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The development of a laser spark in air during the action of the laser radiation pulse is in
vestigated. The velocity of the luminous spark front towards the focusing lens is measured 
simultaneously by means of an image converter and on basis of the Doppler shift of the re
flected laser light frequency. It is found that immediately after appearance of the spark the 
maximal velocity of the luminous front is ~4.5 x 107 em/sec, whereas the velocity derived 
from the Doppler shift is ~1.107 em/sec. The dependence of the two velocities on the flux 
density of the laser radiation is derived. The ion temperature is determined ( ~6 x 105 oK) 
on the basis of the velocity of radial motion of the spark plasma and it is found to be ap
proximately equal to the electron temperature of the plasma. The structure of the spark 
plasma in the region of the focus is studied with an image converter and by a shadow pho
tography technique. On the basis of the data obtained it is concluded that forward motion of 
the ionization region towards the lens is the result of successive breakdowns at separate 
points and subsequent hydrodynamic movement from each such point after the breakdown. 

1. INTRODUCTION 

MucH attention has been paid recently to inves
tigations of sparks produced by focusing laser radi
ation in gases. Greatest interest attaches to the 
initial stages of the laser spark, prior to the 
termination of the laser pulse, since the specific 
features of this phenomenon, connected with the 
presence of a powerful light-wave field, become 
manifest here. It has been established that during 
this stage the ionization region moves in towards 
lens, opposite to the laser beam direction, with a 
speed ~107 em/sec, and the plasma has an elec
tron temperature ~100 eV and an initial electron 
density ~1019-1020 cm-3 [1•3- 51. On the basis of 
the obtained experimental data, different mecha
nisms were proposed for the motion of the plasma 
ionization front towards the focusing lens [1, 2•61. 
However, the relative roles of these mechanisms 
are not yet fully clear at the present. The veloci
ties obtained by different methods differ greatly 
in magnitude and their variation during the time of 
the laser emission has different characters [1- 7- 91. 
In addition, there are no experimental data on the 
ion temperature of the laser spark. 

We present here the results of experiments on 
the dynamics of spark development during the 
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initial stage, on the structure of the plasma near 
the focus, and on measurements of the ion tem
perature of the laser spark, and we propose a 
possible mechanism whereby the ionization region 
moves towards the focusing lens; this mechanism 
agrees with the available experimental data. 

2. INVESTIGATION OF THE MOTION OF THE 
SPARK FRONT 

To clarify the mechanism of the longitudinal 
spark development, we measured the propagation 
velocity of the ionization region towards the focus
ing lens simultaneously by two methods: by deter
mining the Doppler frequency shift of the laser 
emission scattered by the leading front of the 
spark, and by time-scanning the image of the 
spark with an electron-optical converter (EOC) 
The experimental setup is shown in Fig. 1. 

A Q-switched ruby laser produced a pulse of 
average power ~100 MW at a duration at half
height ~15 nsec. The Q-switching was with the 
aid of a Pockels cell with a KDP crystal. The 
laser radiation was focused by a lens L of focal 
length F = 50 mm, as a result of which breakdown 
occurred in the air and the so called laser spark 
was produced. 
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To obtain the time sweep of the motion of the 
luminous front of the spark in the longitudinal 
direction, the spark image was produced with an 
objective 0 1 on the slit 81 oriented along the 
spark. The slit in turn was projected on the photo
cathode of the EOC with the aid of objective 0 2• 

The image is swept on the EOC screen in a direc
tion perpendicular to the screen. The minimum 
EOC sweep duration was 100 nsec; the time reso
lution, determined experimentally, amounted to 
0.5 nsec under these conditions. The EOC control 
circuit was triggered [1oJ with the aid of a spark 
generator, which simultaneously served also to 
control the electrooptic shutter of the laser Q
switch. Filters F placed ahead of the slit 81 
made it possible to obtain streak photographs in 
different regions of the spectrum. In addition, it 
was possible to obtain with this scheme streak 
photographs in reflected light of the laser beam 
itself. In this case, no slit is necessary, since the 
transverse dimension of the spark front producing 
the reflection is very small, amounting to 0.1-
0.2 mm. 

