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Criteria for formation of low-frequency sound under wide-aperture
repetitively pulsed laser irradiation of solids
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Abstract. The criteria for merging shock waves formed by optical
breakdowns on the surface of solids have been investigated. Targets
made of different materials were successively irradiated by two
COj-laser pulses with energies up to 200 J and a duration of ~1 ps.
It is shown that the criteria under consideration can be applied
to different targets and irradiation regimes and make it possible to
calculate the parameters of repetitively pulsed laser radiation that
are necessary to generate low-frequency sound and ultrasound in
air.
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1. Introduction

Many studies have been devoted to the gas-dynamic and
optoacoustic effects induced by optical breakdown (see, for
example, [1-7]). Repetitively pulsed laser radiation with a
high pulse repetition rate (f ~ 100 kHz) [8—10] opens new
areas of laser applications: control of the supersonic stream-
line flow [11-13], laser engines [14], laser-plasma technologies
[15], and generation of low-frequency sound and ultrasound
[16]. These new possibilities stem from the fact that the peak
power exceeds the average power by a factor of ~100; the prop-
erties of optical pulsating discharge that is formed in the focus
of the beams; and the mechanism of merging of the shock
waves [17—19] formed by laser sparks. The discharge burns in
an immobile gas, in a flow, or in a focus moving at a velocity
of ~300ms~" [8,12,18—21]. The essence of shock wave merg-
ing (SWM) is as follows: when merging, shock waves (SWs)
form a low-frequency wave; the duration of the compression
phase of this wave depends linearly on the number of laser
pulses in the train and, accordingly, on the total energy spent,
whereas, in the case of single spark (explosion), the duration
of the compression phase depends weakly on the pulse energy
0 (<00 [22]. Shock wave merging occurs in gases and
plasma with a magnetic field [23] under certain conditions
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(i.e., when certain criteria are satisfied). Shock waves merge
on the scale of the spark dynamic radius and may take away
up to ~20% of laser-pulse energy [18,24].

The pulsating optical discharge formed by trains of laser
pulses generates ultrasound at the pulse repetition rate in the
trains, ' ~10—-100 kHz, and low-frequency sound at the train
repetition rate F[16, 18]. The SWM effect is enhanced with an
increase in f or the pulse energy; in this case, the fraction of
the sound power at the frequency F also increases and may
greatly exceed that under amplitude modulation, where the
corresponding dependence is reverse (the power fraction is
proportional to 1/f). If the SWM effect is weak, the spectrum
corresponds to the amplitude modulation. The distance at
which sound is generated in air is limited by the optical break-
down threshold (~2 GW cm™). Remote generation of sound
can be implemented under irradiation of dense targets, for
which the threshold is reduced by a factor of ~100 [2]. At a
large distance the light spot diameter may exceed the length of
the breakdown region / (4 ~ 1 cm); this situation corresponds
to planar breakdown.

The purpose of this study was to find the criteria of SWM
manifestation in targets exposed to wide-aperture laser radia-
tion. The applicability of these criteria was verified experi-
mentally [17, 18] for targets made of different materials in a
wide range of irradiation conditions (light-spot areas S, pulse
energies Q, and energy densities ¢ = Q/S).

In our experiments a target was successively irradiated
by two CO»-laser pulses. This is insufficient for studying the
plasma effects near targets but applicable for determining the
merging criteria: if the first SWs merge, the next SWs will
merge as well. Limitations on the number of pulses were
revealed neither in our calculations (see, for example, [25]) nor
in the experiments (similar to those [18—-20]) with a large
number of pulses (the average power was ~1.5 kW). The cri-
teria were checked by varying the radiation parameters.
Nonoptimal versions, which modelled the effect of screening
the radiation and SWs by the laser plume at a large number of
pulses, were also considered. For example, at ¢ values close to
the breakdown threshold, the structure of the laser plasma is
significantly inhomogeneous. At g ~ 20—50 J cm™ the plume
near the target and the breakdowns at air aerosol and target
particles may affect the formation of SWs and their merging.
SW merging was hindered by the difference in the light-spot
areas.

