~exp{—I1/kT), moreover, the ionization potential
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I>RT, such that u_ increases very sharply with in-
creasing temperature. When practically all atoms are
singly ionized, the coefficient of absorption at a con-
stant pressure goes through a maximum and, subse-
quently, decreases with increasing temperature until
such time as second ionization takes place, Actually,
in the case of total single ionization and p=(n,+n,)kT
=2n kT =const, we obtain p,~T7/2p%

Let the temperature at the center of the plasma be
Tx; the temperature falls off from the center along the
radius . We shall introduce a certain ionization tem-
perature T,, below which the ionization is sufficiently
low to neglect absorption. We shall denote the sphere
radius by »,, where T'=T,, and call © potential of the
thermal flux J. If X is thermal conductivity coefficient

T
Jo—— 8T 48 e(T)=j A(T)dT.
[
Let the portion of laser power absorbed in the sphere

be P,. On the outside, for = r,, where no energy is
released, 417%J=const=P,, such that

8(r)=-pt, P=4nry,,

B, 8,=8 (T,). (4)

The thermal flus carried power P, out of the sphere,
At comparatively low, near-threshold powers P,, the
plasma dimensions are small and it remains trans-
parent to laser radiation. Under these conditions, en-
ergy is released throughout the sphere and the order of
magnitude of P, = 4mr2A@/7,=4mr,A8, Where AQ =6
-6, is the potential difference between the center of
the sphere and the outside. Comparing this equation
with Eq. (4), we find that A© =~ ©,~0x/2 and P, = 217,0y.
But, in the case of a transparent plasma P, = u 7, P,,
where the absorption coefficient i, averaged over the
radius 7,, will refer approximately to temperatures at
the center Tx. The last two equations yield a relation-
ship between the plasma temperature T, and power of
incident radiation P,:

. 208 (Ty) ’
Pomomn (5)

The function P,(Ty) has a minimum Fig. 7). It occurs
at a temperature T, that is much lower than the tem-
perature at which absorption attains a maximum. i.e.,

a near-total single ionization of atoms takes place.
When P,<P_, , steady-state regime is nonexistent.
States for which P,> P, but T<T_ are unstable: If the

min
plasma temperature increases at random, much less

A, kW

3 \/
z

7

” % 20

T

FIG. 7. Dependence of power of a spherically-symmetric con-
verging beam on the maximum temperature of a plasma
maintained in a stationary position, obtained by means of
simple arguments. Air, p:= 1 atm; beam, CO, laser.
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power than in fact is sufficient to maintain the plasma.
The heating will begin which will cause a transition into
a state that corresponds to the same power, but not the
temperature (T>T,). This state is stable., The quan-
tity

Py Py mo 228 Tm).

fto max (6)
is the least, threshold power that is capable of main-
taining a discharge. To reiterate, temperature at the
center of a transparent optical discharge is close to a
temperature of the total single ionization and the ab-

sorption maximum of laser radiation.

A formula of the type shown in Eq. (6) (with a slightly
different numerical coefficient) was obtained in Ref.
23. In the proof above we have strictly followed a gen-
eral line of reasoning which yields an approximate
value of the plasma temperature in any stable discharge
as a function of power, current strength, ete.,''**%
which underscores the uniqueness of all discharges of
this kind. The existence of a threshold and the stabil-
ity -instability of states are also typical situations.

The exact solutions which describe a steady-state op-
tical discharge in the idealized model under consider-
ation—a spherically -symmetrical regime which disal-
lows radiative losses-—are as follows:

T>Poy

1d 40 e o [T at

P TR +1mp’ 0. { po at  Tr<po,
dpP

T =He (B) P, 8=86(7),

(7

where P(7) is the radiation power at radius », and S,

is the “focal radius” that must be used to limit beam
convergence in order to avoid infinite concentration of
energy at the center. At y=w~, P=P and ©=0; at =0,
O is finite. Approximate solutions may be found for the
equations, using a common simplification used in the
theory of stable discharges—pu,=0at T<T,, r>7r, and
u,=const at T>T,, v <r,—which corresponds to the
channel model of an arc, the “metallic cylinder” model
for a rf inductive discharge, ete.® (it is also assumed
that r, > S,).

In the case of a transparent plasma u r,<«1, both
functions, Py(7,) and P©), have minima (for 7,,0,);
states with »,<7,,0,<©, are unstable. P, itself is
close to Eq. (6). The minimum power corresponds to
the plasma radius 7, =V (4/3)p,1,,, where 1 ,=u is the
absorption length of light. In the preceding, simpler
treatment, the radius r, fell out of the equations. It is
now clear: The plasma radius is characterized-also by
a gmall quantity —the focal radius p,—which did not
enter into these calculations.

In order to maintain a discharge in free air by means
of a CO,-laser radiation, power not less than P,= 2kW
is required, according to Eq. (6). The plasma temper-
ature in this case is T = 17,000 K,©,~ 0.3 kW/cm and
Kypae™ 0.8 cm™. For a typical value of p,~ 107 cm,
absorbing region radius »,% 0.1 cm. Figure 8 shows the
results of the numerical solution of Eq. (7) for free
air.? Two solutions are obtained for each value of
P,.  The solution for which the temperature at the cen-

4) The solution was obtained by N. N. Magretova.
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FIG. 8. Results of numerical solution of a spherically-symme-
tric problem of plasma maintenance in free air by Co,-laser
radiation. (a) Radial distribution of thermal flux potential
(lower curves 1 and 2 correspond to unstable solutions, upper

curves—stable; curves 1 refer to a power By = 3.9 kW which is
almost equivalent to threshold; curves 2— B = 4,5kW; (b)
coefficient of absorption of radiation [T (©) used in calculation.

ter is lower and the dimensions of a heated region
smaller, corresponds to the unstable state. When P,

-~ P,, both equations degenerate into one. When P,<P,,
solutions which satisfy the foregoing boundary condi-
tions are nonexistent. The value of P,=3.9 kW agrees
generally with results of a simpler estimate Eq. (6).
Dimensions of a highly-heated region are also in agree-
ment with the estimate.

(c) Why an unusually high temperature is obtained in an
optical discharge

The temperature of arcs at the atmospheric pressure
is normally 6000-9000 K, in rf discharges 8,000-
10,000 K, and in microwave discharges 4,000-6,000 K.
In the optical range, as we have just estimated and as
is evident from experiment (see below), the tempera-
ture attains 20,000 K. This is associated partly with
the fact that in an optical discharge very high fluxes, of
the order of 10 kW/cm? are incident on a plasma sur-
face S~ P,/4mr?, which exceed the electromagnetic en-
ergy fluxes in other discharges ten- and hundredfold.
However, the original cause of this is the fact that a
plasma produced in a discharge at atmospheric pres-
sure is transparent to optical radiation.

