Quantum Electronics 33(9) 823—-830 (2003)

©2003 Kvantovaya Elektronika and Turpion Ltd

PACS numbers: 52.50.Jm; 52.35.Dm
DOI: 10.1070/QE2003v033n09 ABEH002506

Generation of a low-frequency wave
by an optical discharge moving in a gas at a subsonic speed

V.N. Tishchenko

Abstract. A pulsating optical discharge moving in air at a
subsonic speed (~ 250 — 300 m s_l) and creating in front of it
a high-intensity low-frequency wave propagating in the same
direction is considered. The range of dimensionless parame-
ters in which this effect is manifested is determined.
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In order to study the possibility of using laser radiation to
control the flight of objects [1-3], a pulsating optical
discharge (POD) was created in the supersonic gas flow [4]
by laser radiation with a high pulse repetition rate (f~
50 kHz), which reduced the aerodynamic resistance to
about half [5]. A microwave laser discharge — the POD-
induced trace of an ionised gas absorbing microwave
radiation of higher power, was studied in Refs [6, 7]. This
raises hopes of creating moving regions in a gas where new
effects based on high energy density in laser plasma and a
high frequency of its pulsation can be realised. The
propagation of a POD corresponds to the displacement
of the laser radiation focus at which a discharge operates.
For large values of £, the POD acquires new properties that
are not possessed by a continuous optical discharge (COD)
or a solitary laser spark.

In contrast to a COD [8—10], a POD glows at gas flow
velocities ranging from tens of metres per second to
~ 500 m s~ (experiments at higher velocities were not
conducted), absorbing ~ 80% of the laser radiation power
[11]. The POD plasma decays slowly over a time 1/f and
leaves a continuous trace of a high-temperature low-density
gas. Acceleration of laser plasma in a POD and the
generation of gas-dynamic perturbations whose spectrum
can vary from infrasonic frequencies to hundreds of kilo-
hertz appear to be quite interesting effects [12, 13]. A POD
propagating at supersonic velocities can create a plasma jet
in the opposite direction with a velocity as high as
~ 3 km s~ [12]. A plasma jet (of length ~ 1 cm) was earlier
observed during the expansion of a solitary laser spark
[14, 15].
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The waves generated by a laser spark have been studied
quite extensively (see, for example, Refs [16—20]). Gen-
eration of sound as a result of interaction of periodic laser
pulses with water surface was studied in Refs [21—29]. Flux
perturbations caused by an electric discharge at a pulse
repetition rate of several hundred hertzs were studied in
Refs [30, 31]. It was shown in Ref. [32] that interaction of
shock waves (SWs) generated by a stationary POD can lead
to the formation of a unified wave. This requires a high
power and a high pulsation rate of a POD for which the
wavelength of a SW is larger than the characteristic length
Co/f (where Cj is the velocity of sound in the unperturbed
gas). These conditions are close to the conditions prevailing
in experiments [13, 32] in which a stationary POD operating
in a narrow jet of argon produced periodic SW trains in air.
The pressure spectrum contained ultrasonic and low-fre-
quency components corresponding to the pulse repetition
rate in the trains and to the repetition frequency of the
trains. The laser power and the values of f were inadequate
for creating a unified SW. However, the ratio of powers of
low-frequency and ultrasonic components of pressure in the
trains was much higher than in parametric radiators (the
region of interaction of two ultrasonic beams in them emits
waves with the difference frequency), considered to be
among the most effective devices for generating low-fre-
quency waves [33-37].

In this paper, we consider for the first time the formation
of a low-frequency quasi-stationary wave (QW) formed in
front of a POD propagating in air at a subsonic velocity
Vo ~ 250 — 300 m s~ '. For a point-size POD (spark length
~ 1 —2 cm), the QW is formed as a result of interaction of
periodic SWs generated by this discharge. In the direction of
motion of the POD, shock waves successively catch up with
one another and create a unified QW whose length increases
with time on account of summation of a large number of
SWs. In contrast to a compression wave, a QW is not a
shock wave (the pressure in the QW is maximum at the
trailing edge) and is not transformed into one as long as the
pulsating optical discharge is operative. As a result of
injection of energy into the supersonic flux, the shock waves
may form a unified SW [1, 5, 12], but it will not be a low-
frequency wave.

