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Doppler effect for an optical discharge source of shock waves

V.N. Tishchenko

Abstract. The Doppler effect for a moving pulsating optical
discharge producing periodic shock waves is considered. The
manifestations of the effect are limited by the wave merging
mechanism. The validity conditions were found for the effect
in the case of a pulsating source of shock waves.

Keywords: optical pulsating discharge, merging mechanism of shock
waves, Doppler effect.

1. Introduction

This work continues the investigation of a quasi-continuous
‘resonance’ interaction of a pulsating optical discharge
(POD) with a gas, which is based on POD properties and
shock-wave merging mechanism (SWMM) [1, 2]. The POD
is produced by repetitively pulsed laser radiation in the
moving beam focus. For a certain combination of radiation
and medium parameters (‘resonance’, the SWMM is
engaged) the shock waves generated by the POD sparks
merge together to form a long high-pressure quasi-sta-
tionary wave [1, 2]. The use of high-power lasers with a
pulse repetition rate of ~ 100 kHz [3, 4] opens up the
possibility of employing the POD and the SWMM in
aerospace applications [2, 5-9].

The urgency of studying the Doppler effect (the effect in
the subsequent discussion) stems from the fact that the POD
is a unique sound source [10]: it is inherently point-like, the
plasma-generated shock waves possess a power density of
10-20 kW cm™, the conversion efficiency amounts to
~ 30 %; the action of the SWMM limits the effect mani-
festation (see below). The difference of the POD from sound
sources is as follows. The trains of repetitively pulsed laser
radiation produce a wave field in which the ratio between
the power in the low-frequency component and the total
field power § ~ f ( f'is the pulse repetition rate in the trains
which follow with a frequency F, with F < f'). For a high
frequency f, the value 6 ~ 1. In acoustic sources, the
quantity 6 ~ F/f, and therefore 6 <1 %. The POD will
enable solving the problem of point infrasound sources with
a high conversion efficiency. Bunkin et al. noted that
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infrasound can emerge in the interaction of laser pulse
trains with a liquid, the underlying method is density
modulation whereby 6 ~ F/f. The conditions for the man-
ifestation of SWMM were lacking in the experiments of
Ref. [11].

The effect consists in the difference between the fre-
quency f emitted by the source sound and the frequency f,
recorded by a receiver. When the source approaches an
immobile receiver with a velocity V), the Doppler formula
has the form [12]

f

fgzl;Mo’ 1

where M, = V,/Cy; Cy is the sound velocity in a gas; the
receiver is located on the z-line along which the source is
moving.

Figure 1. Fragment of the shock wave field for the instant = 1.04 ms.
The field as a whole has the shape of a sphere whose surface corresponds
to the shock wave 5 generated by the first spark. The POD travels
leftwards along the z axis from the intersection point of the axes z and r.
The elevated pressure in the compression phase is shown in black [A —
the ‘sensor’ position; / — POD; 2 — far-field zone (the pressure pulsations
are weak); 3 — near-field zone; 4 — shock waves reflected from the wall].
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dynamic radius (m); ¢ is the spark energy (J); and P, is the
gas pressure (Pa).) In the limiting case, a quasi-stationary
wave forms and the receiver measures the signal which rises
with time.

The difference of a POD from an acoustic source is
related to the SWMM action: at a distance from the POD
ranging between 0 and 10Ry [1, 2] there occurs a structural
change of the emitted signal. (Here, Ry = (q/PO)l/3 is the
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Figure 2. Time variation of the gas pressure at the points with coordinates R,, and Z,,. Parameters employed in the calculation: a POD with a
repetition rate / = 12.5 kHz and an energy ¢ = 15 mJ travels through argon (P, = 1 atm) with a velocity ¥, = 100 (a) and 200 m s~" (b, c) from the
point Z = 0 leftwards.
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The POD generates periodic shock waves whose initial
velocity V is much higher than C, and at a distance ~ Ry the
value of V" becomes equal to C,. When the distance between
the observation point Z,, and the POD location Z; is large,
it can be assumed that the shock waves possess the velocity
Cy. The frequency f, begins to exhibit an appreciable
dependence on ¥ when the POD approaches the receiver
by a distance Z,, — Z; < 3Ry. The effect is determined in the
measurement of a large number of waves. For the POD this
implies that Z,, — Z; > Ry.

For the effect to manifest itself the frequency f, at which
the shock waves arrive at the receiver should satisfy
condition (1), which is valid in some region of the
parameters f, ¢, Vy, Cy, Py (below, the D region).

The objective of our work was to determine the D
region. Its boundaries were found from the SWMM criteria
[1, 2] and verified by calculations in the two-dimensional
axially symmetric approximation. The sparks were defined
in the form of spherical regions of energy absorption in a
time of ~ 0.2 ps. At the instant ¢ = 0, the POD starts from a
point Z =0 and travels with a velocity ¥V, towards the
‘receiver’ located at a point Z,,/Ry =~ 100. Figure 1 shows
the calculated field of the shock waves when the POD
parameters correspond to the boundary of the D region. By
comparing the calculated data with formula (1), we assumed
that fis the POD pulsation frequency and f, is the frequency
at which the shock waves arrive at the observation point; the
value of f, was obtained from calculations.