At lower frequencies, the field energy is well ab-
sorbed even in the case of a relatively weak ionization,
i.e., at a relatively low temperature. Conversely, the
field fails to penetrate a strongly ionized plasma, and
thus impairs the conditions for a release of energy
which subsequently occurs in a thin surface layer only.
Because weakly-ionized gas fails to absorb the light at
optical frequencies i~ w® and the best dissipation oc-
curs when the entire supply of electrons is consumed,
i.e., at a full single ionization of atoms. The corres-
ponding preheating of a plasma is unimpeded by the
opacity which the field encounters.

If the plasma is opaque to laser radiation, the tem-
perature in an optical discharge is as different from the
fully -ionized temperature as it is also in other dis-
charges. To show this, we shall consider a hypotheti-
cal spherically-symmetrical regime, but we shall al-
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low for absorption of the converging radiation of a pow-
er P, by a plasma over a length I = i that is small
compared to the radius of an absorbing sphere 0= Po/
4nr; P,=47mr,0,. The radiation fails to penetrate the
region 0<r<7,-1_. In that region, according to the
equation of thermal conductivity Eq. (7), ©=const=0,.
The total temperature difference AT=7T, -~ T, and the
potential difference A6 are applied to a comparatively
thin absorbing layer, and the release of energy from
inside is determined by an approximate relation P,
~417°A0/1.. Now, A8/@,%1,/r,<1and AT/T,<1.

However, if a relatively small rise in the temperature
causes a change in the absorption from weak to strong,
this means that an increase in the level of ionization is
sufficiently sharp in this case, This is possible only in
a region characterized by reasonably low ionization lev-
els and temperatures, where n,~ exp(~1/2kT) and I/
2kT>1. The electron density increases e-fold in the
temperature interval AT=(2k7/I)T <« T which is ap-
proximate and may be considered to be T, ~T,. This
is the case also in the microwave, rf and arc dis-
charges.?®® In the case of an opaque optical discharge
considered above, temperature in the central region T,
varies slowly, logarithmically with increasing power
P,, and it decreases while the plasma radius 7, in-
creases. Thus, in the case of spherically-symmetric
convergence of radiation with P,=13 kW in air at the
atmospheric pressure, we would obtain T, =14, 000K,
$,=0.6 cm™, 7,=6.3 cm, p _r,=3.8, and S=26 W/cm?
At P,=37.5 kW, T,~12,500 K, u,=0.3 cm™, 7,=20
em, u,7,~6and S=17.5 W/em? Of course, these ex-
amples are very remote from conditions of actual ex-
periments; they are cited for the sole purpose of illus-
trating the considerations expressed above. However,
focusing a beam whose power is noticeably above
threshold does, in fact, cause displacement of a plasma
from the focus toward the beam, increase in the size of
a plasma and, most likely, decrease in the tempera-
ture.

The inordinately high temperature is a unique prop-
erty of the continuous optical discharge at a relatively
low pressui'e, which opens treat possibilities for using
it as a high-temperature source, all the more consid-
ering that a discharge can burn with stability over long
periods of time, of the order of hours. Blinding white
light emanates from the optical discharge plasma which
cannot be viewed long without dark glasses.

(d) Measurement of temperatures and thresholds

When the first experiments were planned, CO, laser
power did not exceed 150 W. However, Eq. (6) suggests
conditions under which power requirements are re-
duced. A discharge must be produced in a heavy mon-
atomic gas in which energy release due to thermal con-
duction is small at elevated pressures at which the ab-
sorption of laser radiation is stronger. A continuous
optical discharge was ignited for the first time in xenon
under a pressure of several atmospheres.?”” Subse-
quently, more powerful lasers were used to produce a
plasma in several gases at different pressures, includ-
ing atmospheric.®"
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1+ 1. 9. Space-dependent temperature distributions (isoth-
erms) in a continuous optical discharge in atmospheric~-pres-
sureair (Ref. 30). CO,laser power, 6 kW. Beam travelsfrom
right to left, Effective boundary of converging light channel
shown as a dashed line. Curve above horizontal axis—temp-
erature distribution along beam axis.

A discharge in free air was obtained in Ref. 29 and
was investigated in detail in Refs. 30 and 31 by means
of 6-kW CO, lasers. Experiments® have confirmed the
theoretical predictions.”® The experimental threshold
was approximately 2 kW, An estimate of the maximum
plasma temperature was also confirmed. According to
measurements near the center 7T=17,000 K*°; further
away from the center 7=15,000 K was recorded.® Fig-
ure 9 shows a series of isotherms ~—two-dimensional
discharge plasma temperature distributions.*® The la-
ser beam converges at a small angle as a result of
focusing by a f=15 cm lens. The temperature was
measured by spectroscopic methods: emission in the
continuum in a narrow wavelength interval near A=5125
A, and emission in the atomic and ionic lines of nitro-
gen. The plasma center was shifted from the focus to-
ward the beam by 1.1 cm. Very similar isotherms
were obtained in Ref. 31, where the spatial distribution
of n, was measured by means of the two-wavelength la-
ser interferometry; the temperature was calculated
from n, under the assumption of a plasma stability.

In the first investigation,® the electron density in ar-
gon was measured at p=2 atm from the Stark broaden-
ing of the H, hydrogen line, n,~3.5 X10'" em™3, which
corresponds to the temperature of 23,000 K at equilib-
rium. Evidently, this figure appears to be inflated;
subsequent and more detailed measurements of the ab-
solute line intensity of the 4806 Ar Il ion under similar
conditions have yielded 18, 000 K at the plasma center,? -
In xenon at 2 atm the maximum temperature is lower,
14,000 K (measured from the absolute line intensity of
the 5292 Xe II ion).?? This is natural: the ionization
potential in xenon is smaller than in argon. In hydro-
gen, under 6-atm pressure and 1-kW laser power, the
maximum temperature measured from the absolute in-
tensity of the continuum at 2500 &, was 21,000 K.3* In
nitrogen, under 2 atm and 0.9 kW, the temperature at
the center of the plasma and measured from the inten-
sity of the 3995 NII line, was 7=22,000 K.** In other
experiments,®:323* the radial temperature profiles
were taken at cross-sections where the radius of a
plasma configuration was maximum: the plasma center
was shifted from focus toward the beam by several mm,
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FIG. 10. Threshold powers required to maintain continuous
optical discharge in monatomic gases (lower curves). Also
shown, upper boundaries of discharge (upper curves) (Ref. 26).

The radial size of a plasma at half temperature level
was 1-2 mm.

