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A survey is presented of papers published from 1964 through 1971 on the laser spark in gases. The

authors consider the mechanisms whereby laser radiation breaks down a gas, the influence of the

experimental conditions on the breakdown threshold, and the interaction of the spark plasma with

the laser radiation. The parameters of the plasma during the time it is acted upon by the radiation

and after the end of the laser pulse are determined. The possibilities of a number of technical

applications of a laser spark in gases are discussed.
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1. INTRODUCTION

When the radiation of a sufficiently powerful laser is
focused on the surface of a solid target or in a volume
filled with gas, a hot and dense plasma is produced.
Interest in this plasma is due both to the desire to obtain
record high temperatures (up to thermonuclear) and
electron densities, and the possibility of observing a
large number of very interesting phenomena connected
with the interaction of high-intensity radiation with a
plasma. We consider here only research on the plasma
produced when laser radiation is focused in a gas. This
plasma is called in the literature "laser spark."

The first to report observation of gas breakdown by a
laser beam was Maker in 1963C l 3. A detailed analysis of
the theoretical and experimental work performed up to
the middle of 1965 is contained in the review by
Raizer1-2-1. Whereas at the time of its publication the
total number of papers devoted to breakdown of gases by
lasers was approximately 40, by now the number of pub-
lications has exceeded 400. (A bibliography and a survey
of work performed until 1968 can be found in1·3-1). The
first papers presented the basic concepts of the mechan-
ism whereby breakdown is produced and of the interac-
tion of laser radiation with a plasma. Many theoretical
and experimental papers were subsequently devoted to a
more detailed analysis of these processes. At the same
time, in conjunction with progress in laser techniques,
gas breakdown by laser radiation was investigated be-
tween continuously increasing experimental limits.
While in the first studies the laser spark was obtained
with pulses from ruby (λ = 0.6943 μ) and neodymium
(λ = 1.06 μ) lasers lasting several dozen nanoseconds,
at the present time laser sparks are obtained by using
radiation of wavelength from 0.26 μ (fourth harmonic of
neodymium laser) to 10.6 μ (CO2 laser). A laser spark
is obtained with pulses lasting from several picoseconds
to several milliseconds; high-power cw lasers are also
used to maintain the plasma.

The expansion of the range of the experimental condi-
tions under which gas breakdown by laser radiation is
investigated has not only contributed to a deeper under-
standing of the mechanism whereby radiation interacts
with gases and with plasma, but has also made it possi-
ble to observe a number of new phenomena, particularly

the self-focusing of the laser radiation during the break-
down process.

The present review covers papers published through
the end of 1971. Greatest attention is paid to researches
following the publication of Raizer's review1-2-1.

2. GAS BREAKDOWN UNDER THE INFLUENCE OF
LASER RADIATION

a) Breakdown threshold. When the radiation intensity
exceeds a certain threshold value, breakdown is pro-
duced in the gas and is accompanied by absorption of an
appreciable fraction of the laser-pulse energy and form-
ation of a highly-ionized hot plasma. The breakdown is
accompanied by a bright flash and a characteristic sound
recalling a spark discharge. The breakdown threshold
depends on the type of gas and its pressure, on the radia-
tion wavelength, on the duration of the laser pulse, and
on the condition of its focusing.

The breakdown threshold is usually characterized by
the threshold density 1^. of the light flux or by the
threshold density F t h r = Ithr/ h p l o f t n e P n o t o n f l u x > a n d

also by the critical electric field intensity Ε ^ Γ

= (47rlyir/c)l/2 (c is the speed of light). If 1 ^ is meas-
ured in W/cm2 and E^r in V/cm, then the connection be-
tween Ethj. and Iyjj. can be written in the form

In the case of ruby-laser pulses of duration of several
dozen nanoseconds, the breakdown thresholds of most
gases at pressures close to atmospheric are on the order
of 1029-1030photons/cm2sec (101 0-10U W/cm2).

The abrupt increase of the absorption of laser radia-
tion by the gas is the result of its ionization in the field
of the light wave. There are two processes that can ex-
plain the ionization due to focusing of an intense light
beam in a gas, namely multiphoton ionization and cas-
cade ionization. The first process can occur indepen-
dently of the presence of free electrons in the focal reg-
ion, whereas cascade ionization must be initiated by at
least one priming electron.

b) Multiphoton ionization. Since the ionization energy
of most gases ranges from 10 to 20 eV, which is much
larger than the energy of one ruby- or neodymium-laser
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emission quantum (1.78 and 1.18 eV, respectively), ion-
ization of the atoms calls for simultaneous absorption of
several quanta. This process has been named multi-
photon ionization. The ionization of an atom in the field
of an intense light wave can be considered also as a
direct detachment of an electron from the atom by the
alternating electric field.

The theory of multiphoton ionization has been the sub-
ject of a large number of papers (see, e.g., t*'14^). With-
out dwelling on an exposition, we present the principal
relations characterizing the dependence of the multi-
photon ionization threshold on the experimental condi-
tions.

The number of quanta necessary to ionize an atom is
obviously

(1)

where Û  is the ionization energy, hu is the quantum en-
ergy, and (...) denotes the integer part of the quantity
contained in the brackets. The probability of simultane-
ous absorption of η quanta is proportional to the light
flux raised to the n-th power

w = AF*. (2)

The total number N e of ionization acts is proportional to
the atom concentration na, to the duration At of the laser
pulse, and to the volume V of the focal zone:

N, = Ana At VF". (3)

Assuming that the breakdown occurs when a certain
cr i t ica l value N e c r is reached, we obtain for the t h r e s -
hold photon-flux density

>αΔί V Ι (4)

Thus, F j . ^ depends relatively little on the initial gas
density, on the duration of the la ser pulse, or on the
dimensions of the focal region.

Detailed quantum-mechanical calculations of the
probability of multiphoton ionization with allowance for
not only the initial and final energy states of the atom,
but also of the intermediate states, were performed by
Gold and B e b b t 7 > 8 : . They have shown that the ionization
energy increases abruptly if the excitation energy of one
of the intermediate states is close to the energy of an
integer number of quanta ( E e x c = rohv). According to the
calculated data given i n C 7 ' 8 : , at near-atmospheric p r e s -
sure and at a ruby-laser pulse duration ~10 nsec, the
threshold breakdown powers due to multiphoton ionization
amount in the case of hydrogen and inert gases to
ΙΟ3 0—103 2 photons/cm 2 sec, which is larger by one or two
orders of magnitude than the measured breakdown t h r e s -
holds. At the same time, the fluxes needed to detach one
electron in the focal volume coincide in order of magni-
tude with the experimentally measured breakdown thres-
holds. Thus, under these conditions multiphoton ioniza-
tion can cause only the appearance of the initial priming
electrons. The number of electrons is further increased
as a result of cascade ionization.

The weak dependence of the threshold flux on the gas
density ( F t h r ~ n ^ ' n ) causes even a negligible concentra-
tion of easily-ionized impurit ies to lead to the appear-

ance of priming electrons. Thus, multiphoton ionization
of the res idual gas in a vacuum chamber was observed
directly in1-15-1. At a p r e s s u r e 10"6 mm Hg, several dozen
electrons were produced during the time of the pulse.

To observe multiphoton processes in pure form, it is
necessary to exclude cascade-ionization processes . To
this end it suffices to decrease the gas p r e s s u r e to
values such that the mean free path of the electrons
exceeds the dimensions of the focal volume. The laser
spark is not produced in this case, but an appreciable
number of ions i s produced, and by measuring this num-
ber it is possible to estimate experimentally the proba-
bility of the multiphoton processes . Investigations of
this kind were carr ied out i n t l 6 " 2 2 ] .

In accord with (3), the number of produced ions
(Nj » N e ) is proportional to F n . From the slope of the
plot of the function logN^ = f (log F) we can determine the
number η of simultaneously absorbed quanta. In al l
cases, the experimentally measured number n e x p turns
out to be smal ler by several units than the number de-
termined by formula (1). The decrease in the number of
quanta necessary for the ionization can be due to the
smearing of the upper levels of the atom in strong e lec-
tromagnetic fields'-23-'. A s imilar effect can resul t from
the smearing of intermediate levels, which increases the
probability of quasiresonant transitions'-2 4-'.

c) Cascade ionization. The pr imary electrons p r o -
duced as a result of multiphoton ionization absorb the
light quanta in collisions with neutral atoms. The energy
of the electron increases to values exceeding somewhat
the ionization energy. After this, the electron ionizes
the atom, with a high probability, as a resul t of which
two electrons appear, and the process i s repeated. The
number of electrons increases exponentially:

N, = 7Voe* = 7V02«/t; (5)

here γ = (ΐ/τ)1η2 is the cascade-development constant
and τ i s the t ime necessary to double the number of
electrons.

The final number of electrons depends very strongly
on the cascade development constant, which in turn de-
pends on the electromagnetic field intensity. This ex-
plains why the process has a threshold character . The
breakdown threshold is determined from the condition
that during the time At of the pulse the total number of
electrons must reach a certain cr i t ical value 1SL,,. Then

cr·
vcr=^-i (6)

The theory of cascade ionization is the subject
of'-25'35-'. Without stopping to discuss these studies (an
analysis of the work performed up to 1965 is given in
Raizer ' s review[ 2-1), we present the basic relations
characterizing the cascade-ionization process .

The growth rate of the electron energy in the e lectro-
magnetic field of the radiation i s given by

Here ue^ = η^νσ^ i s the effective collision frequency,
n a is the concentration of the atoms, ν is the electron
velocity, otT i s the transport c r o s s section, e and m are
the charge and m a s s of the electron, Ε and ω a r e the
intensity and frequency of the field, and I is the density
of the light flux. At not too high gas densities, when
< ω, we have
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dt,
"W1 (8)

The time τ necessary to double the number of elec-
trons can be determined from the condition that during
that time the electron acquires an energy equal to the
ionization energy of the atom'

*

whence

(9)

(10)

The threshold intensity is obtained by equating the value
of γ from (10) to y c r (6):

mcUiui? In (Ncr /JVo) /ι ι \
* Γ = in (In 2)i2nowrt,A< " I '

For ruby-laser pulses of nanosecond duration, the calcu-
lated values of the threshold intensities are in reasonable
agreement with the experimental values of the breakdown
thresholds.

It should be noted that the growth rate of the cascade
can decrease as a result of energy losses by the elec-
tron via elastic and inelastic collisions, and also as a
result of diffusion of the electrons from the focal region
and recombination processes.

Inelastic collisions that lead to excitation of atoms
can either slow down or accelerate the cascade develop-
ment. In strong optical fields, the excited atoms and
molecules are ionized with high probability, and this
leads to acceleration of the cascade developmentt 2 8 > 2 9 ].
In fields of lower intensity, however, the atoms lose the
excitation energy by radiation. The role of these losses
is particularly appreciable in the breakdown of gases by
long-wave radiation (for example, by neodymium-laser
and COi-laser radiation). Allowance for losses of this
type leads to the appearance of an additional factor in
Eq. (10), corresponding to the probability that the elec-
tron will pass through the excitation region'-25·1. The
question of the role of excitation of vibrational levels in
the breakdown of molecular gases is considered i n [ 3 5 ] .
Allowance for the deceleration of the electrons by vibra-
tion levels leads to a weaker dependence of the break-
down threshold on the pressure and on the laser-pulse
duration than given by (11).

Calculations of cascade ionization with allowance for
diffusion and recombination losses are carried out
i n [so, si, 36,37] _ T h e g r o w t h o f t h e electron concentration
is described in this case by the equation

±± = (γ - γ.) n. + DV2ns - aRn%,, (12)

where n e is the electron concentration, D is the diffusion
coefficient, OR is the recombination coefficient, γ is the
ionization constant connected with the density of the light
flux by relation (10), and y a characterizes the losses to
"sticking" (a process in which the electron and atom
form a negative ion). At relatively low pressures, when
the principal role is played by diffusion losses, the solu-
tion of (12) for the case of a cylindrical focal volume and
for a laser pulse of triangular wave form yields the fol-
lowing expression for the threshold intensity

where

At is the duration at half-height, and Λ is the character-
istic diffusion length, which is connected with the length
I and the diameter d of the cylindrical focal volume by
the relation 1/Λ2 = {it/if + (4.8/d)2. Neglecting diffusion,
we can obtain from (13) the previously derived expres-
sion (11) for the breakdown threshold. In the case of
small focal volumes and low pressures (large D), the
breakdown threshold is determined mainly by the
diffusion losses.

