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Abstract.  A spectrum of sound of an optical discharge generated by 
a repetitively pulsed (RP) laser radiation has been investigated. The 
parameters of laser radiation are determined at which the spectrum 
of sound may contains either many lines, or the main line at the 
pulse repetition rate and several weaker overtones, or a single line. 
The spectrum of sound produced by trains of RP radiation com-
prises the line (and overtones) at the repetition rate of train 
sequences and the line at the repetition rate of pulses in trains. A 
CO2 laser with the pulse repetition rate of f » 3 – 180 kHz and the 
average power of up to 2  W was used in the experiments.

Keywords: pulsating optical discharge, repetitively pulsed laser 
radiation, shock wave, spectrum, sound.

A pulsating  optical  discharge  (POD) produced by  a  repeti-
tively pulsed (RP) laser radiation is a source of periodic shock 
waves (SWs). At a high pulse repetition rate ( f » 100 kHz), 
the  mechanism  of  wave  merging  reveals:  the  compression 
phases of a SW combine and form a constant pressure com-
ponent  [1 – 3]. Repetitively pulsed  radiation and  the mecha-
nism of wave merging give a  chance  to generate,  at a  large 
distance from the laser, the sound with the spectrum that may 
comprise both many lines and a single line at the laser pulse 
repetition rate f. A spectrum of sound produced by trains of 
pulses passing at a repetition rate F << f includes the frequen-
cies f and F, which corresponds to a simultaneous generation 
of ultrasound and a strong  low-frequency sound, for exam-
ple,  infrasound.  This  combination  of  spectrum  properties 
cannot be obtained by ordinary acoustic methods.  In addi-
tion,  the propagation distance of  sound  is  limited by ultra-
sound absorption in air and a wide directional diagram of the 
low-frequency sound. For example, the intensity of an ultra-
sound beam with a frequency of ~50 kHz falls approximately 
a  hundred  times  at  a  distance  of ~20 m  [4].  Optoacoustic 
experiments were performed at a low pulse repetition rate and 
with single pulses [5, 6].

Laboratory  experiments  performed  with  a  repetitively 
pulsed CO2 laser having a power of W » 1 – 2 kW or with 
two  pulses  of  a  CO2  laser  with  energies  of ~150  J  have 
shown that the POD can produce sound while burning in a 

gas [1, 2] and on a target placed at a large distance from the 
laser [7 – 9].

The work is aimed at examining the influence of the radia-
tion power and pulse repetition rate on a spectrum of sound 
generated by POD burning on a solid surface or in gas.

In the present work, laser sparks of the POD were con-
sidered  as  micro-explosions  [6]  that  produce  SWs.  It  was 
assumed  that  the  pulse  energy Q  is well  above  the  optical 
breakdown threshold. In  the  latter case,  the parameters of 
SWs are approximately similar to those of a point explosion 
[7, 8, 10 – 12]. The spectrum of sound mainly depends on the 
frequency  f  and  energy  hQ  of  laser  plasma  (h  =  0.5 – 0.8). 
Based on experimental data we find the critical frequencies, 
which  characterise  the  dependence  of  the  spectrum  on  the 
pulse repetition rate and the power of RP radiation. The cal-
culations  utilise  a  shape  of  the  SW  produced  under  target 
irradiation by wide-aperture pulses of a CO2 laser with Q » 
150 J  [7]. This approach makes  it possible  to determine  the 
spectrum  of  sound  produced  by  any  source  of  explosive 
pulsed plasma. In this case,  the RP radiation should satisfy 
the conditions of efficient SW generation by laser sparks: the 
density  of  energy  q  of  laser  beams  on  a  target  should  be 
approximately  5 – 10  times  greater  than  the  optical  break-
down  threshold,  and  the  pulse  duration  tr  should  be much 
shorter than the time of laser spark thermal expansion. For 
CO2 lasers we have tr » 1 ms and q » 10 J cm–2. The spectrum 
may be  affected by  the POD plasma  torch,  the material  of 
target and ringing in the target due to the action of the SW. 
However, the structure of spectrum changes inessentially.

The dimensionless  repetition rate of  radiation pulses we 
may present in the form [2]

w = fRd/c0,  (1)

where c0 is the velocity of sound in gas;  /R b Q pd 0
3 h=  is the 

dynamic  radius; b » 1 and b » 2 correspond  to an optical 
breakdown in gas and on the target, respectively; and p0 is the 
gas pressure. In [2, 3], the boundary frequencies ws and w0 are 
found such that at w < ws shock waves do not interact with 
each other and at w > w0 the compression phases of the SW 
form a constant pressure component. The present work dem-
onstrates that both the frequency ws and the sound spectrum 
depend also on a distance to the point of sound detection. In 
addition, there exists the frequency range w > w+ wherein the 
main part of  sound power pertains  to  the  line with  the  fre-
quency w.