Figures 10 and 11 show the results of measurements
of the threshold power at various pressures in atomic?®®
and molecular®* gases. The lower curves show mini-
mum powers that are sufficient to maintain a steady-
state discharge and are characterized by a sharp power
drop at comparatively low pressures, and ending in a
considerably weaker function P,(p) (see below concern-
ing the sense of the upper curves). The sharp drop is
characteristic of a process in which the energy ina
plasma is released through thermal conduction: ac-
cording to Eq. (6), P,~p™2, if u,,,, increases with
pressure as p°>. Subsequent increases in the pressure
result in a gradual change in the dominant mechanism
of energy losses. A progressively larger role is
played by thermal radiation losses. As long as a
plasma remains transparent to thermal radiation, these
losses increase, roughly speaking, as p?, while therm-
al conduction losses remain weakly dependent on the
pressure. Thresholds are significantly higher in mo-
lecular gases than in monatomic: In the high-tempera-
ture region, molecules dissociate into atoms which,
while diffusing into a region of lower temperatures,
recombine there with a release of the binding energy.
As a result of this, the resulting thermal conduction
and thermal flux potential 6(7,,), which is proportional
to the threshold power, increase substantially.

(e) Radiative losses

It is well known that at pressures of the order of 10
atm radiative energy losses in a discharge plasma
overshadow thermal conduction losses. This underlies
the operation of high-pressure xenon arc lamps in
which up to 80-90% of the Joule heat is converted into

5001\
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FIG. 11, Threshold powers required to maintain continuous

optical discharge in molecular gases (lower curves). Upper
boundaries of discharge also shown (Ref, 34).
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thermal radiation. Naturally, the same thing also oc-
curs in the optical discharge. The elementary concept
of a plasma radiation may be obtained from the Uns&ld-
Kramers theory (see Ref. 35). At temperatures, cor-
responding to the first ionization, the energy released
in a continuous spectrum is

hvg 7-8P}r®e hvg .
mer (1+7 ) =wrmapioom (17 )kWlem™,

(8)

. 32n 27kl \3/2 eSnen,
D= 3 ( 3m )

where x, is the electron mole fraction. The first

term —proportional to the element in parentheses—de-
scribes bremsstrahlung and the second--the principal —
describes photorecombination radiation; hy, is the
binding energy of the lower excited level of an atom.
The ground-level electron captures, at which zp>1
photons are emitted, are not included in Eq. (8). These
photons are strongly absorbed by unexcited atoms, and
hardly leave the place of their origin.

The energy balance of an optical discharge in the
case of predominant radiative losses are expressed by
the equation

Spo = O. (9

Inasmuchas both ., and ® are identically proportional
to nn,, the intensity of laser radiation S that is re-
quired to maintain a plasma at a certain temperature,
depends weakly on the pressure, a fact which qualita-
tively explains the sharp reduction in the dependence of
P,on pat pz 5 atm. We note that after the onset of the
second ionization, u, and & are augmented by terms
proportional to Z% g,,, where Z=2 and n,, is the charge
and density of doubly -ionized atoms.

Radiative losses may play an important role also at
atmospheric pressure, but at elevated laser powers,
at which the plasma dimensions increase. Moreover,
energy losses due to thermal conduction are reduced by
virtue of the reduced temperature gradients. Thus, in
an optical discharge in free air and at 7= 15,000~
18,000 K, the emittance—calculated by combining dif-
ferent data-—is 40-60 kW/cm?® and the radiative losses
are comparable to thermal conduction losses when the
highly -heated region is of the order of 1 mm and up.!'®
The role of radiative losses in this case may be judged
indirectly by comparing the energy yield and losses due
to thermal conduction, calculated from the experimental
isotherms shown in Fig. 9. This shows that approxi-
mately 2/3 of energy released from the central portion
of a plasma is carried away by thermal conduction, i.e.,
1/3 is attributed to radiative losses.

Equation (8) describes emission in the continuum only.
Meanwhile, according to extensive data, much greater
energy may be emitted in the spectral lines. Line
emission is also proportional to nn,, because excited
atom densities are proportional to it.** An approximate
formula for the total radiation was proposed on the basis
of certain theoretical considerations,? which can be
used to generalize Eq. (8) by way of including the spec-
tral line contribution [which we shall designate &, (7T, p)].
The main difference between ®, and Eq. (8) is the re-
placement of the term (1 + kv /kT) by explhvl/kT),
where Ay, is the bonding energy of the lower levels that
are taken into consideration. As an example of the lat-
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ter, excited states higher than the lowest are used in
inert gases (in argon, for example, hy,=2.85 eV as op-
posed to hy,=4.3 eV). The empirical choice of ki,
provides the best agreement with experimental results
for the emittance of an optical discharge plasma, 32
These experiments have shown that in argon at p~6-10
atm and P,=600 W, nearly one half of the incident laser
energy, i.e., a large portion of absorbed energy, is
emitted by the plasma. When P,~ P,=100 W, and the
plasma size shrinks, the relative importance of radia-
tive losses is grossly reduced.

(f} Upper limits of power

As was shown in Ref. 26, a discharge is extinguished
at high pressures if the laser power exceeds a certain
upper limit which depends on the pressure and, gen-
erally speaking, it fails to burn above a certain p (see
Fig. 10). It was first believed that this was associated
basically with emergence of a plasma from the beam
induced by the Archimedean force. However, this ef-
fect was later explained in terms of radiative losses.?

The function S(7) = &,(T) /pu (T)—defined by Eq. (9)—
has a minimum: in argon at 10.6 um, S_, =6 kW/cm?
at T,~12,700 K. If $§<S,,,, the plasma breaks up.>
States with T'<T, are, as always, unstable. When
moving away from the focus after an initial ignition,
the plasma front propagates along a path R=R, inside
an expanding light cone to a cross-section where S=P,/
R*™Q=8,,, (9 is a solid aperture angle of the cone), and
it stops there. For example, in argon at p=10 atm and
P,=600 W, ©=0.45 rad and R, =0.4 cm; both values
agree with experiment.

In a steady state, the laser radiation propagates
through the plasma towards the focus; its intensity
tends to increase as a result of beam convergence, and
to decrease due to absorption. The first process is in-
dependent of pressure, and the second increases with
increasing p. This means that for each value of power
P,, beginning with some value p, the second process
is more likely to occur and the plasma intensity should
decrease with depth with respect to S, at the leading
edge. But, when S<§_; , steady-state maintenance of
a plasma is impossible. If the power is increased for
a given p, R, increases, the effect of the geometric
factor is reduced and, at some value of P, it yields to
absorption; once more S<S_, in the plasma. This ex-
plains the upper limit of existence of a discharge.

5. PROPAGATION OF OPTICAL DISCHARGES
(a) Propagation mechanisms and an analogy with burning

Alldischargestend topropagate. Mechanisms exist for
the energy transfer from a discharge plasma to the

5 1t is conceivable that such a serious property—specific to
many discharges—as the existence of a minimum flux density
of the electromagnetic energy that is required to maintain a
plasma, depends on a choice of a specific radiative loss
function in Eq. (8), for example, S(7T)= ®&T)/uw (T) behaves
monotonically and has no minimum. In fact, when losses due
to thermal conduction are taken into account, Eq. (9) is gen-
eralized: Sp,=®+a®, where a is some coefficient. The
function S = (¢+ a®)/4,, has a minimum, only if u(T) has a
maximum, a fact that is known already. .
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surrounding layers of cold gas, which enhances ioniza-
tion. If a newly ionized layer lies in an external field,
the field energy begins to dissipate in it and the layer is
enveloped in a discharge. The same happens later to
subsequent layers, etc.