It has been assumed so far that the electron con-
stantly acquires energy and then ionizes the atom prac-
tically instantaneously at the instant when its energy
reaches the atom's ionization energy. In gas breakdown
by powerful ultrashort pulses, the character of the cas-
cade development changes. In this case the energy
acquired by the electron in one elastic collision, which
is of the order of the energy of the oscillations of the
electron in the field of the light wave, can exceed the
atoms ionization energy. The electron then rapidly
enters an energy region in which the ionization probabil-
ity decreases with increasing electron energy. As a re-
sult, the cascade development constant does not increase
but decreases with increasing laser-radiation intensity.
The theory of cascade ionization under the influence of
powerful ultrashort pulses was developed by Afanas'ev
and others i32-3i\

A comparison of expressions (4) and (11) for the gas
breakdown thresholds governed by the multiphoton and
cascade-ionization processes shows that the threshold
radiation densities with these two processes depend
differently on the laser pulse duration, on the dimen-
sions of the focal region, and on the pressure and ion-
ization potential of the gas. The investigation of the de-
pendence of the breakdown threshold on the experimental
conditions is therefore of considerable interest when it
comes to ascertaining the breakdown mechanism.

d) Pressure dependence of breakdown threshold. The
pressure dependence of the breakdown threshold was in-
vestigated in [ 3 1 ' 3 e " 4 ? 1 . For pressures close to atmos-
pheric and for laser pulses of nanosecond duration, the
breakdown threshold is seen to decrease with increasing
pressure. A typical plot of 1 ^ against pressure is
shown for inert gases in Fig. 1. The slope of the logl^p
= f (log p) plots is close to unity, in agreement with the
theory of cascade ionization, as is typical of an inverse
proportionality of the breakdown threshold to the pres-
sure (see formula (11)). For molecular gases, the slope

FIG. 1. Pressure dependence of
breakdown threshold for inert gases
(solid lines—neodymium laser, dashed—
ruby) t 4 1 ] ·

"4n (
100 200 500 WO 2000 5000

Pressure, mm Hg
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of the plot of log Ιϋχΐ against log ρ is somewhat
smaller [ 4 1 ] .

With increasing pressure, the slope of the plots de-
creases, and at pressures on the order of hundreds of
atmospheres a minimum is observed on the
curves1 1 3 6 ' 3 9 ' 4 0 3 (Fig. 2). The existence of this minimum
was predicted by Minck1-38-1. Indeed, according to (7) the
growth rate of the electron energy has a maximum at
ω = ye££ = η&νσ^Γ, so that the breakdown threshold should
have a minimum at an atom concentration n a « ω/νσ(·Γ.

It should also be noted that the change of pressure can
lead to a significant change in the magnitude and charac-
ter of the electron energy loss, which in turn should
affect the rate of cascade development. Thus, the de-
crease in the slope of the plot of log Iy^ against log ρ
with increasing pressure can be due to the enhanced role
of the recombination p r o c e s s e s ' - 3 1 ' . The decrease of
the pressure leads to an increase in the diffusion coeffi-
cient (see formula (13)) and to a corresponding increase
in the diffusion losses.

e) Dependence of the breakdown threshold on the sort
of gas. Both ionization mechanisms—multiphoton and
cascade—lead to an appreciable dependence of the break-
down threshold on the gas ionization potential. An ex-
perimentally clear-cut dependence of the breakdown
threshold on the ionization potential was observed for
inert gases'-41'43^1. As seen from Fig. 3, the breakdown
threshold increases sharply when the ionization potential
increases. The only exceptions are neon and helium, for
in spite of the large ionization potential helium has a
lower breakdown threshold. The same picture is ob-
served when the breakdown of these gases is produced
by a ruby or neodymium laser, and can therefore not be
attributed to resonance effects. In addition, the closest
to resonance (in the case of the ruby-laser emission
quanta) is the energy of one of the Ne-atom levels, and
this could lead to a decrease rather than an increase of
the breakdown threshold of Ne in comparison with He.

The dependence of the breakdown threshold on the

FIG. 2. Pressure dependence of
breakdown threshold [3 9].

Pressure, atm

oHe

FIG. 3. Dependence of the breakdown
threshold of inert gases on the ionization
energy (p = 10'mraHg) [4 1].

ionization potential is not so pronounced for molecular
gases as for inert gases'-41"43-1. A comparison of the
thresholds is made difficult in this case by the different
slopes of the plots of logl^r against log ρ for different
gases, so that the form of the dependence of the break-
down threshold on the ionization potential is determined
essentially by the pressure.

There have been several investigations of the influ-
ence of impurity on the breakdown threshold. Thus, it is
shown in1"44·1 that addition of freon to argon can lead, de-
pending on the experimental conditions, to either an in-
crease or a decrease of the breakdown threshold. For
comparatively low pressures (& 250 mm Hg), the break-
down threshold was lowered by the addition of freon, and
in the opinion of the authors, was due to multiphoton
ionization of the freon, which provided the priming elec-
trons. At high pressures (~ 2500 mm Hg), and at slowly
rising pulses, addition of the freon leads to the capture
of the free electrons and hinders the cascade develop-
ment, thus leading to an increase in the breakdown
threshold.

A curious phenomenon was observed by Smith and
Haught[ 4 5 : . A small addition of neon (« 1%) to argon
leads to an appreciable lowering of the threshold of
breakdown by neodymium-laser radiation as compared
with the breakdown threshold in pure argon (we recall
that the breakdown threshold in neon is higher than in
argon). A more detailed investigation of breakdown in
argon-neon mixtures was made by Mul'chenko and
Raizer1-463. They observed a sharp decrease of the
breakdown threshold at the neodymium-laser frequency
not only with small amounts of Ne in Ar, but also with
small amounts of Ar in Ne. In the latter case this can be
attributed to the Penning effect (acceleration of cascade
development as a result of ionization of argon atoms in
collisions with excited neon atoms). However, the reason
for the lower threshold in argon with a small amount of
neon added remains unexplained. No such effect is ob-
served in the breakdown of neon-argon mixture by ruby-
laser radiation. The difference in the character of the
dependence of the breakdown threshold on the mixture
composition for neodymium and ruby lasers is due, in
the opinion of Mul'chenko and Raizer'·46-', to the different
role of the photoionization of excited atoms during the
process of cascade development: the photoionization of
the excited atoms by ruby-laser radiation is much more
rapid than in the case of a neodymium laser, when the
photoionization calls for a larger number of quanta.
Therefore the Penning effect hardly comes into play in
the breakdown by ruby-laser radiation.

f) Dependence of the breakdown threshold on the
radiation frequency. The dependence of the breakdown
threshold on the wavelength of the laser radiation was
investigated i n C 4 0 ' 4 1 - 4 7 - 5 1 ] . m the first papers [ 4 0 · 4 1 ' 4 7 ]
the breakdown thresholds were compared at two fre-
quencies (neodymium laser (λ = 1.06 μ) and its harmonic
λ = 0.53 μ [ 4 7 ] , and neodymium and ruby (λ = 0.69 μ)

lasers
[40,41]»

In both cases, the breakdown threshold

10 15 20 25 30
u:. eV

for the longer-wavelength radiation of the neodymium
laser was much lower than for the shorter-wavelength
ruby laser or for the harmonic of the neodymium laser,
this being in qualitative agreement with the relation Iy^
~ ω2 predicted by the cascade-ionization theory for the
frequency dependence of the breakdown threshold. How-
ever, a comparison of the breakdown threshold by using
more than two wavelengths, carried out in t 4 8 " 5 1 ] , has
shown that the dependence of Ij.n r on the wavelength is
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not monotonic. Buscher et al.1-48-1 measured the break-
down thresholds in inert gases at the neodymium
(1.06 μ) and ruby (0.69 μ) frequencies, and their second
harmonics (0.53 and 0.35 μ). A maximum of the thres-
hold breakdown power was observed, with a position that
depended on the nature of the gas (Fig. 4).

The dependence of the breakdown threshold on the
wavelength was investigated i n [ 4 e ' 5 i : i using a neodymium
laser and its second, third, and fourth harmonics
(0.53, 0.35, and 0.26 μ, respectively). A lowering of the
breakdown threshold was observed in the ultraviolet
region, but this was apparently due both to the increased
probability of the multiphoton ionization responsible for
the appearance of the priming electrons and for the en-
hanced role of ionization of the excited states during the
course of cascade development.

A more detailed investigation of the dependence of the
threshold on the wavelength near the maximum of the
*thr = *(λ) c u r v e w a s carried by Alcock et al.C s o : l using
a tunable-frequency dye laser.

Finally, special mention should be made of gas break-
down by long-wave radiation from a pulsed CO2 laser
(λ = 10.6 μ), investigated by Generalov et al.Cs2-1 and by
Smith C53'5<1, xhe absolute values of the threshold inten-
sities for the breakdown of Ne and He at pressures from
2 to 25 atm, according to the data of1-52-1, were
« 108 W/cm2, which is lower by approximately two
orders of magnitude than in the breakdown of these gases
by radiation in the visible band. In Smith's studies1-53-1,
breakdown was produced by CO2 radiation only in pre-
ionized argon. In this case the absolute values of the
breakdown threshold («2x 108 W/cm2) were of the same
order as in , but in the absence of pre-ionization no
breakdown was produced even at 109 W/cm2.

g) Dependence of the threshold on the dimensions of
the focal volume. The role of diffusion losses in the de-
velopment of a cascade depends significantly on the
dimensions of the focal region (the quantity Λ in formula
(13)). Investigations of the dependence of the threshold
breakdown on the dimensions of the focal volume are
carr ied out int3i,36,40,45,54-56]> F i g u r e 5 s n O w s typical

plots of I ^ against the focal length f of the lens.

At relatively low pressures, the experimental plots
of Ij-nr against f agree with the calculated ones. How-
ever, calculations of diffusion at high pressures
(10—100 atm) show that the role of diffusion losses
under these conditions should be negligible. Nonetheless,
a lowering of the threshold with increasing size of the
focal volume was observed also in this case'"36'31-'. Some
authors [ 3 6 ' 4 0 ' 5 « have advanced the hypothesis that the
dependence of the breakdown threshold on the dimensions
of the focal volume may be connected in this case not
with the diffusion departure of the electrons, but with
other "diffusion-like" processes such as diffusion of the
resonant radiation. However, as noted in -1, these
processes should not greatly influence the development
of the breakdown. In the opinion of the authors of1-46-1,
diffusion-like losses are due to true diffusion of the
electrons not from the focal volume, but from much
smaller regions with maximal field intensity.

h) Dependence of the breakdown threshold on the
mode makeup of the laser radiation. When radiation of a
multimode laser is focused, the interaction of the differ-
ent oscillation modes produces at the focus of the lens
an interference structure that varies in time and in

FIG. 4. Dependence of the
breakdown threshold on the radia-
tion wavelength [4 8].

2 K,l

<f, «TV/cm f, '(TV/cm

- 20 mm Hg

15 f,cm 10

FIG. 5. Dependence of the breakdown threshold on the focal length
of the lens [5 5]. TpU]s e = 60 nsec: a) krypton; b) xenon.

space; as shown in1-57-1, the radiation intensity at indi-
vidual points of this structure can exceed by 1—2 orders
the mean intensity in the focal volume. When radiation
of a single-mode laser is focused, to the contrary, there
are no local inhomogeneities in the intensity distribution.
The distribution of the field over the focal spot is almost
Gaussian'-58'59-1, and its maximum value at the center of
the spot is only 1.4 times larger than the average velue
of the field.

Comparisons of the breakdown thresholds using the
radiation of single-mode and multimode ruby lasers,
carried out by Smith and Tomlinson and by Alcock
et al., '-59-1 have shown that the breakdown thresholds
differ insignificantly (the differences do not exceed 50%).
The authors have reached the conclusion that under the
conditions of their experiments the breakdown occurred
under the influence of the field averaged over the focal
volume.

i) Dependence of the breakdown threshold on the
laser-pulse duration. As seen from (13), in the case of
cascade ionization the dependence of the breakdown
threshold on the laser-pulse duration is determined
essentially by the values of the losses. For short pulses,
when (lAt)ln(Nc r/N0) > 2D/A2, the diffusion can be
neglected and the breakdown threshold is inversely pro-
portional to the pulse length. To the contrary, for long
pulses, when (l/At)ln(Ncr /No) < 2D/A2, the breakdown
threshold is practically independent of the pulse dura-
tion, and for breakdown to occur it is necessary only that
the ionization rate exceed the electron losses due to
diffusion (γ > 2D/A2). The first case corresponds to gas
breakdown under the influence of pulses of nanosecond
duration. The second case occurs in gas breakdown by
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CO2 laser radiation at pulse durations « 1 μ sec and
more (see1-52-1).