The experiments were performed for metals and insulators
with different properties. Silver has a high thermal conductivity
and a maximum reflectance for laser radiation, the correspond-
ing properties of titanium are low, and the steel parameters
have intermediate values. Window glass (inorganic matter)
is characterised by a high melting temperature and radiation
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absorption in a thin surface layer. Caprolon and Plexiglas
(organic materials) differ by a larger radiation-absorption depth
and low evaporation energy.

We investigated the applicability of the criteria for SWM,
which were obtained for an optical pulsating discharge in a
gas. In the case of immobile discharge, the criteria for the
dimensionless repetition frequency of laser pulses,

w :fR3/CO (1)

were as follows [17,18]. At

o <w ~0.7 (2a)
SWs do not interact; at
o >wy~ 5.8 (2b)

the SW compression phases merge partially to generate a low-
frequency wave; and at

W <w< () (20)
there is a transition region. The frequencies
o > 1.50,; (2d)

are not energetically efficient: the front of the subsequent SW
comes up with the front of the previous SW, due to which the
pressure increases and the compression-phase duration of
the resulting wave changes only slightly. In (1) and (2) ¢, is the
speed of sound in the gas; Ry = (b6 Q/py)'” (Rs, O, and p, are
measured in m, J, and Pa, respectively) or Ry = 2.15(b5Q/po)'
(R3, Q,and pyare in cm, J, and atm, respectively) is the dynamic
radius; py is the gas pressure; 6 ~ 0.5-0.7 is the pulse energy
fraction absorbed in the plasma (it depends on the target
material); and b is a geometric factor (b = 2 and 1 for the
breakdowns on the target and in the gas, respectively).

Let us estimate the applicability conditions for the criteria.
Some limitations are due to the efficient pulse energy conver-
sion into the SW energy. For example, SWs are formed if the
pressure jump in the plasma exceeds greatly the pressure of
the medium where breakdown occurs. We will find the pulse-
energy density from the condition that, at p/p, > 10 (p is the
pressure in the SWs) SWs take away a significant part (7 ~
1 = (po/p)” ~ V7 a 0.3) of the pulse energy [2]. Hence, ¢ =
6 N polp)(yo — Deghl(y — 1) ~ 5-10 J cm™2. Here, 6 = 0.5,
h=0.5-1cm, g, is the energy density in air (in J cm™), y, = 1.4
is the adiabatic index for air, and y ~ 1.2 is the adiabatic index
for plasma. The optimal pulses are short ones (~200 ns), for
which 7 ~ 20% can be reached at ¢ ~ 10 J cm=2 [24]. The
limiting value ¢ ~ 15-20 J cm™2 is due to the breakdown at
aerosol in air [7]. Taking into account the weak dependence
@ o< Ry o< §'3, one can assume that § ~ 1; this assumption
simplifies the use of the criteria.

Let us estimate the maximum values of the light-spot
diameter D5, the pulse energy, and the other parameters, at
which criteria (2) are valid. It follows from the experiments
that Dj satisfies the condition D; ~ 2R;. At a distance from
the spot centre larger than Rz, the SW is hemispherical. The
radius R; can be calculated based on the assumption that the
energy O, = gnuD3/4, which is absorbed during breakdown, is
concentrated in the centre of the irradiated area. Note that the
SW compression phases are combined at a distance smaller

than R;, where SWs propagate with a supersonic velocity.
Using the corresponding expression for R3, we find the maxi-
mum values of the diameter D3 ~ 2d¢/p, and the pulse energy
05 ~ 16%¢*Ip3. Using (2), we obtain the maximum values of the
average power in laser-pulse trains, W3 = f0;=0.79cwdq*py =
2.7x 10%*wd6¢*p,y, and the pulse repetition rate f'=0.25% cowp,/
(6q) = 8.55x10%wpy/(5q). Here, cy=3.4x10*cm s~ Forg=51]
cm2, py =1 atm, and w = 5, we have D3 < 10 cm, Q3 =393 J,
Wy = 3.38%x10° W, and f = 8.55x10° Hz. Relation (2) can be
used to find the radiation parameters for different (including
high-power) lasers.