Our aim is to study the formation of a low-frequency
QW and to find the range of parameters for which a POD
can produce such a wave. Investigations were carried out by
computer simulation since the creation of a QW requires a
powerful radiation. The length of a QW may attain values
for which the measurements of pressure in the wave as well
as computations become complicated. Therefore, a sim-
plified model was used and the initial stage of a QW (up to
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~ 1.5 m, dozens of sparks) was studied. However, it was
shown that the length of a QW increases linearly with time
and becomes much larger than the characteristic sizes of
parameters in the problem, viz., the spark length, dynamic
range, and length of the SW produced by laser sparks. In
this work, we solve the gasdynamic equations for the case of
axial symmetry [38]. Data from Ref. [39] were used in the
equation of state for air. Computation of each version took
up to 100 h and more (using a computer with a processor
clock frequency of 930 MHz). This model can be used for
describing SWs since radiation losses of energy from a laser
spark to air are small (~ 6 %) [40], while the characteristic
cooling time due to turbulent diffusivity is of the order of a
few milliseconds [6]. Estimates show that these processes do
not affect the QW significantly since the heating of the
surrounding gas caused by them takes place behind the
trailing edge of the QW.

A pulsating optical discharge in a gas can be produced
by periodic laser radiation with a high pulse repetition rate
(~ 20 — 100 kHz) [13]. The shape of solitary sparks is nearly
conical and depends on the angle of focusing of radiation as
well as its power. To attain a high degree of concurrence of
the obtained results and to extend them over a wide range of
problems, we have assumed in our work that the sparks are
spherical in shape. Such an assumption is valid in the
problem on formation of a QW since the shape of a SW
produced by an individual spark is nearly spherical at
distances exceeding the spark length (extended ‘bead-like’
sparks are not considered). The duration of energy supply
into atmospheric air (pressure Py = 1 atm, velocity of sound
Co =340 m s™") is taken equal to ~ 1 ps, and the spark
radius Ry is 0.3—1 cm. The relative energy ¢ of sparks (ratio
of the energy absorbed in a spark to the internal energy of
the unperturbed gas in a volume equal to the volume of the
spark) varied from 25 to 250. The spark energy Q; and the
energy density ¢; in the spark are connected with ¢ through
the relations  Qp = Ry Pye/9.87(yy — 1) = 1.06Py R e,
qr/ Py = 0.1013¢/(y, — 1) = 0.253¢. Here, the adiabatic index
70 = 1.4, R, is measured in centimetres, P, in atmospheres,
O; in joules, and ¢; in J em™>. The velocity of a moving
POD is equal to the ratio of the distance between the spark
centres to the laser pulse repetition period: V= Z¢/T,
(T, = 1/f). The parameters Vy, T, ¢ and R, were varied
during calculations.

Formation of quasi-stationary waves. Fig. 1 shows the
theoretical SW fields for a subsonic propagation of a POD.
At the instant ¢ = 0, the centre of the first spark is located at
the point z = 0, beyond which the sparks are created along
the z axis of the motion of the POD (from right to left) at an
interval Zy = V,T,,. The sparks generate SWs which carry
~ 40 % of the energy of laser plasma. The perturbed gas
region is confined by a sphere which is the SW produced by
the first spark and propagates with the velocity of sound C,
in the unperturbed gas (for £ > 500 ps). In the axisymmetric
case, the preferred axis is the z axis along which the POD
moves, and the centre of the sphere corresponds to the first
spark. No QW is formed for small values of V), and the
structure of the SW field is similar to the field produced by
an acoustic source (Doppler effect). For ¥, =250 m s
(depending on the energy of the sparks) and for Z; below a
certain value, SWs combine successively to form a QW
along the direction of motion of a POD.

In the opposite direction, the SWs interact with the
trailing edge of the QW and with the plasma trace left by the

r Vo =250m s~
t=2ms

z=—112cm

Figure 1. SW fields for different velocities of a POD at the instants 7 ~ 2
(a, b) and 3 ms (c) for a QW pressure much higher than the pressure in
periodic SWs, Ry =1 cm, ¢ =25, and T, = 0.15 ms. The dark regions
(1) correspond to the compression phases (P > P,) of the shock waves
and the quasi-stationary wave; (2) correspond to the low-pressure phase
(P < Py); and (3) to the ‘shadow’ region with a low pressure in the SW.
The POD moves along the z axis from the point z = 0 (intersection of z
and r axes) to the left with a velocity V.