The influence of the pulse duration on the breakdown
threshold was investigated in1-54'60-1. The dependence of
the breakdown threshold on the pulse duration obtained
in1-60-1 (Fig. 6) is in qualitative agreement with the pre-
diction of the theory. The threshold energy density E^r

= Iyjr At remains constant (Ij.nr ~ l/At) when the pulse
duration changes from 1(TU to 10"9 sec. In the interval

9 7
from 10~9 to 10"7 sec, increases in proportion to At,
i.e., I^j, is constant, corresponding to a high loss level.
For a quantitative explanation of this dependence it is
necessary to assume, however, that the losses exceed
substantially (by almost one order of magnitude) the
theoretically calculated value.

k) Gas breakdown by picosecond pulses. Since the
breakdown threshold for the cascade ionization mechan-
ism is inversely proportional to the pulse duration, and
for multiphoton ionization it depends very weakly on the
pulse duration, like At-*-'n, the breakdowns due to these
two processes become comparable in magnitude at pico-
second pulse durations. As shown by Bunkin and
Prokhorov'-61-1, it becomes possible here to observe gas
breakdown as a result of multiphoton ionization in pure
form.

To obtain a laser spark, trains of pulses from lasers
operating in the mode self-locking regime were used, of
« 10"u sec duration with intervals of several nanosecond
between pulses, as well as individual picosecond pulses
separated from such a train and amplified. Even in one
of the first studies'-58-1, where the laser spark was pro-
duced by a train of picosecond pulses, the question was
raised whether the breakdown in this case is the result
of the action of an individual picosecond pulse or whether
this is cumulative effect due to the entire train and de-
termined by the radiation intensity averaged over the
entire pulse train. The authors have concluded, since the
average breakdown power (by average power is meant
the total energy contained in a train of pulses, divided by
the duration of the entire train) of a train of picosecond
pulses was equal to that of one pulse of several nano-
second duration, that the breakdown is determined by the
averaged action of the entire series of pulses, and not
by the instantaneous values of the power, which for indi-
vidual pulses exceed the average by 2—3 orders of mag-
nitude.

Later investigations > 6 2 ) , however, have shown
that the breakdown is produced by each individual pulse
of the train. Alcock et al. '-62-1 have observed that the
breakdown threshold does not change when the time in-
tervals between the individual pulses of the train is
changed. If the breakdown were to be caused by the ac-
tion of the entire train, then the diffusion losses during a
time between pulses should have led to a growth of the
threshold intensity with increasing interval between the
pulses. On the other hand, the threshold for breakdown

FIG. 6. Dependence of the thres-
hold energy density <f thr =

on the pulse duration [ 6 0 ] .

by a single picosecond pulse, measured in> , were
close to the thresholds for the breakdown of the gas by a
series of picosecond pulses, as determined in ] .
Finally, Wang and Davis[ 6 o ; l have observed directly that
the breakdown produced by individual pulses from a train
occurs at discrete points on the laser beam axis and
spaced « 0.2 mm apart.

The dependence of the threshold for breakdown under
the influence of picosecond pulses on the dimensions of
the focal volume was investigated i n [ 6 4 ' 6 5 : l . No depen-
dence of IQJJ. on Λ was observed for a train of picosecond

pulses in1"64·1, within the limits of experimental accuracy.
(The diffusion losses during the time « 10"11 sec of one
pulse can be neglected.) To the contrary, Bunkin
et al.1-65-1 observed a significant dependence of the
breakdown threshold on the dimensions of the focal vol-
ume. In the opinion of the authors ofίΒ5^, the possible
cause of this dependence is self-focusing of the laser
radiation (see Chap. 3 of the present review).

Of particular interest for the elucidation of the mech-
anism of breakdown under the influence of picosecond
pulses is the investigation of the dependence of the
breakdown threshold on the pressure1-6 3 ' 6 6 ' 6 7^. An ap-
preciable decrease of the breakdown threshold in nitro-
gen and argon was observed in1-6^ when the pressure
was increased from 500 to 6000 mm Hg, thus offering
evidence in favor of the cascade ionization mechanism.
A somewhat different dependence of L ^ on ρ was ob-
served by Krasyuk et a l . [ 6 6 ' 6 7 ] (Fig. V). At a pressure
below a certain limit p 0 (Po ~ 5 χ 103 mm Hg for He or
Ar and » 4 x 102 mm Hg for N2) the value of I | .n r depends
little on the pressure. This region corresponds to multi-
photon ionization. The region of higher pressures
ρ > Po corresponds to cascade ionization. In this case
Ij.n r ~ 1/p for He and Ar. The pressure dependence of
L. for N2 is somewhat weaker, as is typical of cascade
ionization of molecular gases.

3. EVOLUTION OF A PLASMA DURING THE TIME IT
IS ACTED UPON BY LASER RADIATION

Even in one of the first studies of the laser spark1-№^
it was observed that after the onset of the primary
breakdown the spark develops asymmetrically, namely,
the plasma boundary moves towards the focusing lens
with a velocity « 107 cm/sec.

A number of mechanisms leading to the motion of the
plasma boundary in a direction towards the laser have
been considered in the literature. These include the
hydrodynamic or detonation mechanism, the breakdown-
wave mechanism, the radiation mechanism, and the ac-
celeration of plasma by ponderomotive forces.

The motion of the absorption band in opposition to the
light flux hinders the release of the laser-pulse energy
into a small volume and imposes a limit on the ability of
the laser spark to heat the plasma to high temperatures.
This phenomenon was therefore the subject of many
theoretical as well as experimental studies.

FIG. 7. Pressure dependence of the
threshold intensity in gas breakdown by
picosecond pulses [6 7].
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a) Hydrodynamic mechanism. The first attempt to
explain the propagation of the plasma in a direction
opposite to that of the laser radiation was made by
Ramsden and Savic^693. It was assumed that after the
breakdown a shock wave propagates through the unper-
turbed gas, and that further absorption of the energy of
the laser pulse occurs behind the shock front moving
towards the lens. This mechanism, named the detonation
or hydrodynamic mechanism, was considered in greater
detail by Raizer1-2'7"3. We confine ourselves here to the
presentation of the fundamental relations characterizing
this mechanism.

The connection between the velocity ν of the detona-
tion wave and the light-flux density I is given by the re-
lation

-1)-^]1 / 3> ( 1 4 )

while the internal energy acquired by the gas is equal to
2 2 ' 3 / / \VK

( Y 2 - D ( Y + 1 ) - ( Y 2 _ i ) (

Here γ is the effective adiabatic exponent and p<> is the
initial gas density.

Equation (14) gives the instantaneous value of the
propagation velocity of the detonation wave. To obtain
the law governing the variation of the position of the
wave front with time, it is necessary to take into account
the fact that the radiation flux I is changed both by the
change in the cross section area of the light channel as
the detonation wave moves through it, and as a result of
the time variation of the radiation power. For a conical
light channel we have I = V/(t)/-nxha.nza, where W(t) is the
radiation power, χ is the distance from the focus of the
lens to the wave front, and a is half the angle at the apex
of the cone. Substituting the value of I into (14) and re-
placing ν by dx/dt we obtain the differential equation

fe Γ2( ΐ»-1) -,1
it L npi tg2 a v ι \

(16)

I n [ 6 9 ] this equation was solved under the assumption that
the laser radiation pulse is rectangular, which leads to

Daiber and Thompson1-713 considered more realisitc
triangular and Gaussian pulses.

It has been assumed so far that the light flux incident
on the shock-wave front is completely absorbed in a nar-
row layer directly adjacent to the front. This takes
place if the laser spark is produced in air or in other
heavy gases. But if the laser spark is produced in light
gases (hydrogen and helium) at relatively low pressures
(1—5 atm), then the plasma cannot be regarded as optic-
ally dense. The propagation of a detonation wave for this
case was also considered by Daiber and Thompson11713.
Formulas (14)—(17) acquire in this case an additional
coefficient that accounts for the incomplete absorption
of the laser radiation in the shock front.

Lateral expansion causes the absorbed energy to be
consumed in heating of a gas volume whose radius ex-
ceeds the light-channel radius. The lateral-expansion
velocity is close to the sound velocity c in the plasma:

l)i. (18)

allowance for the lateral expansion leads to replacement
of I in formulas (14) and (15) by Ιδ, where
δ « l/[l + (ΔΧ/Ζ)] is the correction for the lateral ex-
pansion, ΔΧ is the thickness of the absorbing zone, ap-
proximately equal to the mean free path I of the laser-
radiation quanta in the plasma, and r is the radius of the
light channel.

The lateral expansion determines, in final analysis,
the minimum radiation intensity needed to maintain the
detonation regime'-72-'. In the case when the width of the
absorption band is ΔΧ > r, the energy loss to lateral
expansion makes a self-maintaining absorption-wave
regime impossible. As shown by Raizer'-72^, much
lower radiation intensities are needed to maintain the
detonation regime than to break down the gas. Thus, in
air at atmospheric pressure L^^ « 8 χ 107 w/cm2, and
the minimal detonation-wave propagation velocity is
v min * 8 k m / s e c ·

The internal energy determined with the aid of (15)
corresponds to a thin layer adjacent to the shock front,
in which the radiation energy is released. On the shock-
wave front, the gas is compressed to a state with den-
sity pi = [(γ + l)/(y - l)]po, and then, after acquiring
additional energy, expands to a state with density
p2 = [(γ + l)/y]p0. Behind the high-temperature and
high-density gas region adjacent to the detonation-wave
front follows a rarefaction region. A shock wave moves
also in the opposite direction along the light channel, but
the gas temperature is much lower here, since it is as-
sumed that the entire energy is released in a front that
propagates towards the laser. The spatial distribution of
the plasma parameters of a laser spark for the case of
hydrodynamic propagation of the absorption band was
considered theoretically in^7 3"7 5 3. Figure 8 shows the
results, obtained by KidderC75], of numerical calculations
of the radial distribution of the plasma parameters when

,&ΰ/τακ

Comparing (15) and (18) we get c/v = γ/(γ + 1), i.e.,
the velocity of lateral expansion is approximately double
the velocity of the detonation wave. As shown in C 7 0 ] ,

FIG. 8. Radial distribution of the temperature (a), pressure (b), and
specific volume (v = 1/p) (c) for a laser spark in deuterium (p = 1 atm) in
the case of heating by spherically-symmetrical radiation [7 5]. Pulse energy
100 J, duration 5 nsec; the waveform of the pulse is given in the upper
part of Fig. 8a.
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the plasma is acted upon by spherically-symmetrical
radiation.

b) Breakdown-wave mechanism. If the breakdown in
the narrowest part of the light channel occurs before the
radiation power has reached the maximum, then with
further increase of the power the threshold conditions
can be reached also in a broader section of the channel.
This leads to a displacement of the breakdown zone in
the direction of the lens. The breakdown-wave propaga-
tion was considered in ^ 2 ' 7 0 ' 76~793. Ambartsumyan
et al.1-76-1 have assumed that the breakdown in a given
cross section of the light channel occurs at the instant
t = t c r when the density of the light flux reaches a cer-
tain threshold value Ig r . The initial velocity calculated
by them for a triangular laser pulse is

(19)
"W 2 i c r t g a 2 nro/c rAitga

Here w m a x is the power at the maximum, At is the dura-
tion at half height, and r 0 is the radius of the channel at
the section where the primary breakdown occurs. As
seen from (19), the breakdown-wave velocity depends
significantly on the power and on the duration of the
laser pulse, and also on the focusing lens, which deter-
mines the values of tan a and r 0 .

In a paper by RaizerC 7 o : l, published simultaneously
with1-76·1, the time necessary for cascade development
was taken into account in the calculation of the break-
down-wave propagation velocity. It was assumed that
breakdown occurs in a given section of the light channel
at the instant when the number of electrons reaches a
certain critical value N c r . The formula obtained for the
breakdown-wave propagation velocity differed from (19)
only by a numerical factor. However, the quantity I c r

contained in (19) turns out to be dependent on the wave
form of the laser pulse ( I c r ~ VW
of which we get m a x

/At), as a result

Δί tg a
(20)

When the breakdown-wave propagation law was der-
ived in1-70-1, it was assumed that the initial electron con-
centration No is reached in the entire gas volume in
which the plasma propagates at the instant when the
laser pulse begins. Subsequently Alcock et a l . [ 7 7 ' 7 8 ^
performed calculations for the case when the primary
electrons appear in a section located at a distance χ
away from the focus, at a certain time ti after the start
of the laser pulse (it was assumed that these electrons
are produced by ionization of the gas by the radiation of
the spark itself). In^79-1 it was assumed, in the analysis
of the motion of the breakdown wave, that the cause of
the primary ionization is the laser radiation and that the
primary electrons appear in a given cross section when
the light flux reaches a certain value I s sufficient for
multiphoton ionization. The initial breakdown-wave
velocities obtained i n

C 7 7 ' 7 8 ' 7 9 : l do not differ from those
given by relations (20) and (19) respectively.

c) Radiation mechanism. This mechanism of absorp-
tion-zone propagation was considered in detail by
Raizer1170-1. At the temperatures attainable by laser-
radiation absorption (ΙΟ5—106 deg), the mean free path of
thermal quanta with energies \\v ss kT exceeds not only
the width of the absorption wave, but also the dimensions
of the heated region. On leaving the plasma, the thermal
radiation is absorbed in the adjacent cold layers of the
gas, as a result of which the latter are heated to a tem-
perature « 2 χ 104 deg and become opaque to the laser

radiation. Thus, the laser-radiation absorption zone
moves continuously towards the laser.