The plasma front which bounds a region enveloped by
discharge, moves along the gas. The discharge re-
mains stationary and it appears to be static under the
conditions whereby its motion is inhibited by walls, or
if the field intensity beyond its limits is insufficient to
maintain a plasma,

Different mechanisms of energy transfer and stages
of ionization, from the discharge plasma to adjacent
cold layers, are possible: shock wave, thermal con-
duction, radiative heat transfer; ionization is enhanced
by diffusion of resonant radiation, electron diffusion.

Discharge propagation effects (in certain cases
termed “ionization waves”) were observed and experi-
mentally studies under the most diverse conditions.!
The most frequent example of this effect is a process
occurring in plasmotrons, where the discharge remains
stationary in space and a gas flows through it. This has
little fundamental value, and it reduces to a mere
question concerning the choice of a coordinate system
to be used in observations. The propagation mechanism
in the stable plasma generators is normally thermal
conduction of heat, followed by thermal ionization of
cold gas masses.

The above mechanism has much in common with
burning in a gas torch, where a combustible mixture
enters a plasma in a steady-state continuous flow,
while the plasma remains stationary. Generally speak-
ing, there is a far-reaching analogy between the proc-
esses of propagation of discharges and flame. The
analogy is contained in the same strong temperature
dependence of the rate of chemical reaction and the rate
of dissipation of field energy which is proportional to
the degree of ionization (or its square) of a gas. Both
functions follow the Boltzmann law exp(—-const/kT).
The gas ionization temperature introduced above cor-
responds to the ignition point of a fuel below which a
chemical reaction practically cannot proceed. The
processes of energy release, energy transfer from the
heated matter (combustion products, discharge plas-
ma) to cold and the heating of the latter to the ignition
point, ionization, motion of the flame and discharge
fronts, all occur identically. The difference lies only
in the source of energy: either the chemical energy
contained in the matter itself, or the field energy sup-
plied from outside.

(b} ‘‘Light detonation’’

Motion of a plasma front in a laser field, an event
which belongs to a class of processes dealing with dis-
charge propagation, was discovered during the original
investigation of the laser spark. The boundary of the
optical discharge plasma moves toward the laser beam,
from the focal point, with a velocity of the order of
100 km/s. The mechanism of discharge propagation in
this case is a shock wave that heats the gas to a very
high temperature at which the gas undergoes strong
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ionization. The effect is similar to a process involving
detonation of explosives, in which the latter are heated
to the ignition point by a strong shock wave that, in
turn, is propelled by pressure generated by a rapidly
burning explosive. This phenomenon was thus inter-
preted as “optical detonation.” The mechanism in-
volved, is uncharacteristic of discharges and, evident-
ly, it occurs naturally at optical frequencies only. In
order to produce a rapid supersonic motion of the “de-
tonation” front, very large energy fluxes are required,
and at all other frequencies the corresponding electric
field intensities are above the breakdown threshold.
Therefore, in any other field but optical, a gas would
break down before the occurrence of the “detonation”
wave. Since our goal is to demonstrate the common
features that unify optical discharges with all others,
we shall not dwell here on the subject of “optical de-
tonation.”®

{c) “’Slow burn’’ regime

The “slow burn” process of propagation of a stable
optical discharge—based on the mechanism of thermal
conduction—is similar to the slow (subsonic) burning
of combustible materials. In contrast “detonation,”
pracesses of this type are observed in all fields with-
out exception. In the optical range, this effect was ob-
served for the first time in Ref. 38. A millisecond
pulse from a neodymium-glass laser, containing an
energy of 1,000 J, was focused in air by a long-focus
lens with f=50 cm. The peak power was 1 MW and the
light intensity at the focus ~10 MW/cm? The latter is
two orders of magnitude lower than required for break-
down; however, while an initial plasma was produced
in the focal region by means of an ordinary breakdown
between electrodes, plasma fronts were traveling along
the beam in both directions from the focus (both direc-
tions, since the plasma is highly transparent to radia-
tion from a neodymium-glass laser). The velocities
were small (of the order of 10 m/s) as was also tem-
perature, in contrast to high “detonation” values (v
~100 km/s, T~10°K). The effect was interpreted as
“slow burning,”®

The theory of a thermal conduction regime was de-~
veloped in Refs. 1, 21 and 23. In an idealized one-di-
mensional formulation, the steady-state regime of
propagation of the “optical burning” wave that is
traveling toward a parallel optical beam by way of a
parallel optical beam by way of a thermal conduction
mechanism and is maintained by the beam energy,
may be described in a system of coordinates associated
with the front (see Fig. 12) by the following equations:

PolCp ((li: = dx dz A_I?T +SP"" (10)
as .
q T p’uS; (11)
where c, is the specific heat at constant pressure, p,

is the density of cold gas, v is velocity at which the

8 For details, see Ref. 1. We shall point out new experiments
in which a light detonation wave was forced out of a target?®
and into the volume of a free gas due to breakdown of another
laser.¥
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FIG. 12. Diagram of light burning wave in a paraliel beam.

(a) Qualitative pattern of heat flow and gas expansion. Isotherm
and flow lines are shown; (b} Idealized one-dimensional regime
{Tt) and S(x) distributions are shownl.

gas enters a discharge and is equal to the velocity of
propagation of a front in the gas. The mass flow at a
given point x is constant and equals pv; density p is
related to temperature under the condition of constant
pressure p~ pT= const. The term A®/R?, which sub-
stitutes for the radial portion of the Laplacian 6, allow
in an approximate way for a release of energy due to
thermal conduction through a lateral boundary of the
optical channel (plasma energy losses). The coefficient
A=3 is determined by the radial temperature profile
which falls from the axis to periphery.