We used a Fabry-Perot interferometer to 
measure the Doppler frequency shift of the laser 
emission scattered by the leading front of the 
spark. The distance between the interferometer 
mirrors was 0.6 mm, and the dispersion region 
was 4.1 A. The installation of the interferometer 
is clear from Fig. 1. Objectives 0 3 and 0 4, lo
cated at their focal distances from the spark and 
from the plane of the film Ph, respectively, pro
duce the image of the spark in this plane. Simul
taneously, an image of the Fabry-Perot inter
ferometer, placed between the objectives, is pro
duced in the Ph plane, and the exposure of each 
element of the individual interference ring is pro
duced by the laser emission scattered by the 
corresponding section of the spark. The rings 
corresponding to the positions of the unshifted 
frequency are obtained on account of the part of 
the laser emission passing beyond the focus prior 
to the instant of the breakdown. This is effected 
by the system of mirrors Mt. M2, M3 and the 

FIG. 1. Diagram of experiment for the 
measurement of the speeds of development 
of the laser spark. L - lens, S - spark, 
EOC - electron-optical converter, CS -
control system, SG - spark generator, M1-

M5 -mirrors, 0 1-05 - objectives, Sl - slit, 
F - light filters, FP - Fabry-Perot inter
ferometer, Sc - scatterer, Ph - photo
graphic film. 

scatterer Sc. It is obvious that such a scheme 
makes it possible to register the Doppler frequency 
shift of the laser radiation scattered at different 
points of the spark near the focus of the lens L. 

A streak photograph of the spark obtained with 
the EOC in reflected light is shown in Fig. 2a. 
The photograph of the spark obtained simultane
ous.ly through the Fabry-Perot interferometer is 
shown in Fig. 2b. It is seen from these photo
graphs that the motion of the spark front is inter
mittent: after the breakdown occurs, the spark 
front moves towards the lens continuously only 
over an average path length of about 0.3 mm; 
breakdown is then produced at the next point, 
located closer to the lens at distances on the 
order of 0.3-0.5 mm from the front, etc. The 
presence of a spark structure of this type and the 
time variation of the intensity of the scattered 
light were already noted earlier [1•11 ]. The photo
graphs of Fig. 2 can be used to plot the variation 
of the spark velocity, measured by these two 
methods, as a function of the distance from the 
front to the initial point of breakdown occurrence. 
A typical plot is shown in Fig. 3. We call attention 
to the fact that the velocities measured by the two 
methods greatly differ in magnitude and have dif
ferent time variations. At the very start of the 
spark, the velocity obtained with the EOC reaches 
4 x 107 em/sec, whereas the Doppler shift gives 
a value 1 x 10 7 em/ sec. As the spark develops, 
the speeds differ less and less and both speeds 
coincide at approximately the last third of the 
spark. 

To explain the spark-developed mechanism, 
we investigated the dependence of the front velocity 
on the laser emission flux density J. To deter
mine J, it is necessary to know the laser radia
tion power P observed in the plasma at each in
stant of time, and the cross section area of the 
spark S at the corresponding instant. To meas
ure these quantities, the experimental setup shown 
in Fig. 1 was modified somewhat. The radiation 
power absorbed by the plasma was measured by 
determining the difference of the oscillograms of 
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two pulses, one incident and the other passing 
beyond the focal region of the lens L. We used in 
the experiments a calibrated coaxial photocell 
and a high speed oscilloscope (S1-10). The re
solving power of the registration system was 
1 nsec. To measure the transverse dimension, 
the spectrum was photographed on film with a 
micro-objective having lOx magnification. The 
photography was in reflected laser light. Since 
the reflection occurred only from the leading 
front, it is possible to determine from such a 
photograph the area of the cross section of the 
leading front of the spark at each point. The area 
of the cross section of the spark front at different 
instants of time can then be determined from the 
known position of the front at each instant of time 
and from the photographs obtained simultaneously 
with the EOC. 

The experiments have shown that the power P 
absorbed in the spark changes from the start to 
the end of the spark by approximately 10-12 
times, and the average flux density by approxi
mately 6-8 times. The speed of the ionization 
region, determined from the time sweep on the 
EOC, changes in this case by approximately one 
order of magnitude, and the speed measured from 
the Doppler shift changes by 1.5-2 times (Fig. 3). 
A detailed analysis of the dependence of the speeds 
on J is given in Sec. 5. 