A rigorous analysis of the radiative transport of the
absorption wave is a rather complicated matter. It is
shown in1-70-1 that both the dependence of the radiation-
wave propagation velocity on the incident light flux and
the absolute values of the velocities are approximately
the same as for the detonation mechanism.

d) Plasma propagation under the influence of pondero-
motive forces. In all the plasma-propagation mechan-
isms considered so far it was assumed that the interac-
tion between the radiation and the plasma reduces to
absorption of light energy and its conversion into thermal
energy of the plasma. However, other mechanisms of
direct interaction between electromagnetic radiation and
a plasma are possible, and lead to its acceleration by
nonlinear forces l-80~82]. These forces are particular
cases of ponderomotive forces. They begin to prevail
over the gas dynamic forces if the radiation intensity ex-
ceeds a certain critical value I*. For ruby and neo-
dymium lasers, according to the datac 8 0 ' S 1^, we have
I* « 10 u w/cm2. In most experiments on gas breakdown
by laser radiation, the intensities are much lower than
I*. However, radiation intensities close to I* can be
reached within the confines of self-focusing filaments
(see below).

e) Experimental investigations of the dynamics of
plasma-boundary propagation. The dynamics of the
propagation of the plasma boundaries was investigated
in[ee,69,71,76-79,83-913_ T h e plasma boundary velocity was

determined from scans of the spark radiation, obtained
with the aid of image converters [ 6 8 ' 7 1 ' 8 4 ' 8 7 ' 8 8 > 9° : ι , from
the Doppler shift of laser radiation scattered by the
plasma1-8 3'6 8'9 0·1, and from the time variation of spark
contours obtained by the Schlieren method1-77'78-1 and re-
constructed with the aid of holograms1-85'86·1.

From a comparison of the results obtained in various
papers [ 6 8 ' 6 9 ' 8 3 " 8 6 : i it follows that the hydrodynamic reg-
ime is realized at laser powers from several to several
dozen megawatts (the focal lengths of the lenses are
several centimeters). In heavy gases, and also in hydro-
gen and helium at high pressures, the plasma propagated
asymmetrically, predominantly towards the laser. In
hydrogen and helium at low pressures, two glow fronts
were observed, moving in opposite directions (towards
the lens and away from it), this being due to the consid-
erable transparency of the laser-spark plasma in these
gases.

The initial propagation velocity of the detonation wave
in air under normal conditions, measured in ^ e s ' T 1 ' 8 3 ' S 4 - 1 ,
ranged from 107 to 1.5 χ 107 cm/sec.

The good agreement between the measured values of
the velocity and the calculated ones1-83-', the good corre-
spondence between the experimental and theoretical de-
pendences of χ on t t 6 9 ' 7 1 ] ; a n d the approximate two-fold
excess of the propagation velocity against the radiation
over the lateral velocityL 8 5'8 6 3, all indicate that the
hydrodynamic plasma-propagation mechanism was real-
ized in these investigations. In addition, the connection
between the velocity ν and the initial gas density 1 ^ is
in good agreement with relation (14). A plot of v/l l / 3

against ρ'ο
ί/3 is shown in Fig. 9 t 8 5 ] . The points on the

plot correspond to laser sparks in air, helium, and hy-
drogen at different pressures.

The dynamics of plasma expansion under conditions
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FIG. 9. Dependence of vl l / 3 on po" l / 3 (v is
the detonation-wave velocity for t = 10 nsec, I
is the light-flux density, and p 0 is the initial gas
density). 1-Air, 1.75 atm; 2-He, 11 atm; 3-He,
6 atm; 4-H 2 , 11 atm; 5-H2, 6 atm; 6-H 2 ) 3
atm;7-H 2 , 1.75 atm.

when the breakdown-wave mechanism is realized was
investigated ϊη[τβ-7β,87-β9]_ Τ ο o b t a i n a s p a r k > p u i s e s

with power from 0.3 to 3 GW were used. In this case,
the velocity of the plasma boundary towards the laser
greatly exceeded the lateral expansion velocity'-76"78-'.
When the initial gas density was increased, the plasma-
boundary propagation velocity increased rather than de-
creasedc 7 f '7 7'S 7 > ? 6.] The velocities measured in different
investigations varied over a wide range, depending on the
parameters of the laser pulse and of the focusing lens.
Thus, Bobin et al.1-88-1, focusing a pulse of 2 GW power
with a lens of f = 5 cm obtained a plasma-boundary
propagation velocity 8 χ 107 cm/sec. When long-focus
lenses are used, the breakdown occurs at discrete points
on the laser-beam axis» Thus, Basov et al.'-89-1, who
used pulses of « 1 GW power and a lens of focal length
2.5 m, obtained a laser spark, which they called "long,"
consisting of a set of individual sparks with a total length
exceeding 2 m. The breakdown occurred at the focus and
then propagated towards the lens with a velocity 2.2
χ 109 cm/sec, and in the opposite direction with a veloc-
ity 3.8 χ 109 cm/sec. The character of the breakdown
development is attributed by the authors to the time
variation of the spatial structure of the laser radiation.

At powers on the order of hundreds of MW, the
detonation-wave and breakdown-wave propagation veloci-
ties are close to each other, and small changes in the
experimental conditions can lead to a transition from
one regime to another. Thus, Daiber and Thompson t71-'
interpreted their results from the point of view of the
detonation mechanism, while Alcock et al.'-77'78-' ex-
plained their results, obtained practically under the
same conditions, from the point of view of the breakdown
mechanism. The intermediate cases, when a small
change of the laser pulse parameters led to a transition
from one regime to another or when the propagation of
the plasma proceeded via successive breakdowns with a
hydrodynamic regime between them, were observed by
Korobkin et al. c : and by Daiber and Thompson C 9 1 ] .

f) Temperature measurement. The single-valued re-
lation between the internal energy of the gas and the
detonation-wave velocity (see formula (15)) makes it
possible, under the conditions of the hydrodynamic
regime, to estimate the gas temperature from the meas-
ured values of the velocity of the plasma boundary
towards the lens. For example, Mandel'shtam et al.C 8 3 : l

obtained by this method a temperature 7 χ 105 °K.

In a number of studies1-83'91"93-1, the plasma electron
temperature was determined from the spectrum of the
recombination radiation in the soft x-ray region. The
values of T e measured in1-91'92-1 range from 0.4 χ 106 to
1.8 x 106 deg. In11923 it was shown that the duration of the
x-radiation does not exceed the duration of the laser
pulse. Measurements performed with spatial resolu-
tion1'91'1 have shown that the x-radiation is emitted only

from the brightly glowing region adjacent to the front of
the absorption wave.

Still higher temperatures, T e « 300 eV (3 χ 106 deg),
were measured by Vanyukov et al.'-93-' In these experi-
ments, a laser spark was produced in air and in a mix-
ture of air with deuterium by focusing a 6-GW pulse of
20 nsec duration.

Korobkin et al.'-90-' estimated the ion temperature of
the plasma from the lateral-expansion velocity. The ob-
tained value Ti « 6 χ 105 °K agrees sufficiently well with
the electron temperature determined by measuring the
radiation in the soft x-ray regiont83-1. Komissarova
et al. '-85-1 estimated the plasma temperature at instants
corresponding to the end of the laser pulse from the
velocity of the lateral expansion. Considerable longitud-
inal temperature gradients were observed.

g) Measurements of electron concentration. Interfer-
ence, holographic, and spectroscopic methods were used
to measure the electron concentration in a laser-spark
plasma. Most measurements performed by the interfer-
ence and holographic methods, and practically all the
spectroscopic measurements, pertain to the later stages
of the laser-spark development (after the termination of
the laser pulse), but a number of studies covered also
stages corresponding to the action of the laser radiation
on the plasma. Thus, Alcock et a l . i 9 i i measured by an
interference method the electron concentration in a laser
spark in air at an instant of time approximately 30 nsec
after breakdown (tie « (3-5) χ 101β cm"3). Values of the
same order, n« « (2—3) χ 1018 were obtained by a holo-
graphic method in'-95"973 for the stage corresponding to
40 nsec after the production of the spark.

Komissarova et al.'-85-1 investigated, by the method of
two-long-wave holographic interferometry, the spatial
distribution of the electron density in a laser spark in
air for instants from 30 to 110 nsec after breakdown
(see Fig. 10a). Considerable gradients of the electron
concentration were observed at instants of time when the
plasma was still acted upon by the laser radiation
(30—65 nsec). It is shown in that paper that the loss of
electron concentration during the investigated stage is
due mainly to the expansion of the region occupied by the
plasma. The number of electrons integrated over the
volume remains practically unchanged in the time from
30 to 65 nsec. A similar procedure was used to deter-
mine the electron concentration in a laser spark in hy-
drogen and in helium'-86-1. In all cases when the initial
gas pressure exceeded 6 atm, considerable gradients of
the electron concentration was observed, analogous to
those observed in the laser-spark plasma in air^85-1. At
low pressures, the gradients of tig were observed only
for the earliest instant of time (20 and 30 nsec), or were
even completely absent (for example, for a spark in
hydrogen at a pressure 1.75 atm; see Fig. 10b).

Interference measurements of the electron concen-
tration in a laser spark in xenon were carried out by
Hugenschmidt^98"1003.

It should be noted that the electron concentrations
registered in all the investigations are lower by approxi-
mately one order of magnitude than the values expected
in the case of an equilibrium (thermal) ionization of the
gas at the initial density. To be sure, it is impossible as
a rule to register the shifts of the interference fringes
in the zone directly adjacent to the absorption-wave
front. In those sections where the electron concentration
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FIG. 10. Distribution of electron concentration along the longitudi-
nal axis of a laser spark, a) Spark in air, ρ = 1 atm [8 5]; b) spark in hydro-
gen, ρ = 1.75 atm [8 6].

can be measured, the mass density of the gas is much
lower than the initial density even during the early
stages of the existence of the laser spark.

It follows from an examination of the experimental
data that the laser-spark plasma parameter change sig-
nificantly during the time of action of the laser radiation.
The high temperatures determined by measuring the
χ-radiation pertain to a very narrow rapidly moving
layer directly adjacent to the absorption wave. It is here
that the maximum electron concentrations are likewise
observed. This layer screens the plasma regions behind
it, which, since they do not receive additional energy,
expand and cool down. This results in the appreciable
electron-concentration and temperature gradients ob-
served in1-85'86-1. If the laser spark is produced in light
gases at relatively low pressures, the energy-release
zone is not localized in a region adjacent to the plasma
boundary. Then no predominant motion of the plasma
boundary in a direction opposite to the laser radiation is
observed1-71-1, nor are there any gradients of the electron
concentration and of the temperature C86-1.

h) Features of the development of a laser spark pro-
duced by pulses of picosecond duration. The development
of a laser spark produced by a single pulse of duration
10"11 sec was investigated by Alcock et al.1-63-1. The
plasma-radiation scans obtained with an image converter
show a bright center of «0.1 mm diameter, which exists
for several dozen nanoseconds, and a less bright enve-
lope, expanding with an initial velocity « 4 x 108 cm/sec.
The authors of[63^ believe that this glow may be caused
by ionization of the surrounding gas layers by the short-
wave radiation emitted from the hot center.

If the laser spark is produced by a train of picosecond
pulses, then, as already noted, the breakdown produced
by individual pulses of the train occurs at discrete points
regularly distributed along the beam axis. These points
are seen on spark photographs obtained in the light of the
laser radiation1-60·1. The scans of the plasma glow it-
self C62>1013 a j g 0 s l l 0 W I^J- j - n e a r r i v a i Of e a c h succeeding

pulse causes a jumplike propagation of the plasma to-
wards the laser. The initial propagation velocity of the
glowing region, according totl01-% is approximately
3 χ 108 cm/sec and corresponds apparently to photo-
ionization of the gas by the radiation of the hot plasma.
In the period between the individual pulses, the average
velocity is ~ 7 χ 106 cm/sec, and corresponds to free ex-
pansion of the plasma.

An attempt to explain the jumplike development of the
breakdown and the corresponding periodic structure of
the scattered radiation was made by Wang and Davis '-60-1.

The breakdown produced by the first picosecond pulse
is regarded as the center of a spherical explosion wave.
The arrival of the next pulse produces breakdown on the
shock front of this wave, and the breakdown point itself
becomes the center of a new spherical shock wave, etc.