2. Experimental

We studied experimentally the applicability of criteria (2) to
targets made of different materials and irradiated under dif-
ferent conditions and considered the effect of the following
factors on the SWs and criteria: the energy density ¢, the light-
spot areas on the target for the first (S7) and second (S,) beams,
and the plume of breakdowns at the target and at air aerosol
and target particles. The schematic of the experiments is shown
in Fig. 1. The target was located in air and irradiated by two
pulses with the delay ¢4 ~ 0—3 ms. The width of the CO, laser
pulse was ¢, ~ 1 us. The beams were aligned and directed
upward along to the normal to the target centre. The radiation
was focused by a lens with a focal length of 120 cm. The target
was suspended on thin wires between the lens and its focal plane.
The pulse energy (Q = 20—250 J) was varied by attenuators, the
light-spot areas on the target (S = 2.5-38 cm?) were changed
by displacing the target with respect to the waist, and the energy
density was ¢ = Q/S ~ 2—50 J cm2. The targets were shaped
as disks 50 cm in diameter, a value exceeding R; by a factor
of 2—-35; the target size affected the SWs only slightly. The fre-
quency w was varied by changing the energy of the second
pulse, 0,, and its delay, #4. In the repetitively pulsed regime #4
= 1/f. Expression (1) can be written in the form w = 790%%/1,,
which is convenient for analysing the data reported below.
Here, O, is in J and #4 is in Us.

I
I
I
I
I
11

Figure 1. Schematic diagram of measurements: ( /) laser beams, aligned
on a (2) target 50 cm in diameter; (3) probe laser radiation, used for

shadow diagnostics (the beam axis is displaced from the target surface);
and (4) an SW pressure sensor in air.

The density gradients were visualised by a shadow method
[21]. The probe laser wavelength was A = 0.63 um, and the
exposure time was 2 us. The optical-beam diameter was 15 cm,
and its axis was displaced by ~6 cm from the target surface.
The excess pressure in SWs, P = p — p,, was measured by a
sensor located at a distance of 27 cm from the centre of the
irradiated spot and at 23 cm from the surface. The sensor was
placed at this point because SW merging is completed at R; ~
10—15 cm, and the profile of the resulting SW does not change.

Figure 2 presents shadow photographs and pressure-sensor
readings for the SWs generated during irradiation of Plexiglas.
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The radiation energy density (¢ ~ 5J cm™) exceeds the break-
down threshold by a factor of ~1.5. Here, the criteria are
illustrated by the example of nonoptimal irradiation mode:
the optical breakdown is nonuniform over the beam cross
section, and the ratio of the SW energy to the pulse energy
is smaller than at ¢ > 10 J cm™ by a factor of ~2. The beam
axis passes through the cavity centre. It can be seen in Fig. 2a
that at w = 2.6 the front of the second SW is located in the low-
pressure phase of the first SW. With an increase in the frequency

w, the SW compression phases partially merge to generate a
SW, the length of which exceeds that of the SW formed by
one pulse by a factor of almost 2 (Fig. 2b). At w > 1.5w, the
front of the second SW comes up with the front of the first
SW (Fig. 2c¢); this situation is inappropriate for generating a
low-frequency wave. The increase in P is related to the increase
in g. Merging of SWs can be observed in shadow photographs
(Fig. 2) by the position of their fronts. A cavity is formed
during the plasma expansion near the target. The dark region
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Figure 2. Time dependences of the pressure in SWs (left) and shadow photographs (right) for irradiation of a Plexiglas target [(Z,1]) the fronts of
the first and second SWs and (/7)) the cavity]. The radiation is directed upward. The beam-irradiated areas are S| = 38 cm? and S, = 22 cm” and the
optical field diameter in the photographs is 15 cm; 7, is the time of shadow shot. The varied parameters are (a) Q; = 183J, 0, = 109 J, 14 =150 ps,
andw =2.6;(b) 0, =191J, 0, =1211J,t4=46 us,and w =8.7;and (c) Q; = (/) 191 and (2) 187J, O, = (1) l16and (2) 111 J,24= (/)2 and (2)
35us,and w = (/) 197 and (2) 11. The shadow photograph in panel ¢ corresponds to curve (2).
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(opaque for the probe radiation) is a cloud of dense target
vapour. The second-pulse breakdown occurs on the target sur-
face and in its vapour. The shadow photographs suggest that
at t = 0—200 us the average velocity of the cavity boundary is
~100m s,