FIG. 2. a- Time sweep, obtained with EOC, of 
the motion of the laser spark towards the lens. The 
photograph was obtained in reflected laser light. 
b - Doppler shift of the laser radiation reflected 
from the spark. The interferometer dispersion region 
is 4.1 A. c, d- transverse spreading of spark 
plasma. e - photograph of spark in reflected laser 
light. 

3. INVESTIGATION OF THE TRANSVERSE 
SPREADING OF THE SPARK PLASMAt> 

The expansion of the gas heated in the front of 
the spark in a plane perpendicular to the laser 
beam leads to the formation of a shock wave that 
diverges radially from the zone of the light 
channel. The speed of this radial shock wave is 
of the order of the speed of sound in the hot gas [6J, 
and is consequently determined by the tempera
ture of the spark plasma. This makes it possible 
to measure the plasma ion temperature. 

To photograph the transverse motion of the 
plasma, the EOC and the slit shown in Fig. 1 were 
turned 90° so that the objective 0 1 produced an 
image of the spark perpendicular to the slot. The 
photography was through neutral filters, so that 
the photographs show also the laser light reflected 
on the leading front as its image passes through 
the slit, as well as the glow produced by the 
radially expanding plasma itself. It is seen from 
the photographs of Fig. 2c that the transverse 
spreading begins immediately after the passage of 
the leading front of the spark. 

The maximum speed of transverse spreading, 
obtained in these experiments, is 6 x 106 em/sec. 

1)s. I. Fedotov took part in the experiments on the measure
ment of the speeds of the longitudinal and transverse develop
ment of the spark with the aid of the EOP. 
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FIG. 3. Longitudinal speeds vd 
and VEOC and transverse speed u 
as functions of the coordinate x 
along the spark. 

The most intense glow from the spark continues 
for approximately 150 nsec after the breakdown 
(Fig. 2d). 

We investigated the variation of the transverse 
speed as a function of the distance to the point of 
initial breakdown. We found that the transverse 
speed is practically the same at different points. 
As a rule, at the very start of the spark, the 
transverse speed is somewhat smaller, ~4.5 
x 106 em/sec. Then, with increasing distance 
from the breakdown point, the speed increases 
quite rapidly to 6 x 106 em/ sec, and again drops 
off towards the end of the spark to 3-4 
x 106 em/sec. The dependence of the transverse 
speed on the distance to the initial-breakdown 
point is shown in Fig. 3, together with plots for 
the longitudinal speeds. 

4. INVESTIGATION OF THE SPARK STRUCTURE 

To investigate the spark structure during the 
time of action of the laser pulse, we obtained 
shadow photographs of the region near the focus 
of the lens by transmitted laser light. In this ex
periment, we used a ruby laser Q-switched by a 
rotating prism. The laser pulse duration at half
height was 30 nsec at an average power 70-80 MW. 

The optical setup is shown in Fig. 4. The laser 
radiation is focused by lens L1• Breakdown is 

produced in the focal region and the resultant 
plasma begins to absorb the light strongly, so that 
only the front part of the laser pulse passes be
yond the focal region [iil. The use of a liquid 
saturable filter, which becomes transparent when 
a definite light-pulse power level is reached, has 
made it possible to cut off also the initial part of 
the transmitted pulse. As a result, the duration 
of the pulse shaped in this manner was 5-6 nsec. 
This shortened laser light pulse was collimated 
then by lens L2 and used to illuminate the spark. 
A system of lenses and mirrors, together with 
ground glass, ensured uniformity of the illuminat
ing: field and made it possible to regulate the delay 
of the illuminating pulse relative to the instant of 
oceurrence of breakdown, within an interval 
6-40 nsec. 

Shadow photographs with ~6 nsec exposure 
were obtained with a "Tessar" lens of 5x mag
nification on photographic film sensitive to the 
red light. A small diaphragm, with 2 mm diame
ter, was placed in the focus of the lens; this 
diaphragm did not attenuate the illuminating pulse, 
but greatly reduced the intensity of the radiation 
incident on the photographic plate from the spark 
itself. The same purpose was served by red 
filters KS-17 and KS-19. With such a scheme, the 
radiation from the spark itself was completely 
suppressed, but it was impossible to get rid of 
the laser light scattered by the front of the spark. 