Information on the parameters of a plasma produced
in the breakdown of gases by picosecond pulses is prac-
tically nonexistent. Data on the plasma temperature are
given only by Gorbeko et al.1-101-1, who estimated the ion
temperature corresponding to » 2 nsec after the break-
down at T^ « 6 χ 106 °K, as determined from the initial
free-expansion velocity of the plasma (4 χ 107 cm/sec).

i) Laser spark produced by focused CO2 radiation.
The development of the laser spark produced by radia-
tion from pulsed CO2 lasers was investigated in[ 1 0 2~ l o i : i .
Gravel et al.C l 0 2 : l and Tomlinson[ l 0 3 ] used for the pro-
duction of the laser spark a pulse with a total duration
up to several microseconds, and the bulk of the energy
was contained in its leading section of 300—400 nsec
duration. During this part of the pulse, the plasma
propagated towards a focusing mirror at a velocity gov-
erned to the detonation mechanism. The motion was then
abruptly slowed down. The calculations show that the
mean free path of the laser-emission quanta was, up to
this instant of time, of the order of the radius of the light
channel, corresponding to the limiting conditions for the
existence of a detonation wave. The abrupt slowing down
of the motion corresponded to a transition from the
detonation regime to the so-called "slow burning" regime
(see below). Motion of the plasma boundary in two direc-
tions towards the lens and away from it, with approxi-
mately constant velocity, was then observed, thus indi-
cating relatively small absorption of the radiation in the
plasma. Gravel et al.'-102·1 have observed at 1.5 μββο
following the breakdown, in a region close to the focus,
a glowing filament propagating with a constant velocity
« 106 cm/sec in the direction of the laser radiation. They
explain the observed picture in the following manner:
When the plasma becomes almost completely transpar-
ent, a second breakdown occurs near the focus on the
boundary between the plasma and the neutral gas. The
shock wave again propagates in two directions, but the
front moving through the already-expanding plasma ab-
sorbs practically no laser radiation. The energy release
occurs on the front propagating in the opposite direction.
This, of course, explains neither the constant propaga-
tion velocity nor the filamentary structure of the plasma
formation. The presence of a plasma in the focal region
seems to influence in some way the character of the
radiation propagation behind the focus.

Breakdown induced by a train of pulses from a mode-
locked CO2 laser (duration of each pulse ~3 nsec, inter-
vals between them « 25 nsec, total duration of train
~ 400 nsec) was observed in1-104-1. The picture was very
similar to the breakdown of gas by a train of picosecond
pulses from a neodymium laser'-60-'.

j) Laser spark in the regime of "slow combustion"
and constantly burning optical discharge. As already

noted1-72-1, much less radiation intensity is required to
maintain the detonation regime than to produce the laser
spark. However, another mechanism of plasma propaga-
tion is possible, at even lower radiation intensities. This
regime was called "slow burning." In this case, new
layers of gas become capable of absorbing the radiation
as a result of their heating by heat conduction.

The first to observe a laser spark in the slow-burning
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regime were Bunkin et al. '-105-'. The spark was ignited
by an extraneous source (by a spark discharge between
electrodes). The radiation from a neodymium laser
operating in the free-generation regime (E = 1000 J,
At = 2.5 msec) was focused with a long-focus lens in
such a way that the diameter of the focal spot was 3 mm.
Under these conditions, the radiation intensity was
» 10 MW/cm2, which is approximately one order of mag-
nitude less than required to maintain the detonation reg-
ime, and two orders of magnitude less than the threshold
intensities needed for spontaneous breakdown. Under the
influence of the radiation, the plasma boundary propaga-
ted in both directions away from the focus of the lens
with an approximate velocity 50 m/sec.

Detailed calculations of the radiation intensity needed
to maintain the "slow burning" regime, and also of the
rates of propagation of the plasma boundaries and its
temperature, are given in the papers by Raizer'-106"108-1.

The "slow burning" regime was obtained also by
MuPchenko et a l . [ 1 0 ^ . A laser spark in argon at a pres-
sure of 80 atm was ignited by a beam from a ruby laser
operating in the spike regime, and the "slow burning"
was maintained by using a ruby laser in the quasicon-
tinuous regime, generating a smooth pulse of 1.5 msec
duration and 50 J energy. After several dozen micro-
seconds following the application of the maintaining
pulse, the leading front of the plasma was detached from
the point of ignition and propagated in a direction oppo-
site to the laser radiation, with an initial velocity
250 m/sec.

Raizer1-106"108-1 calculated the radiation power needed
to maintain a continuously burning optical discharge
("optical plasmotron"). This discharge was first pro-
duced by Generalov et al. '-110-1 using a cw CO2 laser. The
discharge was ignited by a pulsed CO2 laser, the radia-
tion of which was focused at a right angle to the radia-
tion of the cw laser that maintained the discharge. To
maintain a discharge in xenon at 2—4 atm, 150 W of
power was sufficient. The plasma was symmetrical
relative to the focus of the lens, thus evidencing incom-
plete absorption of the radiation. The plasma tempera-
ture was estimated at » 15 000°K. More detailed
information on the results of the experimental investiga-
tion of a constantly glowing optical discharge can be
found i n C l u D .

k) Laser radiation scattered by a laser spark. Spark-
scattered laser radiation was investigated by a number
of workers. As already noted, the scattering-line shift
relative to the laser-emission line was interpreted as a
Doppler shift due to the motion of the detonation wave
towards the focusing lens t 6 8 ' 8 3 ' 9 0 3 .

It is known that scattering of laser radiation by elec-
trons is widely used for plasma diagnostics. In the first
investigations of laser sparks'-68'83-' attempts were
therefore made to determine the plasma parameters
from the laser emission scattered by the spark. The
electron temperature estimated from the width of the
scattered-radiation line turned out to be much lower
than that measured by other methods. It was subse-
quently shown that the intensity of the scattered radia-
tion exceeds by several orders of magnitude the value
calculated under the assumption of Thomson scatter-
ing [36,ii2-ii4]^ a n d i t w a g c o n c l u d e d that the scattered

radiation is due to reflection and refraction of the laser
radiation by the shock-wave front and in the highly-

ionized region near the focus of the lens, and cannot be
used for plasma diagnostics.

Photographs of the laser spark in the light of the
scattered radiation reveal a bead-like structure1-83'90·1.
The time scans of the spark show that the scattering
centers occur in succession, and move towards the lens.
These centers were interpreted as discrete regions of
breakdown. However, Savchenko and Stepanov[1153 have
observed that on photographs taken simultaneously from
points located on opposite sides of the spark the bead-
like structures differ greatly in the number of scattered
centers, and have reached the conclusion that the scat-
tering is not a volume but a surface effect connected
with reflection and refraction of the radiation by the
plasma boundary. Analogous conclusions were drawn
also in'-113-1, where it was shown that the small dimen-
sions of the scattering centers can be explained from
geometrical considerations, by considering the reflection
of the laser beam from the spherical surface of the wave
front. Thus, the smallness of the apparent dimensions
of the scattering centers cannot serve as proof of pres-
ence of such small plasma formations.

Korobkin and Alcock1-1163 have observed that when a
laser spark is produced with a single-mode ruby laser,
the scattering region takes the form of filaments of
diameter not larger than 5 μ. The appearance of these
filaments is attributed by the authors to self-focusing of
the laser radiation.

A similar filamentary structure was observed
in'-59'114-1. It was noted that in molecular gases the
scattering region takes the form of almost solid fila-
ments. After they are produced, the filaments move
towards the laser at a gradually decreasing velocity (the
initial velocity, according to the data o f [ 5 9 ] i s 1.5
χ 107 cm/sec). In inert gases, the filaments have a life-
time of only a few nanoseconds, after which their propa-
gation slows down abruptly and a new filament is pro-
duced several microns ahead of the preceding one, as a
result of which the scattering region takes the form of
discrete centers. It was shown in^1173 that the number of
scattering centers and the distances between them de-
pend on the pressure of the gas in which the spark is
produced.

In the case of gas breakdown by a series of picosec-
ond pulses1 6 0 ' 1 1 8^, the structure of the scattering region
takes the form of individual points measuring not more
than 10 μ and disposed along the axis of the laser.

Bunkin et al. [ 6 5 : 1 observed, intense scattering centers
not accompanied by breakdown were produced by focused
picosecond pulses at a power somewhat lower than the
threshold value in air and nitrogen. Following a slight
increase in the power, breakdown occurred in one or
several of these points, accompanied by a repeated flash
of scattered radiation. The results were attributed to
the self-focusing mechanism.

The angular distribution of radiation scattered by a
spark was investigated in C 5 9 ' 6 0 ' U 6 ' 1 1 8 ' 1 1 9 ] . In the plane
perpendicular to the laser axis, the intensity of the scat-
tered radiation varied approximately like cos20 (0 = 90°
corresponds to the electric-field intensity vector having
the same direction as the laser radiation^119-1. An in-
tense peak of scattered radiation is observed in the for-
ward direction in the plane containing the laser beam.
When the laser spark is produced with the aid of a
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single-mode laser 1 5 9 ' 1 1 6 3 , an appreciable fraction of the
laser-pulse energy was scattered in the forward direc-
tion (within a cone of angle 30°). For argon, the fraction
of the scattered radiation reached 80% of the incident
radiation. Similar results were obtained also when the
spark was produced with picosecond pulses '-80' 118-'.

The spectral characteristics of the forward-scattered
radiation were investigated in^5 9'1 2 0-1. line broadening
accompanied by a shift towards longer wavelengths was
observed in molecular gases, whereas an anti-Stokes
shift of the broadened line was observed in inert gases.
When the spark was produced with the aid of picosecond
pulses, the broadening reached 200 A. The spectral
characteristics of the scattered radiation are quite
similar to those observed in the self-focusing of laser
radiation in liquids.

I) Self-focusing. The smallness of the scattering reg-
ions, and the angular and spectral distributions of the
scattered radiation can be ascribed to self-focusing of
laser radiation accompanying breakdown in gas. All
these effects offer, however, only indirect evidence of
self-focusing, since neither the structure of the laser
beam near the focus nor the plasma produced by it has
been observed directly. Direct evidence of self-focusing
are the recently observed1"121"123'1 plasma filaments pre-
ceding the formation of the principal breakdown regions.

Self-focusing can be observed in substances whose
refractive index is increased by the radiation. In gas
breakdown, self-focusing can occur in a neutral gas
prior to breakdown, during the breakdown when a par-
tially ionized gas with a large number of atoms in differ-
ent excitation states is present, and finally in the plasma.

The first of these possibilities is not very likely for
two reasonst 5 9>1 1<1. First of all, if the self-focusing
were to occur in a neutral gas, then the breakdown thres-
hold would correspond to the self-focusing threshold and
not to the ionization threshold. However, the agreement
of both the absolute values of the threshold intensities
and of the observed dependence of the breakdown thres-
hold on the experimental conditions with the predictions
of the theory of cascade ionization makes such an as-
sumption unlikely. In addition, such possible self-focus-
ing mechanisms as electrostriction, the Kerr effect, and
nonlinear electron polarizability lead in the case of
gases to threshold powers that greatly exceed those at
which self-focusing is observed in gas breakdown.
Thermal effects, at particular intensity distributions in
the beam, can lead to self-focusing (see, e.g., C124»125]),
As a rule, however, gas heating by radiation absorption
leads to a decrease in the density and in the refractive
index on the beam axis and to defocusing. In addition,
the thermal effects are subject to inertia and cannot be
responsible for self-focusing of nanosecond and picosec-
ond pulses. The second possibility is the onset of self-
focusing in the plasma during the breakdown or after the
breakdown. In the initial stage of the breakdown process
the focal region contains a mixture of electrons, ions,
and excited atoms. As is well known, the presence of the
electrons decreases the refractive index, and if the elec-
tron concentration is maximal on the laser-beam axis,
this should lead not to self-focusing but to defocusing of
the radiation. An increase of the refractive index within
the confines of the laser beam can be expected as a re-
sult of the appearance of excited atoms.

A mechanism of self-focusing of the radiation follow-
ing excitation of atoms and molecules was proposed by

Askar'yan[ 1 2 6 ] . The polarizability of the excited atoms
can greatly exceed the polarizability of the atoms in the
ground state. At sufficiently large concentration of the
excited atoms, the increase of the refractive index as a
result of their polarizability may not only cancel out the
action of the electrons, but lead also to an increase of
the refractive index on the beam axis and to self-focus-
ing. As shown in'-121-1, the cubic nonlinear polarizability
of the excited atoms can be 109 times larger than the
corresponding value for unexcited atoms. The threshold
power of the self-focusing in argon as a result of the ex-
cited atoms is estimated in that paper at ~ 104 W.