POD and form a conic structure in which the pressure has
the highest value. In the simplified form, a QW is a spherical
segment whose height (length of the QW) increases with
time. The centres of the sparks must not fall in the caverns
formed by the preceding sparks since the density of the gas is
low in them and the optical breakdown is hampered. A high
pressure is created in the QW and in the SW by the last
spark at the current instant of time. The pressure in the
trailing edge of the QW front pulsates and attains its
maximum value at the instant when the next SW catches
up with the QW. Since the velocity ¥, of the optical
discharge is less than the velocity of sound C,, while the
velocity of the leading front of the QW is equal to C, the
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Figure 2. Pressure distribution in the compression phase of a QW on the
z axis during the motion of a POD from right to left with different
velocities at instants before the ignition of the next spark, when the
pressure in the QW over a period between the sparks is minimum, for
Ry=1cm, ¢=25, and T, =0.15ms; r=2.1ms for V, =250 and
340 ms~!, and 1.9 ms for V5 =300 m s~".

POD lags behind the leading front after some time and the
length of the QW at the instant of its formation (several
hundred sparks) increases: L ~ (Cy— Vo)t = z(1 — M),
where My = V,/C, is the Mach number. It can be assumed
that a certainly weakly varying QW structure depending on
the velocity and power of POD is established after a fraction
of a second.

Figs 2 and 3 show the effect of the velocity and power
(different values of ¥}, and ¢) of a POD on the shape of the
QW. The POD power in Fig. 3 is an order of magnitude
higher and close to the limiting value. The distribution of
pressure along the z axis (R = 0) for the instants of time
preceding the onset of the next spark is shown. Here, the
pressure in the QW is close to its minimum value over a
period. The motion of a POD from the point z = 0 (to the
left) at a velocity ¥, =300 m s~ was simulated. The ‘last’
spark is located at point z = —57 cm (¢ = 1.9 ms), and the
centre of the next spark will be located at the point z =
—60 cm for ¢ =2 ms. The large curvature of the trailing
edge of the QW at the segment z = —63 +~ —77 cm (Fig. 3) is
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Figure 3. Distribution of pressure P/ P, velocity of sound C/Cy, and velocity of gas V/Cj in the plasma trace generated by a POD (a—c) and in a QW
(d—f) fort=2ms, Ry =1 cm, Vy =300 m s7!, =10 kHz, & = 200 in the first spark and ~ 90 — 130 in the next sparks. The decrease in the energy
parameter is associated with the fact that absorption takes place at a low density of the gas behind the trailing edge of the QW.
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formed by the SW. This is followed (on the right) by a low-
pressure region and its jump, which are caused by the last
spark. For a high power and small distances between sparks,
the POD creates a continuous low-density high-temperature
channel. For a SW, the preferred direction is a channel in
which the velocity of sound is several times higher than in
the surrounding space. The SW in the channel has a
compression phase and a low-pressure phase, in which
the mass velocities of the gas are directed opposite to
each other. The pressure in a channel decreases during
the propagation of a SW in it, the radial expansion also
playing its part in this. The wave attenuation time is
~0.2—-0.3 ms. The SWs cause the flow of gas in the
channel with a velocity V/Cy < 1, which is much lower
than the velocity of a jet during the supersonic motion of the
POD [12]. The pressure pulsations for z < 20 cm shown in
Fig. 3a correspond to pulsations in a channel whose length
was increased to ~ 20 cm in the positive direction of the z
axis. These pulsations are due to the stagnation of the jet at
the end of the channel.