Figure 2 shows the temporal gas pressure distribution at
points with the coordinates Z,,, R,, (R,, is the distance of the
observation point from the z axis). For a low POD velocity
and R, = 0, the frequency f, corresponds to the frequency
obtained from (1). When R,, >0 (Figs 2a and 2c), the
geometrical factor begins to manifest itself as the POD
approaches the receiver. For 1 > 1 ms, the POD moves away
from the receiver and f, lowers. Figures 2b and 2c depict the
signals distorted by the action of the SWMM. One can see
from Fig. 1 and Figs 2b and 2c, in front of the moving POD
there forms a region consisting of two zones. Adjacent to the
POD is a near-field zone in which the pressure exhibits
regular pulsations. At a short distance from the observation
point it is necessary to take into account the dependence of
[, on the shock velocity. The pressure pulsation frequencies
in the far-field zone do not correspond to the effect, its
length increases with time.

Figure 3 shows the region of effect manifestation found
from the SWMM criteria. Here, w = fRy/C, is the reduced
POD pulsation frequency. Formula (1) can be expressed in
terms of @ and M,:

w

wg:l*MO.

(@)

The region D in which w, satisfies relation (2) is bounded

by the condition wy > w < w;, where

Wy ~ 2.5M0, (3)

oy ~ 0.65(1 — M,). 4)

The curves intersect at a point with the coordinates
Wit = 0.52, My = 0.206. For o > @, the POD produces
shock waves in an unstable manner [2], the effect
observation is hampered. For w > w,, the difference in
shape between the POD-produced shock waves (Figs 2b

0.1

Figure 3. Boundary POD pulsation frequencies w and receiver-sensed
frequency w, versus velocity M, of POD travel. For o < w,, the POD
stably generates shock waves. Below the curve w;, the shock waves do
not interact with each other, above w, they produce a quasi-stationary
wave. Full squares — POD parameters (w, M) in the calculation, empty
squares — frequencies w, perceived by the sensor. The squares with the
parameters M, = 0.316 and 0.63 relate to the calculations represented in
Figs 1a, 2b, and 2c; the limiting frequency w, perceived by the sensor
corresponds to the radiated frequency w;.

and 2¢) and the measured signal arises from the SWMM
action, which increases in importance as the w, curve is
approached. For o > w, = 5.88(1 — M;)'?, the POD gen-
erates a quasi-stationary wave. We substitute formula (4) in
relation (2) to find the limiting detector-sensed frequency
g ~ 0.65 that satisfies relation (2).

The validity of expressions (3) and (4) was confirmed by
calculations. In particular, full squares with the coordinates
w =0.22 and M, =0.316, 0.63, and 0.8 correspond to a
series of calculations for which the pressure is shown in
Fig. 2. The squares w = 0.22 and M, = 0.316 are situated in
the D region, which is confirmed by calculation (see Fig. 2a).
The points w = 0.22, M, = 0.62 and 0.8 are at the boundary
or outside of the D region, which is evident from Figs 1 and
2b. In Fig. 3, to the full squares there correspond empty
squares, which correspond to the values of w, calculated by
formula (2). The empty square w, = 0.32, M, = 0.316 is
located below @y, the limiting perceptible frequency. It
determines the true value of the frequency w, perceived by
the sensor. The empty squares lying above w,; may not be
employed to denote the frequency w,. They serve to
illustrate the existence of the limiting value w, = wg ~ 0.65.

Let us make an estimate. For definiteness we assume the
following parameters: the air, P, ~ 10° Pa, C; =340 m s,
Vo =100 m s~ (M, =0.294), ¢ = 100 J. We seek for the
highest pulse-repetition rate f; beginning with which the
effect does not manifest itself. Since My > My, the
frequency @ is limited by the value w;. From formula
(4) we find f; = 0.65(Cy — Vo)(Py/q)"* = 1560 Hz.

The frequency w, obeys relation (2) when the POD
possesses parameters lying in the D region and is remote
from the receiver. However, for (Z,, — Z;)/Rq < Z,, ~ 3 the
frequency w, depends on the shock velocity and not on Cj,.
We determine the number of sparks and shock waves which
the POD will produce in a length Z,. Formulas (3) and (4)
are represented in the form
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Z_\- > Zs() ~04 for 0< M(] < M()crita (5)
1.5M,

Zi>Zg =——" for Mgy < My < 1. (6)
1— M,

Here, Z, = (Z; — Z;_,)/ Ry is the interspark distance. To the
D region there corresponds the inequality Zy, < Z; > Z;.
Expressions (3), (4) and (5), (6) are different forms of
writing the criteria for the manifestation of the Doppler
effect. The number of sparks and shock waves is N, ~
Zy/Z,. Putting Z, = Z, and Z, = Z,;, we obtain N, =
Zb/ZSO ~6 for 0< MO < MOcrit and Nul = Zb/Zsl ~
2(1/My — 1) for My < My. For My=0.5, the value
Nvl - 2

Therefore, the shock-wave merging mechanism limits the
POD parameter region in which it is possible to observe the
Doppler effect. The effect manifestation criteria are appli-
cable to different gases and POD parameters, whose values
(Cyp and Py, Vy, f, and ¢) are taken into account in
expressions for w and M,,.
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