Figure 5a shows a typical shadow photograph 
of the spark, obtained by this method 17 nsec after 
the start of the breakdown. We call attention to 
the fact that the region near the focus has a com
plicated structure, containing sections of greatly 
differing transparency to the laser light. This 
picture apparently proves that there is no sta
tionary motion of the leading front towards the 
lens in the spark during the time of laser emis
sion, and that the breakdown takes place succes
sively at different points, whose distance from 
the focal region increases continuously. The 
opaque regions correspond then to regions with 
hig;h plasma density, while the bright bands cor
respond to rarefaction waves occurring on the 
trailing edge of the detonation wave. We note that 
in the last section of the spark, the structure as 
a rule vanishes, that is, the plasma fills the en
tire region of the spark. The light points, which 
are clearly seen in the center of the photograph, 
are due to scattering of the laser radiation by the 
leading front of the spark. A photograph obtained 
150 nsec after the start of the spark, shows the 
collision of the shock waves emerging from two 
sparks (Fig. 5b). 
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5. DISCUSSION OF RESULTS 

The experimental results obtained in this 
paper, namely the difference between the velocities 
measured by the two methods, and the presence of 
a distinct spark-plasma structure, revealed both 
by the EOC and by the shadow photographs, make 
it possible to construct the following picture of 
spark development: When the front of the light 
wave reaches a definite threshold value, break
down occurs in the focal point, with rapid heating 
of the plasma to ~50-100 eV; this produces a 
detonation wave moving towards the lens. The 
motion continues until breakdown takes place in a 
second point, located closer to the lens, and here 
again a detonation wave is produced, etc. The time 
interval between successive breakdowns is approx
imately 3 nsec. During that time the front, moving 
at 101 em/sec, advances a distance of 0.3 mm. 
This stage of front motion can apparently be quite 
well described by the hydrodynamic mechanism, 
and the speed determined from the Doppler shift is 
that of the detonation wave. Indeed, in the case of 
the hydrodynamic mechanism of plasma develop
ment, the speed of the detonation wave Vd is 

vd = [('f -1) (y + 1)8/ y]'", (1) 

where 'Y is the effective adiabatic exponent and E 

is the specific energy of the plasma. On the other 
hand, the transverse spreading speed is equal to 
the speed of sound in the hot plasma 

This is precisely the relation between u and Vd 
observed in our experiments. 

(2) 

In addition, the experimentally-obtained de
pendence of vd on the flux density absorbed in the 
wave also coincides with the theoretical depend-

FIG. 5. a - shadow photograph of the spark 17 
nsec after the breakdown; b - shadow photograph 
of the spark 150 nsec after the breakdown. Colli
sion of two shock waves emerging from different 
parts of the spark is observed. 

ence for the hydrodynamic mechanism (Fig. 3): 

vd=[2(y2 -1)J/po]''•. (3) 

Using the measured transverse spreading 
speed we can calculate from (2) the specific 
plasma energy E and determine the ion tempera
ture Ti. According to Ra1zer [61 , for air of normal 
density in the temperature region 5 x 105-106 oK 
we have 

e = 4.5·1013 (T;/5·105)''• erg/g, 

whence 

Ti = 1.25·1G-2 (u)'/7 °K, (4) 

g1vmg Ti = 5 x 105oK for u = 4.5 x 106 em/sec 
and Ti = 7 x 105oK for u = 6 X 106 em/sec. 

The same values of the temperature are ob
tained from estimates of the average power ab
sorbed in the spark. The volume of the spark, 
calculated from the photograph of the spark in 
reflected light (Fig. 2e), is 6 x 10-5 cm3 • Assum
ing an air density Po= 1.3 x 10-3 g/cm3 and know
ing the energy absorbed in the spark (0.6 J), we 
obtain a specific energy 7.8 x 1013 erg/g and Ti 
~ 6.8 X 105 °K. 

The numerical value of the plasma ion temper
ature Ti, calculated from (4) using the measured 
transverse spreading velocity. coincides with the 
value of the electron temperature Te determined 
in [1] from the intensity of the x-radiation of the 
spark. This confirms theoretical estimates ac
cording to which the deviation between the electron 
and ion temperature of the plasma should not be 
large under these conditions. Indeed, in a strong 
high-frequency field E, the ratio of the electron 
to ion temperature is given by 

(5) 
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where Ep is the magnitude of the plasma field: 

Ep2 = 3km6T; (oo2 + -v2erf) I e2, 

o is the coefficient of energy transfer per colli
sion, and JJeff is the effective collision frequency. 