One can see from Figs 2 and 3 that the pressure in a SW
varies weakly along the z axis in the interval
Vo ~250 —300 m s!, and an intense peak is formed at
the trailing edge as a result of the arrival of a SW. Fig. 4
shows the radial distribution of pressure in a QW in
different cross sections along the z axis. A comparison of
the data presented in Figs 2 and 3 shows that an increase in
the POD power leads to an increase in pressure in a QW
whose length depends weakly on power at the initial stage of
formation of the QW. Since the velocity of sound in a QW
exceeds the velocity of sound in the unperturbed gas
(C > Cp), the SWs that catch up with the QW propagate
in it as small perturbations with a velocity exceeding the
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Figure 4. Gas pressure distribution in a QW along the radius in different
cross sections along z for the same values of parameters as in Fig. 3.

velocity of its leading edge. This mechanism of energy
transport forms an extended QW region in which the
pressure is practically constant. For 7> 1 ms, the QW
pressure pulse acquires a characteristic shape that depends
on the difference C, — V, between the velocities. This shape
is preserved for at least ~ 4 ms (calculations for longer
periods were not carried out). Fig. 5 shows the variation of
pressure and velocity of sound at the trailing edge of the
QW over a period between sparks. Their rapid growth is
associated with the arrival of a SW at the trailing edge of the
QW. After this, the SW expands in the QW volume, and
hence the pressure and the velocity of sound decrease. It can
be seen from Fig. 3 that the gas velocity in the QW may
exceed 100 m s~ (V,/Cy~0.38, Cy =340 m s~ '), while
the pressure jump is ~ 0.1—1.5 atm.
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Figure 5. Variation of pressure (a) and the velocity of sound (b) in the
region of pressure jump at the trailing edge of the QW for the same
values of parameters as in Fig. 3. The time 7, = 1.9 ms corresponds to
the instant of ignition of a spark, T}, = 1/f'= 0.1 ms.

The dependence of the length of a QW and the pressure
jumps at its leading and trailing edges on the position of the
leading front of the QW are shown in Fig. 6. For a POD
moving with a subsonic velocity, the length of the QW
increases while the pressure at its leading edge decreases.
The pressure at the trailing edge of the QW pulsates, but
remains practically unchanged at the same instants of time
in a period. If the velocity of the POD is close to the velocity
of sound and a high-intensity narrow QW is formed. The
energy is extracted in the radial direction. The length of the
QW depends linearly on the distance traversed by it, and
hence on the energy spent on its formation, in the entire
investigated range of POD parameters. This is one of the
most significant distinctions between a QW and a SW
created, for example, by a single laser spark when the
length of the SW depends weakly on the spark energy.

Conditions of formation of a quasistationary wave. Let us
determine the parameters for which the laser radiation
creates a POD and the SWs generated by it form a QW.
We shall determine the required region in a dimensionless
form and consider the laser spark as an explosion. After
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Figure 6. Length of a QW (a) and pressure jump (P — Py)/ P, in the QW
(b) as a function of the position of its leading front for various velocities
of the POD (r =0, 6P, and 8P, are the pressure jumps at the leading
front and the trailing edge of the QW, and Ry is the dynamic radius);
Vo=250ms !, e=25, T,=0.15ms, and Ry =1cm (@, O); Vo=
250 ms™', £ =250, T, =0.3ms, and Ry =1cm (O); Vo =300ms"',
£=25 T,=0.15ms, and Ry =1cm (a, A); Vo =300m s, ¢ =50,
T,=005ms, and Ry=03cm (&) Vo=340ms ', e=25 T, =
0.15ms, and Ry=1cm (m), and V=400 m s, e=25, T, =
0.25 ms, and Ry = 1 cm (@). The solid curve shows the pressure jump
in a spherical SW generated by a spark with its centre at the point
z =r = 0 [the dependence was obtained from formula (5)].

this, we go over to the parameters of the medium and the
radiation. The problem involves the following set of
independent parameters: pressure P, and the velocity of
sound C, for the unperturbed gas, energy Q¢ and duration ¢,
of the laser pulse, the initial spark radius Ry, the velocity V7,
and the spark repetition period T}, = 1/f for the POD. The
value of ¢, and the radial energy distribution in a spark do
not significantly affect the processes for ¢ > 1, if ¢, is much
smaller than the time T),, Ry/C,y and Ry/V} (in CO, lasers,
t, ~ 0.5 —1 ps). For the dimensionless energy parameter ¢,
we take the ratio of the energy Q; and the energy V; of the
unperturbed gas in the spark volume. Taking into account
the equation of state for the atmospheric air, the expression
for ¢ has the form

e Or (-1 .
ViEopy  (4/3)mR3 Py

()