The self-focusing of electromagnetic radiation in a
plasma has been the subject of a number of papers (see,
e g i [127-130]̂  g t r o n g electromagnetic radiation applied to
a plasma causes a redistribution of the electrons and
ions. The electrons are crowded out from the region
where the electromagnetic field is maximal. This elec-
tron motion continues until the forces exerted on the
plasma by the electromagnetic field are balanced by the
gas-dynamic pressure. This leads to a decrease of the
electron concentration and to corresponding increase of
the refractive index on the laser-beam axis, which in
turn can lead to self-focusing.

The threshold self-focusing powers in gas breakdown
were estimated in^1 2 9 ' 1 3 0^. They are close to the values
at which plasma filaments have been observed in experi-
ments.

Thus, calculations show that from among the consid-
ered mechanisms at least two, nonlinear polarizability
of the excited atoms and the change of the spatial distri-
bution of the electrons in the electromagnetic-radiation
field, have threshold powers close to those at which self-
focusing is observed in breakdown in gases.

Self-focusing filaments were first observed directly
in '-121-', for argon breakdown by a laser pulse of « 2 MW
power. A Schlieren photography technique with a time
resolution 0.5 nsec was used for the observation. Fila-
ments of diameter less than 10 μ were observed. A
more complicated structure connected with the breakup
of the filament and the formation of plasmoids was ob-
served on the end of the filament farther from the laser.

A detailed interferometric investigation of plasma
filaments produced in the breakdown of a large number
of gases was carried out by Richardson and Alcock1-122 .
They have observed that the filaments propagate from
the focus towards the laser with a velocity « 4 x 107

cm/sec. A plasmoid is produced on the end of the fila-
ment farther from the laser. In inert gases, new plas-
moids are produced along the propagating filament,
spaced 200—300 μ apart, and the filaments gradually
vanish between the plasmoids. In molecular gases, the
main plasma region propagates continuously along the
filament towards the focusing lens. After the formation
of the main plasma region, a narrow center, in which the
electron concentration is approximately one order of
magnitude larger than the average electron concentration
in the plasmoid, can be traced for 1—2 nsec after the
formation of the main plasma region. Figure 11 shows
the interference pattern of the plasma filament (a) and
the distribution of the electron concentration as well as
the variation of the diameter along the filament (b). The
decrease in the refractive index, observed as a result of
the interference investigation of the filaments, should in
itself lead not to self-focusing but to defocusing of the
radiation. It appears that the self-focusing precedes the
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a FIG. 11. Interference pattern of plasma filament (a) and distribution
of the electronic concentration n e and the variation of the diameter d0

along the filament (b) [1 2 2].

formation of the high-ionized plasma within the confines
of the filaments.

Self-focusing filaments were observed also by Belland
et al.Cl23-1 in breakdown in air. The ruby-pulse duration
was in this case 1.6 nsec and the power was 1.5 GW. At
the instant of time corresponding to the onset of the
breakdown, a filament of diameter not larger than 15 μ
was observed. This was followed by two more filaments.
This breakup of the optical channel into a number of
filaments is typical of the case when the power greatly
exceeds the self-focusing threshold.

Thus, experimental investigations'-121"123-' have yielded
undisputed proof of self-focusing occurring during gas
breakdown by laser radiation. However, neither the self-
focusing mechanism nor the dynamics of its development
have been made clear so far. The plasma filaments ob-
served in these papers are not the cause but the conse-
quence of the self-focusing. It can only be stated that the
self-focusing precedes the formation of the principal
plasma region and occurs apparently during the course
of the breakdown development.

Self-focusing was observed in the breakdown of
different gases by pulses of durations from several
picoseconds to 30 nsec, and at powers from 2 MW to
several GW, with both single-mode and multimode
lasers. The onset of self-focusing should influence
strongly the course of the various processes connected
with breakdown development, since the cross section of
the optical channel, and consequently also the radiation
density, should differ significantly in this case from
those calculated without allowance for self-focusing. In
particular, the appreciable discrepancy between calcula-
tions that do not take self-focusing into account in ex-
periment is evidenced by the results of1-65'123-1, where a
distinct dependence of the breakdown threshold on the
dimensions of the focal volume was observed under con-
ditions when the diffusion losses are smallC l 2 3 ] or prac-
tically nonexistent^5-1 (breakdown produced by pico-
second pulses). The authors of the last reference attri-
bute their results to self-focusing in the neutral gas, as
a result of which the diameter of the optical channel de-
creases to a value dc which depends little on the initial
dimensions of the focal region. At the powers employed
in that reference (on the order of several GW), the self-
focusing mechanism can be the nonlinear electron polar-
izability. Further contraction of the channel to a value
« 10 μ occurs, in the authors' opinion, during the course
of the breakdown as a result of the appearance of excited
atoms and molecules.

4. LATER STAGES OF LASER-SPARK
DEVELOPMENT

a) Shock wave propagation. After the termination of
the laser pulse, there remains a region of sufficiently

dense (ne « 1019 cm"3) and hot plasma (Τ ~ 10s deg). The
plasma expansion, which started already during the time
of absorption of the laser-radiation energy, continues.
A shock wave is produced and is clearly seen on the
laser-spark interference pattern starting with instants
of time 60—100 nsec after the occurrence of the break-
down iB6'M\

The shock wave propagation can be described in first-
order approximation by the theory of a strong detonation
from a point C l 3 1 ' 1 3 2 3 . The law governing the motion of
the shock wave in the case of spherical symmetry is
given by

r = | ° ( I T 5 < 2 / 5 · <21)
where Ε is the energy released at the center of the de-
tonation, ρ ο is the initial gas density, and ξ 0 is a dimen-
sionless constant that depends on the effective adiabatic
exponent γ. The shock-wave propagation velocity is
equal to

However, the real case of the propagation of a shock
wave initiated by a laser spark differs significantly from
the idealized problem of detonation from a point. First,
the energy release occurs not instantaneously, but after
a time comparable with the laser-pulse duration, and not
from a point, but from a volume of finite size
(ΙΟ"4—10"5 cm3). This is usually a cone with an apex
angle « 10° and a height of several millimeters. As a
result, the laser spark has from the very beginning not
a spherical but a pear shape. In the course of time, the
shape of the front approaches that of a spherical one, but
by that time the pressure on the shock-wave front be-
comes comparable with the pressure of the surrounding
gas, and the propagation of the shock wave should be
described by explosion theory with the back pressure
taken into account[ 1 3 2 ] . In addition, owing to the finite
dimensions of the volume from which the energy is re-
leased, the temperature at the center of the laser spark
is finite, and the gas density differs from zero, whereas
according to the theory of detonation from a point the
temperature tends to infinity and the density to zero as
the center is approached.

An attempt to calculate the shape and motion of the
shock-wave front for the case when the energy is re-
leased from a conical volume was made by Panarella and
Sovicc 1 3 3 ] . The problem was solved by the perturbation
method assuming self-similarity. The calculated shape
of the shock wave agrees well with that observed in1-9*1.
It follows from the theoretical analysis that the differ-
ence between the axes of the oval by which the shock
wave can be approximated should vary very slowly with
time.

The experimental study of shock-wave propagation is
the subject of many works C 8 4 ' 8 5 ' 8 6 ' 1 3 4 " 1 3 6 3 . Alcock
et al. t94-1 obtained good agreement between the density
profiles behind the shock-wave front, calculated from
the interference patterns, and those predicted by the
strong-explosion theory.

The time variation of the longitudinal and transverse
dimensions of the laser spark were investigated

in[94,85,ee, 134] _ pigy^ 1 2 shows the time variation of the
dimensions of a laser spark in air, determined from
shadow photographs111343. As seen from the figure, the
difference between the longitudinal and transverse
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dimensions remains practically constant in time, in
agreement with the theoretical calculations C1333.

A detailed comparison of the propagation of the shock
wave from a laser spark with the theory of detonation
from a point is given in C 1 3 5 ' 1 3 6 3 . Figure 13 shows the
ratio of the shock-wave energy E™. to the total laser-
pulse energy E, obtained inL , as a function of the gas
pressure. We see that for He and H2 the fraction of the
energy contained in the shock wave increases with in-
creasing pressure, this being due to the increase of the
plasma absorption coefficient. The curves for N2, Ar,
and Xe exhibit maxima, the appearance of which, in the
authors' opinion, is due to the increased energy loss to
radiation during the time elapsed from the production of
the plasma to the detachment of the shock wave from it.

b) Detachment of the shock-wave front from the lum-
inous region. A strong explosion is characterized by the
detachment of the shock wave from the luminous region,
called the "fireball."1 1 1 3 7 '1 3 8 3. The detachment occurs at
the instant when the shock wave velocity, and conse-
quently the temperature behind the shock-wave front,
decrease to values insufficient for a noticeable ioniza-
tion in excitation of the gas. This phenomenon is ob-
served also in the propagation of a shock wave initiated
by a laser spark (Fig. 14'-139-1). As seen from the figure,
the detachment of the region of the H a line emission (the
laser spark was obtained in a mixture of air with hydro-
gen) from the Shockwave front occurs at a time
w 200 nsec and at a shock-wave velocity s= 10 km/sec,
corresponding to a temperature « 15,000° behind the
shock-wave front in air (see1-137-1).

It is of interest to compare the radius r ^ of the fire-
ball at the instant when the shock wave is detached from
it and the detachment time t ^ for a laser spark and for
a powerful nuclear explosion. If it is assumed that the
detachment occurs at a certain shock-wave critical

FIG. 12. Time variation of longi-
tudinal (x) and transverse (y) dimen-
sions of the spark I 1 3 4 ] . Dashed line-
theoretical curve for a spherical
shock wave.

Μ

1 FIG. 13. Ratio of the shock-wave
ΝΪ energy to the total laser-pulse energy

as a function of the gas pressure [1 3 S].
He

Ar
6 Κ

ρ, atm

FIG. 14. Detachment of shock-
wave front from the region of the
Ha-line emission [1 3 9].

velocity D c r , then we obtain for the instant of detach-
ment, in accordance with (22),

1 / 2 \

«η, = ( τ ξ ο )
(23)

The fireball radius at the instant of detachment is ob-
tained by substituting t ^ in (21):

(24)

Thus, when the explosion energy is varied, the instant of
detachment and the radius of the fireball should vary
like E l / 3 . For a nuclear explosion in which the energy
released is E n e « 1021 erg, the detachment of the shock
wave occurs approximately 15 msec after the explosion,
and the radius of the fireball at that instant is
« 100 m1-138-1. For a laser spark produced by a laser
pulse with energy E l s * 0.5 J = 5 χ 10s erg, the corre-
sponding values should be smaller by a factor
( E n e / E l s ) l / 3 κ 6χ 104. Thus, in the case of the laser
spark we obtain for the instant of detachment of the
shock wave t ^ = (1.5 χ 10"2)/(6 χ 104) sec = 250 nsec,
and the radius of the fireball is in this case r ^
= 104 cm/(6 x 104) = 1.7 mm, which agrees quite well
with the measured values t ^ = 200 nsec and r^, = 1.2 mm
(see Fig. 14).

The analogy between a nuclear explosion and the laser
spark was pointed out by Askar' yan et al. [ 1 * 0 ] . In that
paper, the volume of the highly-ionized region V^ was
estimated from the perturbation of the external magnetic
field. Their measured value V^, = 10~4 cm3 is however,
considerably lower (by two orders of magnitude) than the
volume of the laser spark at the instant of detachment of
the shock wave, as given in1-139-1.

c) Ionization aureole. In the case of powerful explo-
sions, the aureole stage preceding the shock-wave form-
ation is characterized by a radiative expansion of the
fireball11137'138-1. The x-rays emitted by the hot region
are absorbed in the surrounding layers of air and heat it
to high temperatures. This type of radiation expansion
of the luminous region was observed also in gas break-
down by picosecond pulses [ 6 3 ' 1 0 i : l . The initial expansion
velocity of the luminous region was (3—4) χ 108 cm/sec.

In the breakdown of a gas by nanosecond pulses, the
gas layers surrounding the plasma do not have time to
become heated to high temperatures during the time of
the development of the hydrodynamic motion. Nonethe-
less, the absorption of soft x-rays and short-wave ultra-
violet radiation leads to ionization of the gas layers
adjacent to the plasma. This phenomenon was discussed
by Askar'yan et al.1-141-1 and called the "ionization
aureole." It is also the subject of C142>1433, The overlap
of the ionization aureole with the microwave radiation
was used to estimate the dimensions of the aureole
(r « 1—2 cm) and the lower limit of the electron concen-
tration in it (ne « 1013 cm"3). The ionization-aureole
lifetime depends on the type of gas. Separation of the
ionization flash of the fast aureole, due to the absorption
of the radiation, from the slow glowing ionization ac-
companying the propagation of the shock wave, was ob-
served in a number of gases. This "slow" aureole lasts
quite a while {κ 10"4 sec).