In front of the wave, at x= = and T'=0, S=S,= P,/
nR?, where P, is the incident beam power. After a
beam is completely absorbed, the gas cools off as a
result of losses, such that at x==,7=0. The solution
of a second-order equation for T is subject to two
boundary conditions. However, one of the arbitrary
constants is not subject to definition due to the arbi-
trariness with which the origin of the coordinates x was
picked. Consequently, one of the boundary conditions
is “superfluous.” This provides an opportunity in the
course of seeking a solution to determine the unknown
parameter, the “normal” (in analogy with the theory of
combustion) discharge propagation velocity v. Simi-
larly formulated, although allowing for real special
features of the geometry and field, are the problems
concerning the propagation of rf and microwave dis-
charges,! and also of a flame,

In those cases that are important in practice, where
the optical absorption length in the fundamental energy
yield region, i.e., at the highest temperatures in the
wave, lw=1/ K, clearly exceeds the diameter of the
light channel 2R, the problem is simplified. This oc-
curs when the wave motion is induced by radiation
from a neodymium-glass laser, and, in the case of
CO,-laser radiation, at the atmospheric pressure and
radii R, not exceeding one—~two mm (in air, l,5,~ 1.2
cm). Under these conditions, energy expanded in ad-
vancing a wave is, basically, the energy which is ab-
sorbed at a distance of the order of a diameter from
the leading front of a plasma. The energy absorbed
far from the front, is wasted through a side boundary
of the channel. In the active part of the wave, the flux
S is barely weakened. In that part alone and consider-
ing it a “wave,” Eq. (11) may be omitted, having as-
sumed S= const=§, and having set a boundary condition
behind the “wave” at x — =, defined as d7/dx=0. The
final plasma temperature, moreover, is automatically
determined by the balance equation behind the wave
S (T)=A0(T)/R.
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Equation (10) may be linearized with respect to©,
having assumed c,/A=const and p, =0 at ©<@,, and
k,=const at ©= @, (see Section 4), and it is readily
and accurately solved. The wave maintenance threshold
corresponds to a limit v~ 0 in the solution. In the case
of purely conductive losses, the threshold is charac-
terized by the total power P,=S,7R?, as also ina
spherical case {Section 4). Formula of the type of Eq.
(6) is obtained for P, and it contains an additional co-
efficient of the order of unity. The maximum tempera-
ture T, also differs little from the temperature of the
total single ionization T, (T, > 7,). In the case of CO,-
laser radiation and R< 0.05 cm, when losses are due
to strictly thermal conduction, threshold in the free air
is P,~4 kW, which exceeds the maintenance threshold
for a static continuous optical discharge in a well-
focused beam. As the channel radius increases, radia-
tive losses become appreciable and the threshold is now
characterized not simply by the power but the light in-
tensity and radius R. At R=0.15 cm, calculations yield
5;~100 kW/cm? and P,~7 kW.® The plasma tempera-
ture in a wave is, as before, T, ~17,000 K. The cal-
culated threshold of P, =920 kW, for a neodymium-glass
laser beam with S,= 1.3 X10* kW/em?, is in a good
agreement with experimental results.*®

The propagation velocity of the “light burning” wave
in a gas is greater, the greater the intensity of radia-
tion which maintains it. At powers considerably ex-
ceeding threshold, velocity is characterized by the fol-
lowing expression

a2y S (12) .

~ pecp 6, °*

which corresponds to the well-known Zel’dovich formu-
la for flame propagation. Calculations, based on a
more exact solution of Eq. (10), show that the velocity
v is of the order of 1 m/s, a value which is character-
istic for the slow thermal.-conductance mechanism of
wave propagation. Meanwhile, experimental values
are, as a rule, an order of magnitude higher,

The source of discrepancy is the fact that in an ex-
periment the plasma wave front is observed, as a rule,
to propagate in a cold gas which is moving in the same
direction, not unlike the case in which a flame propa-
gates in a tube from the closed end (this explanation
was offered in Ref. 38). Actually, a discharge plasma,
heated to a high temperature, undergoes thermal ex-
pansion and, like a piston, pushes the ambient cold
gas, including those layers which lie ahead of the front.
The velocity with which the cold gas in moving in the
direction of propagation of the front is on a par with the
rate of the steady-state motion of a plasma in a coor-
dinate system in which a wave is at rest: v =vpy/py
(pg is the plasma density; py/py= Ty/Type1a)- The
latter is tenfold greater than the normal propagation
velocity », such that in an experiment not », but ac-
tually a velocity of the order of v, is recorded.

Theproblem™® linearized with respect to ©, was gen-
eralized by way of allowing for two-dimensional therm-
al-conductance effects: The first two terms in the
right-hand side of Eq. (10) are written precisely in the
form of the Laplacian ©. Added to it is also a lin-
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earized term for the radiative losses & =const ©. The
light channel is considered as if it were placed inside

a cooled tube with a radius R,> R, where ©=0 at the
walls. A solution 6(x,7) is sought in the form of a ser-
ies by the method of separation of variables. Numeri-
cal calculations were carried out for the free air. An
isotherm plot obtained is very similar to the one ob-
tained experimentally.®® A good agreement is observed
between the effective constant of radial losses 4 in Eq.
(10), obtained in experiment, and an estimated value
A=2.9 used in Ref, 23.

A numerical calculation was carried out for an un~
stable motion of a wave from the ignition point—the
focus —toward a converging beam.*® The problem is
formulated in a one-dimensional mode. The nonsteady -
state equation of thermal conductance is expressed in
the spherical coordinates to suit the conical beam ge-
ometry; the angular portion of the Laplacian 6, as also
the radial in Eq. (10), is replaced by the expression
AO/R?, where now R=rtang is the instantaneous radius
of cross-section of the conical channel; 2¢ is the cone
aperture angle. Calculations were made for argon at
very high pressures (5-50 atm) and, therefore, the
radiative losses included in the equation play an impor-
tant role. The plasma front travels along and slows
down an expanding light channel, and then stops. The
stopping point and the temperature of a static discharge
are closer to S, (see end of Section 4), the higher the
pressure and the greater the power, i.e., the greater
the relative role of radiative losses.

(d) Experiments

Subsonic propagation of a discharge in the light chan-
nel of a laser beam was investigated experimentally in
a number of works.?31:3%,41-43 We have already dis-
cussed the first experiment.?® In subsequent experi-
ments,* carried out in a wide interval of pressures
(17-80 atm), measurements were made of thresholds
at which waves occur and velocities with which they
move in argon, while maintained by focused, spikeless
millisecond pulses from a ruby laser. The threshold
decreased with increasing pressure, sharply at first,
slowly later, a fact that may be explained by losses
due to thermal conduction being replaced by radiative
losses. The velocities were of the order of tens of .
m/s.

The process of wave propagation from the focus al-
ways precedes the establishment of a static continuous
optical discharge, 3 '

In the experiments, 400-kW CO, gas-dynamic laser
beam 10 cm in diameter was focused on a target by an
f=55 ¢cm mirror to a spot 0.5 cm in diameter.** The
beam intensity at the focus was $~1.2 MW/cm? A
discharge wave was set into motion in air from the tar-
get toward the beam, which covered a distance of ap-
proximately 10 cm during a laser pulse lasting 4 ms.
The wave front velocities were of the order of 20~50 m/
s. By comparing such high experimental front veloci-
ties with normal purely thermal-conduction propagation
velocities calculated in Ref. 23 (~1 m/s), the authors
perceived a clear contradiction with the theory,? and on
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this basis concluded that the leading role in the wave
propagation is played by radiative heat transfer,

Without rejecting the possibility of a radiative
mechanism being responsible (see below), we should
point out that similar comparisons and arguments can-
not be acknowledged as being correct. In the case of
burning “from the closed end” —and, in some experi-
ments, a solid target which induces burning was used
as a “tube end-piece”—the velocity of a wave in the
space may several tenfold exceed the thermal-conduc-
tion velocity of propagation through the bulk (see above),
i.e., it may be exactly of the order of observed veloc-
ity. This case has received attention also in Ref. 44,
which is dedicated to a mechanism of radiative heat
transfer, and a comparison of calculations with exper-
iment.** A series of time-lapse photographs of the
process, occurring under the conditions similar to
those in Ref, 43, were taken,*?