Here, E, (in J kg™') is the specific energy of the gas, po (in
kg cm°) is its density at 7 = 0, Qy is measured in joules, R,
in metres, P, in pascals, and y, = 1.4. The motion of the
POD determines the Mach number M, = V,/C, and the
distance between spark centres normalised to the dynamic
radius of the explosion (spark), i.e., Z, = Z;/Ry, where

o \'? 4n s 1/3
Ryi=1|= =Ry| m———¢ =219Rpe 7. (2
‘ (Po "3 -1 ° e @

The domain of existence of the QW was determined by
using characteristic parameters depending on ¢, viz., the
radius R, of the cavern formed by the spark as a result of
thermal expansion, the length R, of the shock wave and its
period R, which is equal to the sum of the lengths of the
compression and low-pressure phases in the SW. The
expressions for R., Ry and R, were obtained from cal-
culations for the spherical case. Three stages can be singled
out in an expanding spark. The rapid stage of cavern
formation terminates at /7, ~ 0.43¢%* (1, = Ry/C,), when
the pressure at the contact discontinuity becomes equal to
P,. The cavern radius normalised to Ry is given by the
expression

R, 0.448

Rd - 80'093 :

3)

For t5./ty = 0.82¢%3%?, the pressure is equalised in the entire
cavern. In this case, the cavern radius R,./Ryq = 0.486x
¢ "6 and exceeds R, /Ry by ~ 10 %, and hence we shall
use formula (3) in the subsequent analysis. The velocity of
sound in the cavern for #,./¢, is equal to C/Cy = ¢%*. On
account of turbulent thermal diffusivity, the gas cools down
with a characteristic time ~ 2 ms [6]. The length of the
shock wave (compression phase) is

R RA\OH
K _oas( ) . 4
Ry 0 5<Rd> @

The SW period is R,/Rq= 1.3(R/Ry)"'. For 0.1<
R/R4 < 20, the pressure jump at the SW front is given by

P_p, R \~1639
=0.53( — . 5
Py (Rd) ©)

While determining the conditions of existence of the
POD, it was assumed that the intensity of laser radiation is
higher than the optical breakdown threshold of the gas. It
follows from the experiments [13] that radiation is absorbed
in the POD if each of the subsequent spark does not fall into
the cavern created by the preceding spark, where the gas has
a low density. The minimum separation Z; between the
centres of sparks must be larger than the sum of the radii of
the spark and the cavern:

0.457

R.+ Ry, 0.448
: = + 50333 (6)

Ly > =
se Ry £0.093

The right-hand side of this inequality depends weakly on &
(0.448, 0.39, and 0.34 for ¢ = 25, 100, and 250, respectively).
In the following analysis, we shall assume that Z, > 0.4.
Shock waves having an initial velocity much higher than C,
catch up with a QW if the separation between each spark
and the trailing edge of the QW is below a certain critical
value. This condition is satisfied by displacing the leading
edge over a period not exceeding the duration of the SW
compression phase. In this case, inequality (6) and the
condition for generating a QW assume the following form:

Z > 0.4, (N
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Vo
My=—"<1

o=¢g < b ®)
(Co—Vo)Ty < Ry, 9)

Considering the fact that VT, = Z;, expression (9) assumes
the form

R, M
Zy < S0 10
R (10)
Relation (4) for the SW length can be presented in the form
of a power function:

E (2.

Ry Ry
where 4 and ¢ depend on the properties of the medium in
which the QW is formed; R is the distance between the
centre of the ‘last’ spark and the trailing edge of the quasi-
stationary wave, at which the SW catches up with the QW.
For the sake of definiteness, we assume the following
approximate expression: R ~ hCyT,, = bZ;/M,, where b ~

1-2 is the fitting factor that will be refined below. In this
case, inequality (10) assumes the form

(11)

M,

1/(1-0) g 6/(1-0)
Z, <A b 7(1 - MO)'/“’”) .