The  boundary  frequencies ws  and w+  of  the  ranges  are 
found from the following conditions:

1. At w < ws,  SWs do not  interact with  each  other,  the 
spectrum of periodic SWs comprises the main line at the fre-
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quency w and a large number of overtones (see below). The 
spectrum depends on the frequency w and the duration of a 
single SW ts = 1.3R0.1Rd/c0 [12], where R = r/Rd, and r is the 
distance from POD to the wavefront of the SW. At R > 20, 
variation of the duration  ts is small. Values of  ts well agree 
with data on explosions [11].

2. At ws < w < w+ the phases of compression interact with 
phases of a low pressure of SWs, and the spectrum comprises 
the main  line  at  the  frequency w  and  several  weaker  over-
tones.

3. At w > w+, compression phases of neighbouring SWs 
weakly interact. The duration of the compression phase of 
a single SW is t+ = 0.26R0.32Rd /c0 » 0.68Rd /с0 [7, 12], where 
R » 20.

4. At w > w0 » 3w+, compression phases of SWs strongly 
interact with each other.

By using expression (1) and the durations ts and t+ one can 
find the boundary frequencies:

f c
R

t c
R1

s s
d

s

d

0 0
w = =  » 0.77R – 0.1,

f c
R

t c
R1d d

0 0
w = =+ +

+
 » 3.8R – 0.32 » 1.5.

In the range w < ws the spectrum of periodic SWs depends 
on w and ts. The time dependence of pressure p of a typical 
SW is shown in Fig. 1. The time is normalised to td = Rd/с0. 
Fourier-spectra  of  a  single  SW and periodic  SWs are  pre-
sented  in Fig.  2, where W  =  nRd/c0  (n  is  the  spectrum  fre-
quency measured in Hz) is the dimensionless frequency. The 
envelope  of  a  continuous  spectrum  of  a  single  SW  has  a 
maximum at the frequency ws. The power-density spectrum 
of periodic SWs has been obtained at the SW pulse repeti-
tion rates w = 0.1ws = 0.07 and w = ws = 0.7. The power-
density  spectrum was  calculated  by  using  the  fast Fourier 
transform.  Hereinafter  the  spectrum  is  normalised  to  the 
maximum. Lines  regularly  fill a  range under  the envelope; 
the distance between them corresponds to the pulse repeti-
tion rate of laser pulses. At w ® ws the number of lines in 
the  spectrum  reduces.  As  a  SW  propagates,  its  length 
becomes  longer,  and  the  result  is  that  the  spectrum maxi-
mum shifts to a low-frequency range: from ws » 0.7 near the 
POD to ws » 0.39 at a distance of R » 1000.

The model  was  verified  in  an  experiment with  a  varied 
pulse repetition rate  ( f » 3 – 180 kHz) of a CO2 laser [13, 14] 
having the average power W of up to 2 kW and the duration 
tr » 1 ms. The energy of laser pulses Q » 0.01 – 0.1 J is not suf-
ficient for producing a POD in air; therefore, radiation was 
focused  onto  a  surface  of  a  steel  target  or  into  an  argon 
stream, where the optical breakdown threshold is much lower 
than  in  air. To  avoid  target  burning,  the  focal  spot moved 
along the surface. A SW pressure p(t) was measured at a dis-
tance r » 10 – 30 cm from the POD, where p(t) is much greater 
than the pressure of background sound (reflected sound and 
shock waves). The time of target irradiation and sound detec-
tion was ~30 s.

Spectra of sound generated by a POD at the  laser pulse 
repetition rates f = 3.4 kHz (w = 0.06) and 15.3 kHz (w = 0.29) 
are shown in Fig. 3. The spectra include the main line at the 
frequency w and overtones with the interval w. The shape of 
the envelope is constant with increasing frequency f. Some 
differences  between  measured  and  calculated  spectra  (see 
Fig. 2) are explained  by the fact that the sound is generated 
not only by  the POD, but also by  the  target  in which SWs 
excite  oscillations.  This  effect  has  been  observed  in  experi-
ments with periodic trains of RP radiation. After stopping the 
irradiation  (in  a  pause  between  trains),  the  sound  is  still 
detected  for ~1 ms  from  the  side  of  incident  radiation  and 
behind the target.