It is worth pointing out that in the technological proc-
esses involving lasers, continuous optical discharges
frequently occur at the surfaces being processed by
sufficiently powerful ew CO, lasers. In this case, the
effect is harmful: By absorbing the laser radiation,
the plasma screens the surface and impedes the in-
tended coupling of energy to the target.

(e) Radiative heat transfer

The radiative regime of propagation of an optical
discharge wave, in which the driving mechanism is
radiative heat transfer, was analyzed in one of the first
works dealing with the laser spark®; it dealt with giant-
pulse lasers for which the beam intensities were S
=10*-10° MW/cm?, the high temperatures behind the
wave front were 7~ 10°-10° K, and the propagation
velocities were supersonic, as is the case with “de-
tonation” (see also Ref. 1). In the range S=10%-10°
kW/cm?, which is typical for experiments in slow
burning in a CO,-laser beam, the radiative regime is
also possible, although it is subsonic.

The difference between the latter case and the super-
sonic regime is basically quantitative. The subsonic
process takes place at a constant pressure, not den-
sity. The heated plasma is considerably less dense
than the cold gas; it is transparent and weakly radia-
tive, its temperature is relatively low, T'= 20,000 K,
and the cold gas is transparent to the bulk of thermal
radiation. The only radiation absorbed in it and in-
volved in the heat transfer is the hard ultraviolet,
which comprises a small portion of the entire emission
spectrum. The cold air, for example, fully transmits
the entire radiation with A= 1860 A.

The high level of plasma transparency to natural
thermal radiation underscores a special property of the
radiative regime: dependence of its effectiveness on
the light channel diameter. Since the plasma emits
volumetrically, and the laitice occurs at relatively low
pressures—specifically, atmospheric pressure—wave
advancement requires energy that is emitted by a plas-
ma layer with an axial length of the order of the diam-
eter. At a distant point, the wavefront cross-section
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FIG. 13. Diagram of a wave driven by radiative heat transfer
mechanism.

is observable under a narrow solid angle, and the ma-
jority of photons produced there are emitted outside the
regionbeforethe front, whichfront is subjectedto heat-~
ing {see Fig. 13). According to estimates for free air,®
radiative heat transfer yields to thermal conduction in
the case of light channel diameters less than several
mm. The radiative mechanism takes over only in the
case of diameters of the order of 1 cm and up.

The radiative heat transfer mechanism has been con-
sidered as a two-group approximation.i®***’ The entire
spectrum of thermal radiation may be divided into two
parts: hard, with A<1130 &, #w>10.9 eV, for whicha
common large absorption coefficient which is indepen-
dent of X is assumed, and soft, with A>1130 &, charac-
terized by weak absorption. It is considered that the
hard radiation is in a local thermodynamic equilibrium
with the plasma, and a radiative heat transfer approxi-
mation, which augments the thermal conductivity of ma-
terial, is assumed to be its means of transport. The
soft radiation takes part in only bulk radiative losses.
The problem is reduced to a thermally -conductive
wave with the total heat transfer coefficient that is
strongly temperature dependent. The calculated radia-
tive heat transfer®” leads to relatively high wave prop-
agation velocities, of the order of tens of m/s which
were recorded experimentally.*® However, we believe
that the use of the radiative heat transfer approxima-
tion in the case of light channels with diameters of
0.25-0.5 cm, considered by these authors, is unjusti-
fied. At the temperature of the radiant plagma in the
range 15, 000-20,000°C, the free path of hard radiation
responsible for the heat transfer is 0.7-1.0 cm, i.e.,
it is several times greater than the diameter which
renders the use of the radiative heat transfer approxi-
mation unacceptable. Actually, the nature of emission
is volumetric and the effect of radiative heat transfer
is significantly weakened. The resultant wave veloci-
ties are lower.

In the highly detailed calculations** analysis of radia-
tion transport calls for a division of the entire spec-
trum into nineteen frequency groups and the tables of
spectral optical properties of air are used. Interna-
tional numerical methods have been developed for the
self -consistent solution of the gas energy equation of
the type of Eq. (10), which includes a radiative heat
transfer term, and for the radiation transport equa-
tion. However, plane one-dimensional regime is con-
sidered, without allowing for the radial limitation of
the light channel. Consequently, solution is applicable
to only sufficiently broad light beams with diameters of
the order of 1 cm and up, as also stipulated by the
authors. The propagation velocities are of the order of
tens of m/s which, in general, agrees with the results
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FIG. 14. Principal scheme of an optical plasmotron (Ref. 50).
1—laser beam; 2—lens; 3—nozzle; 4—gas flow; 5—plasma
jet.

obtained in Ref. 43, although the channel diameter in
the latter was somewhat smaller. Most probably, in
these experiments the concurrent thermal conduction
and radiative processes develop against the background
of a rapid motion of a cold gas before the front, which
is pushed by the expanding plasma (“burning from the
closed end”). One-dimensional radiation waves, which
propagate from a target at elevated beam intensities,
together with the hydrodynamic motion were calculated
numerically*® and investigated experimentally.*

6. OPTICAL PLASMOTRON
{a) Experiments

It was noted in Section 4 that a plasmotron may be
built, based on the principle of a continuous optical
discharge, provided—as it is done for all other fields—
cold gas is blown through the discharge. A free-air
plasmotron would require very high powers: according
to calculations discussed above, a minimum of 4 kW,
However, smaller powers are gufficient in gases
{monatomic) with a lower threshold. The correspond-
ing experiment, carried out in argon by means of a

0.8-kW CO, laser, was described in Ref. 50. The beam .

was focused in the region of a nozzle through which ar-
gon was ejected in the same direction as the beam (Fig.
14). A jet of plasma, formed in the continuous optical
discharge, flowed directly into the air. The radius of
the brightly shining region was of the order of mm,

and the length, approximately 3 cm.