(12)

For air, where 4 = 0.25, ¢ = 1/3, and coefficient b ~ 2, this
expression assumes the form

M,

1= M)

This condition was verified in a series of calculations (~ 70
versions) in which all parameters of the POD were varied.
Some of the calculated points are shown in Fig. 7. For
example, the parameter Z, was varied by changing the
separation Z; between the spark for fixed values of the
relative spark energy ¢ and its initial radius R, as well as
for several values of M. The boundary points at which the
QW formation was observed in calculations are shown in
Fig. 7. Periodic SWs generate a low frequency QW in the
region bounded by the straight line (/) and curve (2). The
POD is unstable below line (/), while the shock waves
generated by the POD do not create a quasi-stationary
wave above curve (2). The light circles show the results of
calculations, in which parameters ¢ (25-250), R, (0.3—
2 c¢cm), Z;, and M, were varied. In this case also, a QW was
formed. The only exceptions are the points M, = 0.588
(dark and light circles) and M, = 1 (light circles) at which
the conditions for the QW formation are not satisfied. An
analysis of the computational data shows that the
coefficient of the fraction on the right-hand side of
inequality (13) must be increased. The final expressions
confining the POD generation region (7) and the regions (8)
in which QW is formed in air and (13) (taking corrections
into account) assume the form

Z, < 0.177 (13)

M
04<7Z,<02 (70 (14)

1= M)

0.56 < My < 1. (15)

The left-hand side of the last inequality corresponds to the
value of M| for which the right-hand side of (14) is equal to
0.4. The right-hand side of (15) limits the velocity of the
POD: a low-frequency QW is not formed for M, > 1.
Fig. 7 also shows the experimental data from [41] for
underwater explosions of two explosive charges, each of
them weighing 0.1 kg. The distance between the charges
was Zp ~ 25— 75 cm, and the detonation delay time of one
charge relative to the other was T, = 0.205 — 0.224 ms.
Moving along the axis passing through the charge centres
(in the direction of the charge detonating later), the SW
generated by the second charge catches up with the first
SW, thereby enhancing the pressure significantly in the
region of their interaction. The experimental points
corresponding to [41] were normalised into dimensionless
quantities before being plotted in Fig. 7: M=
Z:/(T,Cp) = 0.746 — 0.813 (C, = 1500 m s is the velocity
of sound in water), Z,= Z;/Ry ~0.15—047, and
Ry~ 17m. We did not consider the possibility of
increasing the length of the resultant wave in Ref. [41].

Zl]
100 E
E me=50,Ry=1cm
: e¢ =100, Ry =0.3cm
10 E
1 E °
01 1 1 1 1 1
0.5 0.6 0.7 0.8 0.9 1.0 M,

Figure 7. Range of dimensionless parameters in which a POD moving at
a velocity V, = M,C, operates stably, generating a QW in front of it.
The range of QWs lies between line (/) and curve (2). Region (3)
corresponds to the experimental parameters [41] for which the successive
detonation of two charges in water was accompanied by the formation of
a unified wave. The symbols on the plane of the figure correspond to our
calculations.

A moving POD leaves a trace of low-density ionised gas.
If the distance between the spark centres is larger than the
diameter of the cavern, ie., Z,=Z;/Ry>2Ry/Ry=
0.97/6%%% the trace is formed by caverns isolated from
one another. The value of 2R,./Ry =0.727 — 0.582 for
& =20—200. The POD leaves a trace in the form of a
continuous channel if the distance between the centres of
sparks is smaller than the sum of the radii of the cavern and
the laser spark: Z, < (R, + Ry)/Ry ~ 0.4. Here, the gas in
the channel moves in a direction opposite to that of the
POD with a velocity ¥ ~ 200 — 500 m s '. It should be
noted that for a POD moving at a supersonic speed, the
velocity of the ionised gas in the channel is limited by the
velocity of sound in it and may attain values of the order of
2-3kms! [12]. In the region of transition from a
discontinuous trace to a continuous one, there exists a
narrow region of POD parameters, in which the gas moves
in the same direction as the POD.
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Let us present the range of QWs in terms of the laser
radiation parameters. We consider two cases. Suppose that
the average power W; of laser radiation, velocity ¥}, of the
POD, pressure Py, and velocity C, of sound in the gas are
known. It is required to find the energy Q; and the repetition
rate f of laser pulses, for which the POD operates and
creates a QW in front of it. Using formula (2) and the
obvious relations for Z; = V,/f and W; = Q;f, we obtain
from (14) the following relations for Q; and f:

(Wi/P)'®  Qr 283 x 1074 (W;/Py)"?