Under our conditions o ~ 10-3 and Ep 
~ 105 cgs esu, whereas E ~ 3 x 104 cgs esu. Sub
stituting these values of E and Ep in (5), we ob
tain Te/Ti ~ 1.1, that is, under the conditions of 
our experiment the electron temperature can ex
ceed the ion temperature by not more than 10%. 

The total motion of the spark front, consisting 
of breakdowns at successive points and hydrody
namic motion from each point after the break
downs, gives the ionization-region speed registered 
by the EOC. This speed is much higher than the 
speed of the hydrodynamic wave near the focus, as 
can be seen from the plots of Fig. 3. 

As is well known, the breakdown condition is 
written in the form 

r r P(-r) 
Jl(x,'t)d't= J-8-d-r:=C, (6) 
o o (x) 

where P ( T) is the power absorbed in the spark, 
S ( x) the area of the transverse cross section of 
the beam at each point along the beam, and C is 
a constant. Equation (6) gives the dependence of 
the position of the front on the time x ( t). Differ
entiating this expression with respect to t, we 
obtain the expression for the speed of the succes
sive breakdown 

dx P{t(x)] 
Vbr= dt = CdS/dx · (7) 

Figure 3 shows a plot of p (X)( dS/ dx r 1 

against the coordinate x. The value of P ( x) was 
obtained from oscillograms, which gave P( t), 
and from the EOC time sweeps, which gave x ( t); 
the values of dS/ dx were calculated from the 
photographs of the spark in reflected light. It is 
seen from the plot that the agreement between the 
speeds calculated from ( 7) and those directly 
measured with the EOC is satisfactory. We note 
that for, constant dS/ dx the speed is directly 
proportional to the power absorbed in the spark. 
In our measurements, the assumption that dS/ dx 
is constant is valid for the greater part of the 
spark. 

Let us consider now the possible causes of the 
appearance of breakdowns at discrete points 
spaced ~o.3 mm apart. Inasmuch as the initial 
breakdown produces a plasma with temperature 
~(6-7) x 105 °K, a radiation wave with a speed 
greatly exceeding that of the detonation wave will 
propagate from the breakdown point. The plasma 

radiation will heat the adjacent layer of the air 
almost instantaneously, and this heating will oc
cur at the distance equal to the average mean free 
path of the radiation in the cold gas. For 100-eV 
photons, which make up the bulk of the radiation 
in such a plasma, this amounts to ~0.1-10 mm. 
Observation of such a rapidly produced photoioni
zation aureole around the spark was reported 
in [i 2l. The surrounding gas will be heated by this 
radiation to a temperature 1-3 eV, in agreement 
with the previously noted [2•31 small width of the 
Do]ppler-scattering line. It is perfectly natural 
for laser-beam propagation conditions to be much 
different in such a plasma than in the initial un
heated gas. 

In particular, at such a temperature, the 
plasma becomes opaque to the laser emission; 
under these conditions, the radiation mean free 
path for a ruby-laser quantum is ~ 10-2 mm. 
Therefore the region of intense absorption should 
shift towards the laser by an amount equal to the 
heating zone, and the laser beam is always "cut 
off'' near the leading front of the radiation wave. 
If the breakdown conditions are satisfied at that 
point by that time, then breakdown takes place in 
the vicinity of the leading front of the radiation 
wave, producing in turn a new focus for a high 
temperature plasma, serving as a source of a 
radiation and a detonation wave. This mechanism 
explains qualitatively the intermittent character 
of the breakdowns. 

In principle, the appearance of discrete break
down points can have also another cause, namely 
self trapping of the beam, which, according to 
Askar'yan [i 3] and Litvak [i4l, should take place in 
the produced plasma. It will also shift the break
down region towards the lens. However, self
trapping of the beam has never been observed in a 
plasma experimentally. The question of the mecha
nism of formation of discrete breakdown points is 
being investigated by us at present in greater de
tail. 

ln conclusion, the authors are deeply grateful 
to G. A. Askar'yan and Yu. P. Ra'lzer for fruitful 
diseussions, toM. M. Butslov for useful recom
mendations on the use of the electron optical con
verter, and to V. A. Shamburov for supplying a 
KDP crystal for Q-switching. 
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