The plasma in the optical discharge, which burns in
a stationary gas, is always shifted from the focus to-
ward the beam (Figs. 6 and 9). Investigation of a sta-
tionary discharge in a flow directed along the beam as
shown in Fig. 14, showed that the greater the flow ve-
locity v the closer the flow pushes the leading plasma

000+

L7/ S —
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FIG. 15. CO, lager power required to maintain a stationary
optical discharge in atomospheric-pressure argon flow as a
function of flow velocity (Ref. 51). 1—radiation focused by
f=10 cm lens; 2—f = 20 cm; 3—f = 40 cm (abscissa repres-
ents velocity v in cm/s).
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front to the focus.® The discharge is “blown away” in
both rf and microwave plasmotrons.! The laser power
P, that is required to maintain steady-state burning de-
pends, of course, on the flow velocity ». The latter is
also the velocity of discharge propagation in a gas.
When the CO,-laser radiation is focused by short-fo-
cused lenses, in particular f=10 cm, in argon at the
atmospheric pressure, P, increases monotonously
with increasing velocity from zero (Fig. 15). However,
the function P(v) ceases to be monotonic (as can be
seen in Fig. 15) in near-parallel beams ( f= 20,40 cm);
at velocities v<5-8 cm/s and, all the more, ina sta-
tionary gas, a discharge generally fails to burn.”

(b} Velocity limits of discharge burning

To explain the existence of a minimum propagation
velocity for a discharge burning in the weakly-con-
verging or parallel beams, it has been proposed® to
treat—in analogy with results presented in Ref. 52—
the propagation velocity of the plasma front » as being
proportional to the heat release gradient F kW/cm?® at
a point x =x,, where the plasma temperature T(x) is at
a maximum. The front moves along a gas in the direc-
tion of increasing F, and the gas flows through a dis-
charge in the direction of decreasing F; in this case,
v>0. Thus,

b~ = (%)m : (13)

The light intensity S ina parallel beam decreases along
the beam due to absorption, F= u,(7T)S hence, v~{p2S)_
>0.

If the beam is focused, S and F both concurrently in-
crease along the beams as the latter converge. In the
case of weak focusing, absorption predominates and »
>0; to hold a discharge stationary requires a flow in
the opposite direction. When the focusing is sufficient-
ly strong, compensation of the two effects is possible;
hence, (dF/dx),~(dS/dx),=0 and a discharge may burn
in a stationary gas. )

In the above considerations the dominant role is cor-
rectly attributed to the effect of absorption of light flux
and a competition between light absorption and beam
convergence, although the mechanism by which atten-
uation or intensification of the light flux affects the
front velocity is unknown. Clearly, it is assumed, the
latter is the same as the mechanism which gives rise
to Eq. (13). However, this problem cannot be consid-
ered solved because Eq. (13) does not actually hold for
the steady-state burning regime under consideration.
Instead, it pertains only to a stage of non-steady-state
motion of a plasma from an initial, strongly-symmet-
rical—with respect to a maximum point—distribution
T(x).®

Without repeating the complex proof of Eq. (13) which

D Ignition of a discharge in standing free air also failed when
anf= 50 cm lens was used for focusing.?’

8 Displacement of a radially-symmetric dc arc column in the
direction of incident microwave radiation that was parallel
to the flux was considered.
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was offered in Ref. 52 in the most general form, we
shall track its behavior using a relatively simple ex-
ample, of interest to us, involving a one-dimensional
regime of an optical discharge wave in a parallel beam
that is stationary in a system of coordinates where the

plasma is quiescent. This regime is described by Egs. .

(10) and (11). We shall proceed in Eq. (10) from T to
o, assume c,/A =const, differentiate the equation with
respect to x and refer it to a point where T is at max-
imum and (d7/dx), =0. Bearing in mind that p

=p (T), we find

A (d%8/dzM)m +(Rey 4S/d2)m

v= Potp (d*0/d2)y )

(14)
If the distribution T'(x) or 6(x) near a point x=x_ is
symmetrical, (d*9/dx®),=0, and we arrive at Eq. (13).

However, in a stationary wave the T(x) profile is not
symmetrical: Before the maximum, it is steeper than
behind the maximum, since the flux accelerates heat-
ing of a gas and delays its cooling (see Fig. 12). The
quantity (*9/dx®),, generally speaking, is of the same
order as (u,dS/dx),, although its sign is opposite,
such that it is difficult to say something ahead of time
about the result of deduction of two comparable quanti-
ties.

The direct physical cause of a hindered burning of
discharge in a parallel beam at very low velocities is
associated with the cooling produced by energy losses
in a plasma, which is controlled to a certain extent by
the attenuation of the light flux, If we digress from the
beam attenuation, as was done in Ref. 23, which is
quite plausible in the case of weak absorption at T
~ Tpax and for small light-channel diameters, x R<1,
cooling of a plasma, after it was heated to a final tem-
perature T, may be nearly excluded from consider-
ation and, in this event v~ 0 when S tends to a threshold
value S, =S,. If we digress from the existence of los-
ses—which is plausible in the converse case u R>1~—
then, regardless of the strong attenuation, the light flux
is nevertheless fully absorbed and v~ 0 when S~ S_
=0 (no losses, no threshold).! However, in a general
case, as a result of energy losses which become more
significant the more rapidly that the heat is released,
i.e., S is attenuated, the plasma becomes transparent
even before the light flux is fully absorbed. A portion
of the light energy remains unused, which inhibits the
burning of the discharge. The cooling occurs sooner,
the slower the highly -heated plasma drifts into the re-
gions beyond the temperature maximum (the lower the
velocity v). The optical thickness of a well-absorbing
region is also smaller, which requires that there be
more energy initially to provide a proper total energy
yield. In this manner, a sharp increase in §; occurs
when v~ 0. The incomplete utilization of the light en-
ergy at low velocities is, thus, responsible for the oc-
currence of a lower velocity limit. If both attenuation
and losses are “included,” but it is assumed that the
incident flux S, is fully absorbed, there is no limit,
and v~ 0 when §,~5,>0. i

All these qualitative rules are especially evident in
the case of a simple model of a linearized, one-dimen-
sional regime (c,/A=const; p,=0 when © <8, i,
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FIG. 16. Radiation intensity required to maintain a stationary
one-dimensional regime in an optical-discharge wave as a
function of wave propagation velocity, obtained as a result of
solving a linearized equation. Curves refer to various values of
parameter T=u,RAA which characterized relative role of
light absorption and energy losses. Curves plotted in dimens-
ionless variables.

=const when © >©,), which in a general case is de-
scribed by an equation that follows from Egs. (10) and
(11)
_T_pocpv %S—=-‘:z—? + BpoSoeHo™ —-;—?— .
0 when 9<eo, -7-'<0. x> Tgy
={ 1 when 80, 0<z<<z,

(15)

and the boundary conditions 9 =0 when x=+=. At the
regional boundaries, when x=0 and x=x,, © and d6/dx
are continuous.