Thus, several nanoseconds after the end of the laser
pulse, the laser spark constitutes a formation with a
rather complicated structure: a hot center is surrounded
by layers of colder gas heated by the shock wave, and
the shock-wave front is in turn surrounded by a cloud of
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weakly-ionized plasma produced by photoionization.
Most experimental determinations of the laser-spark
plasma parameters during the later stages of the spark
development pertain to the hottest central region of the
plasma.

d) Measurement of the electron concentration. The
electron concentration in a laser-spark plasma after the
end of the laser pulse was determined by the methods of
usual and holographic interferometry, and also by spec-
troscopic methods—from the Stark contours of the spec-
tral lines.

In interferometry measurements it is necessary to
take into account the fact that the shifts of the interfer-
ence fringes of the laser spark are due both to the pres-
ence of the electron gas and to the decrease of the con-
centration of the heavy particles in the central regions
of the plasma. To measure the electron concentration it
is therefore necessary either to obtain interference pat-
terns at two wavelengths, or to make certain assump-
tions concerning the redistribution of the atom concen-
tration in the laser spark.

Measurement of the electron concentration in the
laser spark by the method of two-wavelength interferom-
etry was carried out by Alcock and Ramsden1-144-1.

Komissarova et al. '-145-' investigated by the method of
holographic interferometry the radial distribution of the
electron density in a laser-spark plasma in air during
the first 200 nsec after the breakdown (Fig. 15). What is
typical is the absence of some considerable electron-
concentration gradients near the center of the laser
spark. At « 100 nsec after the start of the breakdown
the longitudinal gradients of the electron density, which
exist during the earlier stages, also become equalized
(see Fig. 10). It appears that this is also evidence of the
relative constancy of the temperature and of the concen-
tration of the heavy particles in the inner regions of the
spark during these stages. It was, shown in^145-1 that the
total number (integrated over the volume) of the elec-
trons in the plasma ( « 3 x 106) remains practically con-
stant in the time interval from 84 to 210 nsec.

An interference-holographic investigation of the laser
spark in air, in the interval from 1 to 38 Msec, is re-
ported also i n [ 1 4 6 ] . Hugenschmidt1190"1003 investigated a
laser spark in xenon by interferometry. The electron-
concentration profiles observed in these studies, as in
the case of a laser spark in air (Fig. 15[145:1), are flat
near the center of the plasma and terminate abruptly at
a distance » 0.7 of the shock-wave front radius.

In a number of studies, the electron concentration in
the laser spark was determined from the Stark contours
of the spectral lines emitted by the plasma. Time scans
of the spectral-line contours for a spark in a mixture of
hydrogen and helium were obtained by Evtushenko
et al. "147; l The widths of the lines H a and He Ι λ 5876 A

FIG. 15. Radial distribution of
electron concentration in a laser-
spark plasma in air (p = 1 atm).
[ 1 4 5 l

0.2 OS 1P * r.mm
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changed during the first microsecond from 200 to 20 A,
corresponding to a change in the electron concentration
from 10" to 5 χ 1017 cm"3.

The electron concentration in the plasma of a laser
spark in hydrogen was determined from the spectral-
line contours by Iitvak and Edwards[ 1 4 8 ] . The time
variation of the electron density in a laser spark in
helium was investigated by an analogous method
in^ 1 4 9 ' 1 5 ^ . Spectroscopic methods were used in^149-1 to
investigate the spatial structure of the laser-spark
plasma in helium.

Evtushenko et al.1-151-1 determined the concentration
of the electrons in a spark in hydrogen from the con-
tours of the Η line in absorption.

A microwave procedure was used in'-152-1 to determine
the electron concentration in a laser spark. The laser
spark was obtained at the center of a resonator of the
Fabry-Perot type. The measurements covered the time
interval up to 10"3 sec after the breakdown, when the
electron concentration is so low (» 1014 cm"3) that its
measurement by optical methods is no longer possible.

The time variation of the electron concentration in a
laser spark in the interval from 100 nsec to several
microseconds, as obtained by various workers, is shown
in Fig. 16.

The change of the electron concentration is due to
two factors: hydrodynamic expansion and recombination
processes. For a laser spark in hydrogen during the
initial stage of expansion, the degree of ionization is
close to unity and n e ~ p. The character of the time
variation of the gas density ρ in the central region of the
laser spark, owing to the finite volume from which the
energy is released, should differ significantly from that
given by the theory of detonation from a point. At this
same time, the time variation of the shock-wave dimen-
sions, in accordance with the experimental data, can be
described in first order by formula (21), which follows
from the theory of detonation from a point according to
which r ~ t . If it is assumed that the gas density at
the center is inversely proportional to the volume occu-
pied by the shock wave, then we have for spherical geom-
etry ng ~ r"3 ~ t~6/5. This corresponds to a slope —1.2
for the plot of the function log n e = f (log t), which is
close to that observed in most studies. For the later
instants of time, when the counter pressure must be
taken into account, the character of the volume expansion
changes. On the other hand, as the plasma becomes
cooler, the role of recombination processes in the
change of n e increases. Recombination in a laser-spark
plasma in hydrogen and helium is dealt with i n £ 1 4 8 ' 1 4 9 ] .

e) Measurement of plasma temperature. The first

FIG. 16. Time variation of the
electron concentration in a laser
spark. 1-H2, 4 atm [1 4 8]; 2~H2, 8
atm [ 1 4 8 ] ;3-H 2 , 6 atm [1 5 1];4-air,
1 atm I " 4 ] ; 5-air, 1 atm ['«]; 6 -
He, 4 atm [1 5 0]; 7-He, 5 atm [ I 4 9 ];
8-He, 0.75 atm [ I S 3 ];9-He, 0.5
atm [1 9 3]; 10-Xe, 1.4 atm [»««>].
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estimates of the electron temperature in a laser-spark
plasma in air were made by Mandel'shtam et al.1-154-1.
The temperature was determined from the ratio of the
intensities of the NJJ line in the time-integrated spec-
trum of the laser spark. The obtained value T e ~ 5
χ 10* °K pertains to the later stage of the spark develop-
ment (after the end of the laser pulse).

The change of temperature with time was investigated
for a laser spark in hydrogen by Litvak and Edwards'·148-1.
The temperature was determined from the ratio of the
intensity of the H a line to the intensity of the continuous
spectrum. A similar procedure was used to determine
the temperature of a laser spark in helium in Q l s o : l .

In a number of studies, the temperature was deter-
mined from the ratio of the emissivity of the plasma and
itsabsorbtivityt1 5 1 ' 1 5 5 3 . Hugenschmidt111003 determined
the temperature of a laser-spark plasma in xenon from
the spectral distribution of the continuous radiation in
the ultraviolet region.

Figure 17, constructed from data by various authors,
gives plots of the temperature against the time. In most
cases the temperature decreases quite rapidly during
the first several hundred nanoseconds after breakdown,
and then remains practically constant. A very weak de-
pendence of the temperature on the time was observed
for a laser spark in helium in 1 1 1 5 3 ' 1 5 5 3 . The decrease of
the temperature in the initial stage of expansion is the
result of adiabatic expansion of the plasma. Subse-
quently, the change of temperature slows down, and this
may be due, on the one hand, to slowing down of the ex-
pansion and, on the other, to the release of additional
energy upon recombination. In particular, the very slow
time variation of the laser-spark plasma temperature
in helium appears to be due to recombination proc-

cantly underestimated, inasmuch as in that study they
determined in fact the concentration of not the atoms
alone, but of all the heavy particles, including the ions,
so that it is difficult to reconcile the result with the
electron density rig « 3 χ 1018 cm"3 determined in the
same paper.

Direct measurements of the concentration of the
atoms in a laser-spark plasma in hydrogen was carried
out by Evtushenko et a L [ 1 5 1 ] The concentration of the
excited hydrogen atoms was determined from the H a ab-
sorption line. The concentration of the normal atoms
was calculated from the Boltzmann formula for the tem-
peratures measured in the same study.

The results obtained in1 1 1 5 1 3 have made it possible to
trace the time variation of the mass density
ρ = m H (ne + na)(mH is the hydrogen-atom mass) and of
the pressure ρ = kT(n^ + 2ng) in the central regions of
the laser spark. Figure 18 shows data on the time varia-
tion of the density, pressure, and temperature of the
plasma. In the stage from 5 χ 10"8 to 5 χ 10"7 sec, plots
of log (p/po), log (p/po) and log Τ (ρ ο and ρ ο are the initial
density and pressure of the gas) against log t can be ap-
proximated by straight lines with slopes —1.3, —2.1, and
-0.85. If it is assumed that the density vary in inverse
proportion to the volume occupied by the shock wave,
ρ ~ V"1, that the adiabaticity condition pV^ = const is
satisfied, and that the radius of the shock wave varies
like t in accordance with the theory of a point-concen-
trated explosion, then, as can be easily shown, the

6 5

f) Measurement of the concentration of heavy parti -
cles in a plasma. As already noted, the character of the
variation of the heavy-concentration particle and its
spatial distribution should differ significantly from those
given by the theory of detonation from a point. There-
fore measurement of the gas density in the central region
of the laser spark is of special interest.

Methods of two-long-wavelength interferometry make
it possible, in principle, to measure the concentration of
heavy particles in a plasma. Komissarova et a l . [ 8 5 ' 8 6 3

have shown that 60 nsec after the breakdown the heavy
particles are already practically completely pushed out
into the shock wave. However, the accuracy of the inter-
ferometer measurements allows us only to state that the
concentration of the heavy particles in the central reg-
ions is smaller than a certain limiting value n j ^

(nlim re 5 x 1 Q l 8 c m 3 f o r a i r ) · The estimate n a

< 1017 cm"3, given by Hugenschmidt et al.1-99-1 for the
concentration of the atoms in the central zone and ob-
tained by reducing two-long-wave length interference pat-
terns of the spark in xenon, seems to us to be signifi-

FIG. 17. Time variation of a
laser-spark plasma temperature. 1 —
H2, 4 atm [1 4 8]; 2-H2, 8 atm [1 4 8];
3-H2, 6atm [ 1 5 1 ] ;4-H e , 4 atm
[1 5 O];5-He, 10 atm [1 5 5];6-He,
0.75 atm [1 5 3]; 7-He, 0.5 atm [1 8 3];
8-Xe, 1.4 atm [ 1 0 0 ] .

rameters should vary like ρ ~ t
6 / ( δ / 5 ) ( 1 )

sw,
~ t~6 5plasma parameters should vary like ρ t ,

ρ ~ t ~ 6 y / 6 and Τ ~ ρ/ρ ~ ί~( δ / 5 )(> / - 1 ) . Putting
γ = 5/3, we obtain ρ ~ if1'2, ρ ~ if2 and Τ ~ t"0"8, which
is in good agreement with the slopes of the experimental
plots.

In the later stages (from 5 χ 10"7 to 3 χ 10"6 sec), the
plasma parameter change very slowly. The pressure at
the center is then close to the initial pressure. Such a
relative stabilization of the plasma parameters can be
attributed to the fact that the gas ceases to expand near
the center when the pressure in the central region is
equal to the external pressure. According to the theory
of the point-concentrated explosion with allowance for
counter pressure Γ-132], the pressure of the gas at the
center of the explosion practically ceases to vary at
times τ « 0.2 τ0, where τ0 is the dynamic time defined
by the relation

The experimental conditions of1-1523 (spark in hydrogen

« π -

-10'

«Γ7 10'' i.sec
FIG. 18. Time variation of the temperature T, of the mass density p,

and of the pressure ρ in a laser-spark plasma in hydrogen (p0 and p 0 are
the initial density and pressure of the gas) [1 S 1].
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at 6 atm pressure) correspond to values p 0 = 5.4
x 10"4 g/cm3, po = 6 χ 106 dyn/cm2, and Eo « 10e erg
(laser pulse energy 0.5 J; however, in accordance with
the results oft1 3 5 ' 1 3 6 !, only 20-25% of the laser-pulse
energy is consumed in formation of the shock wave; see
Fig. 13). Substituting these data in (25) we obtain τ0 = 5
x 10"6 sec and τ = 10"6 sec, which is close enough to the
observed time of pressure stabilization.

The decrease of pressure in the center of the spark
was observed in[ 1 4 8^ up to a time w τ0, and it decreased
to values much lower than p 0 . This is probably due to
insufficient allowance for the contribution made to the
total pressure by the partial pressure of the atoms.

5. APPLIED RESEARCH

a) Production of high-temperature plasma. One of the
most interesting trends in the investigation of the inter-
action between laser radiation and matter is the attempt
to heat plasma to thermonuclear temperatures. Even
though most papers devoted to this problem deal with the
interaction of laser radiation with solid targets1' (see,
e.g., E156]), Pashinin and Prokhorov[ 1 5 7 3 have performed
calculations according to which the use of breakdown in
gas for this purpose may also be promising. The advan-
tage of the gas medium is the possibility of working at
plasma densities such that reflection of radiation from
the plasma can be neglected, i.e., at ν > ι̂ ρ1 (ν is the
radiation frequency and v^ is the plasma frequency).