A  spectrum-density  power  of  sound  in  the  frequency 
range ws < w < w+ is shown in Fig. 4. The POD was initiated 
by a RP radiation with the frequency f = 30 kHz (w = 0.57). 
The spectrum has a line at the frequency w and overtones, the 
number and intensity of which reduce as w approaches w+. At 
f = 89 kHz (w = 1.3) the line at the frequency w of the laser 
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Figure 1. Pressure of a SW generated under irradiation of a steel target 
by laser pulses [7].
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Figure 2. Calculated power-density spectra for a single (w » 0.7) (dashed 
curves) and periodic non-interacting (solid vertical curves) shock waves 
at w = (a) 0.07 and (b) 0.7.
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pulse repetition rate prevails in the spectrum. The width dn 
»  1  kHz  (dW » 0.015)  depends  on  the  stability  of  POD 
burning.

In the range w > w+, as w approaches w0, the mechanism 
of wave merging becomes stronger. In this case, the POD pro-
duced  by  trains  of  RP  radiation  generates  simultaneously 
ultrasound at the frequency f and a low-frequency sound at 
the train repetition rate F1. In the experiment, the sound was 
generated at F1 = 0.01 – 6.6 kHz (W1 = F1Rd /c0 » 0.000126 – 
0.083), the repetition rate of pulses in trains was f = 153 kHz 
(w = 1.93). The main line at the frequency W1 and overtones at 
multiple  frequencies  comprise  approximately  10 %  of  the 

sound power integral over spectrum. The high-frequency part 
of  the  spectrum  has  a  line  at  the  frequency w  and  closely 
located  harmonics  at  the  frequencies  w ±  nW1,  which  are 
formed due to the amplitude modulation by trains with the 
frequency F1.

Dependences of the boundary pulse repetition rates on the 
power of RP radiation, calculated by using the expression

( )
f

W
c p
2
0
3
0

h
w

= ,

obtained from (1) are shown in Fig. 5. At atmospheric pres-
sure the frequency is

f » 
W

60
2

3

h
w ,

where  hW  is  the  average  power  (in  kW)  of  RP  radiation 
absorbed in POD; h » 1/2; and f is taken in kHz. The values 
of fs, f+ and f0 correspond to w = ws = 0.77R –0.1 » 0.5, w+ = 
1.5  and w0 »  5. The dependence  of  the  frequency  f  on  the 
pulse energy Q has the form

/
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w
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For Q » 150 J [8] we have fs = 1.4 kHz, f+ = 4.3 kHz and f0 = 
14 kHz.

The boundary frequencies determine a transition to vari-
ous spectrum structures: at f <  fs the spectrum has a line at the 
frequency f and overtones, at fs <  f <  f+ it has a line at the 
frequency f and weak overtones, and at  f > f+ it has a single 
line. In the range f > f0, the lines at the train repetition rate F 
and  overtones  prevail.  Note  that  frequencies  f  >  f0  can  be 
reached at a high power W and/or in the case where the POD 
moves at a velocity close to the velocity of sound in gas [3]. In 
the  present  work  the  obtained  frequency  is  f  =  180  kHz, 
whereas in [15] it was f = 150 kHz. A high-intensity low-fre-
quency sound and ultrasound can be generated already at 
w » 3, W = 10 kW, and f = 100 kHz.
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Figure 3. Power-density spectra of sound generated under target irra-
diation by RP laser radiation with the pulse periodic rates f = 3.4 (a) and 
15.3 kHz (b) at ws » 0.55. Sound pressure p for two periods of RP ra-
diation (in the insets).
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Figure 4. Power-density spectrum of sound at the repetition rate of RP 
radiation pulses f = 30 kHz and ws » 0.5. Sound pressure p for two pe-
riods of RP radiation (in the inset).
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The model has been tested at W < 2 kW, f < 180 kHz and 
also under the successive irradiation of a target by two pulses 
[7] and with a moving POD [3].

Thus, the boundary frequencies allow one to determine a 
structure  of  the  sound  spectrum  versus  the  power  and  the 
pulse repetition rate of RP laser radiation. The spectrum may 
comprise either a large number of lines, or the main line at the 
repetition rate of  laser pulses and several weaker overtones, 
or a single line, or a single line with lateral frequencies and the 
lines  corresponding  to  the  repetition  rate  of  RP  radiation 
trains.
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