Equation (15) yields the type of ©(x) profile shown in
Fig. 12. The desired relationship between flow velocity
v and incident beam intensity S,, which is responsible
for the wave immobility, is expressed by a system of
two equations with respect to two unknown parameters
v and x,. The task narrows down to solving a trans-
cendental equation which yields an intermediate relation
between v and x,, and calculating the function S{v, x,).
In dimensionless variables % =x/%, where the scales are
T=VAN/p,c, R, S=A6,/u R?, and ¥=R/VA, the equa-
tions for S,(v) have the following form (v=p R/VA, a
parameter):

(kTR Bt

S

k£.2='%—:f:l’ 1+'Z—’.

e—%Xo__ gh3%Xp

(16)

The results of the calculations are shown in Fig.
16,2 The S,(v) curves are qualitatively similar to the
experimental curves in Fig, 15. Asymptotically, when
7 and $>1, p=VS, which is in agreement with Eq. (12).

% A numerical solution of the transcendental equation, which
proved to be formidable, has been carried out by N. N. Mag-
retova.
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When 7~ 0, but 7#0, the required intensity S~ 27/3%

- which attests to the difficulty of producing a dis-
charge at low velocities. The problem is the smallness
of the optical thickness of the absorbing region: -0,
4%~ 30~0. Infact, the minimum velocities at which
a sharp increase in the intensity occurs in accordance
with both calculations and experiment in Ref. 51, are
so small, »=5-7 cm/s, that determination of threshold
values S, from the analysis of a simplified variant S(x)
= const=S,—corresponding to an interval -0 and
extrapolation S (v) at v=0—has yielded reasonable re-
sults.?

The solution of Eq. (15) confirms the aforementioned
qualitative assertion concerning the fact that the wave
velocity in a steady -state regime may not be considered
proportional to the heat release gradient at a point of
the temperature maximum. For example, when r=0.1,
which in general corresponds to the experimental con-
ditions and =0.3, we get %,=4.81 and 5=2.56, the di-
mensionless “temperature” maximum, ém =0/9,=1.85,
lies at a point x, =2.01. The dimensionless heat re-
lease gradient at the maximum point is -0.209, and the
dimensionless third derivative of ©, which should have
been neglected in order to obtain Eq. (13) from the real
Eq. (14), is +0.149, The same also applies to other
variants.

7. PROJECTS BASED ON THE USE OF OPTICAL
DISCHARGES

The possibility of free transmission of laser energy
over long distances, the concentration of energy in
small volumes by optical means, and high temperature
and degree of ionization in the optical discharges all
provide perspectives for various applications. Above,
we have discussed the possibilities of using continuous
optical discharge as a stationary light source of very
high brightness, and for the generation of a dense,
high-temperature plasma. These have been achieved.
In this Section, we shall discuss three projects which
are currently considered fictional, although we have
watched fiction repeatedly materialize during our life-
times.

(a) Optical plasmotron as a rocket engine

A system, equivalent to an optical plasmotron shown
in Fig. 14, has been proposed as a rocket engine.’® The
authors were attracted to the optical discharge because
of high temperature. Coupled with the use of the light-
est gas, hydrogen, this permits us to obtain inordi-
nately high escape velocities of the plasma » and spe-
cific impulses [.'® Numerical calculations of the
light-burning waves in a CO,-laser beam were carried
out with an allowance for radiative heat transfer and
subsequent flow of a plasma in a nozzle. The light
channel was considered to be parallel and the radiation
intensity was fixed basically at S,=300 kW/cm? The
radius and selected power are interrelated. If P,=10

10) r = 4 /g, where g is acceleration due to gravity. Heated in-
itially to a temperature 7, the gas escapes into the vacuum
with a velocity « ~VET/M, where Mis the atomic mass.
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kW, R=0.1 cm; if P,=5 MW, R=2.1 cm; the radius of
the nozzle throat Ry =0.4 R. The maximum temperature
at the 30-atm pressure in the inflow attains 19,000 K.
The normal propagation velocities (inflow velocities)
are v~ 2-8 m/s. The absorption length of laser radia-
tion is 2-3 cm. The plasma velocity in the region of
energy release is ~1 km/s, and at the throat, ~15 km/
s. This makes it possible to obtain specific impulses
of 1400-2400 s in the case of an escape trough the at-
mosphere, and 4300-4700 s in the case of an escape
into the space. Even the best rockets propelled by
chemical fuels cannot attain, in the latter case, 500 s;
space flight requires specific impulses of 1000-1500 s.

(b) Rocket engine based on the use of recurring explosions
from an optical breakdown®*

In the preceding case it was assumed that a laser is
placed aboard the rocket. In this case, laser energy is
supplied to a flying vehicle from Earth, a task that is
particularly attractive. The engine may function only
during take-off of a vehicle through the atmosphere.
The tail-end of the vehicle, facing Earth, is designed
in the shape of a parabolic mirror. The incident light
beam sent from Earth is reflected by the mirror and
collected in the focus where it produces an optical air
breakdown. The pulsed laser energy is rapidly released
in the breakdown plasma, the assumption being that the
radiation is beamed in the form of repeating pulses.

A “detonation” wave propagates in the air from a point
where energy was released, it strikes the mirror sur-
face, is reflected, and in this manner imparts a me-
chanical impulse to the vehicle (exerts a pressure on
it). Detailed calculations have been carried out, the
various operational aspects of the engine evaluated, and
suitable designs and regimes selected. Of course, to
accelerate vehicles of realistic weight, say ~100 kg,
very high average laser powers are required, which
are of the order of 100 MW at the pulse repetition fre-
quency of 300 Hz. It is remarkable that an actual mod-
el of such a “laser aero-reactive engine” has been
made. A body weighing 5 g was accelerated and moved
upward under the effect of a series of optical air
breakdowns which were produced by radiation from a
small periodically -pulsed CO, laser.

(c) Conversion of light into electrical energy®®

As indicated in selected articles, investigations are
in progress concerning different means for converting
(aboard a space vehicle) laser energy beamed from
Earth into electrical energy to satisfy the energy re-
quirements of artificial satellites. In the preliminary
experiments,® this purpose was satisfied by a plasma
from a continuous optical discharge. A 6-kW CO, laser
with a beam diameter of 6 cm was focused by an f=18
cm lens in a chamber through which argon under a 1.1-
atm pressure was slowly flowing. Thoriated tungsten
electrodes were placed on both sides of the optical dis-
charge plasma which was distributed as shown in Fig.
6; one electrode had a small surface and was heated
to incandescence to emit electrons, the other, a col-
lector, had a large surface and was cooled by water,

A potential difference existed between the electrodes,
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evidently due to diffusion of electrons from the plasma
to the collector. The voltage-current characteristic of
the circuit, including the electrodes and the plasma,
was taken. The value of the potential difference (“open
circuit” voltage), extrapolated to a zero current, was
1.5 V; the collector was negative. The short circuit
current was 0,7 A. If the potential difference (1.5 V) is
considered an emf, the electric power is 1.5 x0.7=1
W, iLe., an efficiency of the order of 0.02%. However,
citing a number of investigations, the authors suggest
that the conversion efficiency may be significantly im-
proved.
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