For radiation from ruby and neodymium lasers this con-
dition leads to a plasma electron concentration nP

< 1 0 2 1 c m - \

The major obstacles to the attainment of high
(thermonuclear) temperatures in gas breakdown by laser
radiation (as well as interactions with solid targets) are
the motion of the energy-release zone towards the laser
and the hydrodynamic expansion of the plasma, as a re-
sult of which it is impossible to restrict the energy-
release zone to the focal volume of the lens. Merely
increasing the energy input is not sufficient to raise the
plasma temperature appreciably, inasmuch as the vol-
ume from which the energy is released increases with
increasing radiation intensity.

Thus, the problem of confining the plasma and local-
izing the energy-release volume comes to the forefront.
To solve this problem, Pashinin and Prokhorov proposed
to use a special gas target, a diagram of which is shown
in Fig. 19. The plasma is produced inside a channel
bounded by a bulky jacket covered on the ends by thin
transparent films. The bulky jacket prevents radial ex-
pansion of the plasma. To decrease the energy losses
due to the interaction of the plasma with the jacket, it is
proposed to use a magnetic field parallel to the tube axis.
According to the numerical estimates given in1^157-1, to
heat a mixture of deuterium with tritium at an initial
pressure 20 atm in a tube 1.5 mm in diameter and 6 cm
long to a temperature s» 108 °K, and to obtain a positive
thermonuclear-fusion energy yield it is necessary to
have an energy (3—5) x 10s J at a laser-pulse duration
» 70 nsec and a magnetic field » 106 Oe. These are real-
istically attainable values.

b) Interaction of laser-spark plasma with magnetic
fields. There have been many attempts made to prevent
the expansion of the laser spark by means of a magnetic
field or by controlling other experimental conditions.
The magnetic field needed to confine the plasma can be

FIG. 19. Diagram of special gas target with magnetic field [1 5 7]. 1-
channel with gas, 2-bulky tube, 3-windows, 4-vacuum chamber.

estimated from the condition that the magnetic pressure
should exceed the gas-kinetic pressure of the plasma.
This leads to the following relation between the field and
the plasma parameters:

nekl < : (26)

Starting from this general condition, the value of the
magnetic field was obtained in '-158-' for the case of a cy-
lindrical plasma configuration with initial diameter
0.1 mm and length 1 mm at an initial deuterium-ion
concentration 2 χ 1021 cm"3 and Τ = 107 deg. It turned out
to be approximately equal to 107 Oe.

Under real conditions, however, the laser-spark
plasma temperature and the concentration of the elec-
trons in it are much lower than the values assumed in
these calculations, so that one can expect the action of
weaker fields on the plasma.

Kaitmazov et al. ̂ 1S9-1 have shown that for the magnetic
field to interact with the laser spark it is necessary, in
addition to satisfying condition (26), to have the plasma
dimensions exceed the skin-layer thickness. According
to their calculations, fields lower than 3 χ 10s Oe are
practically incapable of acting on the laser spark under
their experimental conditions. Accordingly, the investi-
gations were carried out in a field 4 χ 105 Oe. The laser
spark in air was obtained by focusing neodymium-laser
radiation of energy 2—3 J. When the direction of the
field coincided with the direction of the laser beam, the
spark had the form of a smooth line elongated along the
field, rather than the bead-like structure observed in
the absence of the field. On the other hand, when the
direction of the field made an angle 45° with the direc-
tion of the laser beam, the spark was elongated not in
the beam direction, as usual, but along the field direc-
tion.

Vardzigulova et a l . t l 6 0 ] have observed that for a spark
in air, at a pressure of 1 atm and lower, application of a
magnetic field of 2 χ 105 Oe leads to an increase of the
time-integrated luminosity of the spark (the luminosity
increased 1.4 times at ρ = 240 Torr). This is probably
due to the slower expansion of the plasma in the mag-
netic field during the later stages of plasma development.
They also observed a lowering of the breakdown thres-
hold in the presence of a magnetic field, which is prob-
ably due to the decrease in the diffusion of the electrons
from the focal region. It should be noted that Edwards
and Litvak[16i : i did not observe a lowering of the break-
down threshold for a spark in argon in fields up to
105Oe.

Chan et al.^162-1 investigated the influence of a mag-
netic field on a spark excited by a ruby laser in air,
butane, and helium. The field applied by them (H = 2
χ 105 Oe) was, unlike in the earlier experiments, per-
pendicular to the direction of the laser beam. Under
these conditions, no dependence of the breakdown thres-
hold on the magnetic field was likewise observed, but a
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clear-cut increase of the duration of the spark glow in
the magnetic field was established.

Besides the influence of the magnetic field on the
spark it was observed that the spark itself has, during
the time it is acted upon by the laser radiation, a dipole
magnetic moment perpendicular to the direction of the
laser beam[163:i. The magnetic moment appears in the
case of asymmetrical passage of the laser beam through
the lens, and its orientation is determined by the shift of
the beam axis relative to the lens center.

Askar'yan et ai#[
164>1653 investigated the diamagnetic

perturbation of the external magnetic field by a laser
spark. The spark was produced in a magnetic field (up
to 104 Oe) parallel to the laser beam. An induction sig-
nal from a coil of 6 mm diameter, enclosing the spark,
was measured. The observed diamagnetic perturbation
of the external field was due to the propagation of the
shock wave and persisted for a time interval larger by
hundreds of times than the laser-pulse duration.

c) Certain methods of obtaining laser sparks. A num-
ber of methods were proposed to increase the efficiency
with which the laser-spark plasma is heated. Thus,
in[1663; it w a s proposed to excite a laser spark by focus-
ing the radiation on the front of a shock wave produced
earlier by another auxiliary laser spark. The corre-
sponding scheme is shown in Fig. 20. The axis of the
laser beam producing the auxiliary laser spark is per-
pendicular to the plane of the figure. With such a geom-
etry no laser spark is produced when the laser beam
crosses for the first time the shock-wave front, because
the light-flux density is low. The breakdown occurs on a
shock-front surface remote from the focusing lens. A
secondary shock wave is then produced. However, no
energy is released from the front of this wave, which
propagates in a direction opposite to the laser radiation,
owing to the low gas density in the interior of the shock
wave. Thus, the energy-release zone is localized near
the focus of the lens. This should lead to an increase in
the density of the energy absorbed near the focus and to
a corresponding increase of the plasma temperature.

A number of original methods of obtaining a laser
spark have been proposed by Askar'yan et al. C167>168].
In the first of these papers, it is proposed to focus the
laser beam with a lens whose central part is covered by
an opaque screen (Fig. 21). The spark produced by such
a lens has a tubular geometry, and as a result of the
"collapse" of the shock wave one can expect an apprec-
iable increase in the temperature and pressure on the
spark axis. In[168] a cylindrical lens was used for the
focusing, and this made it possible to obtain a linear
laser spark, which could be used to simulate linear ex-
plosions and cylindrical shock waves for ultrafast short-
circuiting of high-voltage discharge gaps with large dis-
tances between electrodes. An extended spark can be
obtained also by using the large spherical aberration of
a conical lens. Such a scheme was used by Zel'dovich
et al. t169^. In the case of focusing with a conical lens,
the newly produced plasma foci do not block the access
to the previously produced region thus resulting in a
more uniform plasma heating than is attainable with
spherical lenses. It is of interest to note that when an
extended spark is produced the velocity of the breakdown
front can be very high, even higher than the speed of
light, since the development of the breakdown is deter-
mined by the character of the distribution of the field on
the axis.

FIG. 20. Production of a laser spark by
focusing laser radiation on the front of a
Shockwave [166]. 1—laser beam, 2—front of
shock wave produced by auxiliary laser
spark, 3—secondary shock wave.

FIG. 21. Laser spark (3) pro-
duced by a lens (1) whose central
part is covered by an opaque screen
(2) [167].

To obtain a laser spark, Mead^170-1 focused the beams
of 12 synchronized lasers aimed at different angles onto
one point of a gas-filled chamber. Such a scheme has
made it possible to effect nearly-spherically-symmetri-
cal plasma heating.

We mention also the work by Askar'yan and
Tarasova1-171·1, who investigated a laser spark in a small
cloud of gas injected into a vacuum chamber through
a rapid-action valve. They have proposed to use such a
plasma to fill plasma traps.

A laser spark produced in a gas jet escaping from a
high-pressure chamber into vacuum was investigated
in^172'1"3. The laser radiation was focused in a region
of a strong gas-density gradient. The plasma boundary
propagated in this case not towards the focusing lens but
away from it, in the direction where the gas density in-
creased [172;1. This case is intermediate between a spark
in a homogeneous gas and a plasma produced on the sur-
face of a solid target.

d) Ignition of an electric discharge by a laser spark
and other applications. A laser spark was used to ignite
an electric discharge in many investigations. Most work
on laser ignition of a spark gap were performed by
focusing the laser radiation on the surface of one of the
electrodes. A review of these investigations can be
found in the paper by Guenther and Bettis[174:l.

Ignition of a discharge with the aid of a laser spark
in gases was obtained by Vladimirov et al. '-175-'. Break-
down as a result of contact between a laser-spark plasma
and electrodes occurs at voltages lower by 2—3 orders
of magnitude than those required in the absence of the
plasma. A laser spark makes it possible to synchronize
conveniently the breakdown of the gap with other proc-
esses.

Koopman and Wilkerson^176-1 have observed the break-
down of a high-voltage gap (250 kV, 130 J) ignited by a
long laser spark produced by a high-power neodymium
laser. The stream of propagation was strictly along the
laser spark.

Lowering of the breakdown voltage was observed in
those cases when the density of the optical energy in the
focus was insufficient to produce the spark. Thus,
Akmanov et al.^1773 ignited a low-voltage gap by focusing
the radiation of the forward harmonic of a neodymium
laser between the electrodes, and using intensities lower
by two orders of magnitude than the optical-breakdown
threshold.

Among other applications of the laser spark, notice
should be taken of the possibility of using gas breakdown
as an optical shutter that limits the peak power of a
laser pulse passnig through it [ l783. If the power of the
input pulse exceeds the breakdown threshold, then break-
down takes place in the gas-filled chamber in which the
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radiation is focused, and the remainder of the pulse is
observed in the produced plasma. Passage of laser
radiation through such a shutter can be used also to re-
duce the duration of a laser pulse. Such a shortened
pulse was used, in particular, in1-96'97^1 for optical diag-
nostics of a laser spark, and also in [ 5 4 : l to investigate
the dependence of the breakdown threshold of CO2-laser
radiation on the duration of the laser pulse.

It should also be noted that the large brightness of the
laser spark makes it possible to employ it as a light
source to observe absorption spectrac ' 1 7 9 ' l 8 0 ] , and
the high temperature at the initial stages of spark de-
velopment makes it possible to excite with its aid a con-
tinuous spectrum as well as the spectra of highly-ionized
atoms extending far into the region of the vacuum ultra-
violet c 1 8 1 ' 1 8 2 : .

Notice should also be taken of the possibility of using
a laser spark for the spectral analysis of the gases
sealed in evacuated glass bulbs, without the need for
breaking the seal.

The laser spark, which was discovered only ten years
ago, has attracted, owing to its highly unique properties,
much attention by researchers and is at present investi-
gated perhaps no less than the usual spark discharge,
which has been studied for approximately 100 years.
One can assume that in the future the laser spark will
find extensive application not only in physical research,
but also in many technical applications.

Supplement. A large number of papers devoted to the
laser spark were published while this review was being
readied for press. Some of them are cited in the supple-
mentary bibliography.

Theoretical and experimental investigations of the
principal breakdown mechanisms, namely multiphoton
and cascade ionization, are reported in'-185-1. A large
group of papers r i 6 8 ] deals with breakdown of gases by
CO2-laser radiation.

The development of the laser spark during the time
that the laser radiation acts on it is treated in [ 1 8 7 ' 1 8 8 : i ;
most investigations have been devoted to laser sparks
produced by CO2 lasers operated either in the pulsed or
stationary regime. An experimental observation of
Compton scattering of laser radiation in a laser-spark
plasma is reported in [ 1 8 8 : i .

The development of a laser spark after the end of a
laser pulse and the determination of the plasma param-
eters during the later stages of its development are the
subject of '-189-'. Later papers are devoted to the possible
use of a laser spark to obtain thermonuclear tempera-
tures ll9Cl and to initiate electric breakdown in a pre-
scribed directiont199-1.

"A review of the research on the interaction of laser radiation with solid
targets was published by de Michelis [ 1 8 4].
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