8 x 107* , (16)
(CoMy)™>  Po Co (1 = My)*»
4C15(1 — M2 ML
3534Go 050) <f<1250 L‘))OS (17
(Wi/Py)™ Wi/ Py)™

Here, as well as in the following relations (18) and (19), P,
is measured in atmospheres, Cy in m s~', W; in watts, Qy in
joules, and f'in hertzs. Similarly, inequality (14) leads to the
following expressions for the range of the average power
and the repetition rate f of laser pulses, for which a POD
exists and creates a QW for given values of Qy, Vy, Py, and
C():

2/3 2/3
232C0(1—M0)1'5<%) <?<116M0C0<Qf> , (18)

Py 0 Py
232C,(1 — My)"? M,C,
(01/Py)"? << (01/Py)'"* ()
o:/T L

100

10

01 1 1 1 1 Y-
0.5 0.6 0.7 0.8 0.9 1.0 M,

Figure 8. Ranges of a stable POD generating a QW for Cy =340 m s~ ',
Py=1atm, My =0.57—1, and Wy =2 kW J[curves (/) and (2)] and
10 kW [curves (17) and (2')]. Curves (/) and (1) correspond to the
condition for the QW formation, while (2) and (2') correspond to the
stable POD operation condition.

Expressions (16)—(19) are illustrated in Figs 8§ and 9. The
parts of the inequalities containing the factor 1 — M,
correspond to the condition of the QW formation [curves
(1) and (1')], while the remaining parts, containing the
factor M, correspond to the condition for the existence of
a POD [lines (2) and (2')]. A QW will be formed for any
values of the parameters lying between curves (/) and (2)
[(1") and (2')] and for M, = 0.57 — 1. No low-frequency
wave is formed for M, > 1. It is assumed that the laser
radiation intensity is higher than the breakdown threshold
of the gas. Fig. 8 shows the values of Q; and f for an
average POD power W; =2 and 10 kW. It can be assumed
that the former value (W;=2 kW) corresponds to the
formations of a QW in inert gases, in which the optical
breakdown threshold is lower than in air. The POD
described in Ref. [13] operated in argon for Q;~ 0.01J
(CO, laser). The breakdown threshold in air is ~ 0.1 —27J
[42] and depends on the radiation wavelength, pulse
duration, focal length, and the concentration of aerosols.
A laser radiation with an average power of ~ 10 kW and
higher is required for generating a QW in air. Fig. 9 shows
the average POD power and the pulsation frequency for
fixed values Q;y =1 and 10 J of the energy of a spark.
Shock waves with a large value of L are interesting
(Earth sounding, hydroacoustics) owing to their weak
damping [33—37, 43]. The length of the SW generated by
a solitary spark or an explosion depends weakly on energy
[44, 45]. The energy expenditure increases sharply with L (as

Wi /kW
1000

100

T
(8}

10

T I\I,III

1.0 M,

1 1
0.5 0.6 0.7 0.8 0.9

Figure 9. Ranges of a stable POD generating a QW for Cy =340 m s~ ',
Py=1atm, My =0.57—1,and Q; =1 J [curves (/) and (2)] and 10 J
[curves (/") and (2')]. The POD is unstable above the lines ( 2) and (27),
while the SWs generated by the POD do not create a QW below curves
(I)and (1").
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L’ for a spherical SW). Moreover, the shape of the SW is
close to spherical in free space as a rule. Like any other
nonspherical wave, a directed wave can be obtained only in
the near-field region [46]. The SW is free from such
drawbacks as it moves along the beam and its length L
depends linearly on the energy spent on generating a QW.

Thus, a pulsed optical discharge moving in a gas at a
subsonic velocity generates in front of it a low-frequency
QW propagating along the laser beam at the velocity of
sound in the same direction as the POD. A QW is a flow of
gas with a velocity as high as ~ 100 m s~ ! and a pressure of
several atmospheres. This effect is based on a high energy
density in laser sparks and a high pulsation frequency of the
POD. The mechanism of the QW formation can be
described as follows: a low-frequency wave is generated
for a point-sized POD in the surrounding gas as a result of
the interaction of periodic SWs generated by the POD. In
contrast to the SW pressure, the pressure in a QW is
maximum at the trailing edge, while the length of the
QW increases linearly with the energy spent on its gen-
eration. A QW can be defined as a special type of
compression waves, which, unlike ordinary compression
waves, are not transformed into SWs as long as a POD
exists. The range of radiation parameters for which a stable
POD operates and creates a QW is obtained in dimension-
less form.
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