At g > 10 J cm™ a flash of Plexiglas vapour was observed
at a distance of few centimetres from the target. The lumines-
cence delay of 2—5 ms with respect to the irradiation instant
is due to the mixing of vapour with air. The cloud was ~30 cm
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Figure 3. Time dependences of the pressure P = p — p, in the SWs gener-
ated during glass irradiation. The beam areas are S, = 9.5 cm” and S, =
5.5 cm?. The varied parameters are (a) Q; =36 J, Q, = 35J, t4 =265 us,
andw =1;(b) 0,=37J,0,=35J,t3=53 us,and w = 5;and (c) Q| =
37),0,=39J,t4=38 us,and v = 7.3.

in size, and the luminescence time was 5—20 ms. The cloud
did not affect the SW formation and the criteria.

The applicability of the SWM criteria to the irradiation
of window glass by laser pulses with a smaller light spot is
illustrated in Fig. 3. Here, in contrast to the case shown in
Fig. 2, the pulse energy is several times lower, and the energy
densities of the first and second pulses differ by a factor of ~2.
It can be seen that SWM manifests itself at the same w values
as in the case of Plexiglas irradiation. SW merging depends
not only on #4 but also on the pulse energy; this circumstance
is taken into account in (2). In particular, at 74 ~ 35-38 s,
different energies, and w > 1.5w,, the front of the second
SW comes up with the that of the first SW (Fig. 2c), whereas
at smaller @ values the compression phases merge partially
(Fig. 3c). The SW and cavity dynamics is shown in the shadow
photographs (Fig. 4). The optical breakdowns are localised
near the target in a layer thinner than 1 cm. SW becomes hemi-
spherical at # > 100 us. The displacement velocity of cavity
boundary decreases, but even at 1 ~ 0.5—1 ms it is as high as
~20 m s!. The bright regions in the cavity are due to the
luminescence of hot target vapour.

fon = 200 s

tpn = 1000 s

tph = 100.us tph = 500 ps
Figure 4. Shadow photographs of the density perturbations formed under
irradiation of window glass (correspond to Fig. 3b, @ = 4.8): the fronts
of the (1) first and (/1) second SWs and (/I]) the cavity.

Figure 5 shows the SW pressure and the shadow photo-
graphs of the perturbations induced by breakdowns on a steel
target. An extended plasma plume and breakdown at the aero-
sol arise at large ¢ values. It can be seen in Fig. 5b that even at
an irradiation density of ~50 J cm™ a plume that is formed
during the first breakdown does not hinder the formation of
the second SW. The situation where the front of the second SW
comes up with that of the first SW is shown in Fig. 5c. It can
be seen in Figs. 5a and 5b, where 74 = 54 us, that the shape
and the duration of the compression phase of the merged SW
depend on the laser-pulse energy. Note that the irradiated
areas are smaller and ¢ is larger (by an order of magnitude)
(Fig. 5b) than in the case of Plexiglas irradiation (Fig. 2). The
light spots are much smaller in size than R; and the distance
from the target to the detector R,,; therefore, the breakdown
can be considered as a point one. The detector records, first, the
sound from the breakdowns at the aerosol (which are located
closer) and, second, SWs. Laser pulses induce intense SWs, and
SWM is implemented at the same w values as in the above-
considered cases.

Similar experiments were performed for other materials
listed above. It is shown that, using expression (1) and the
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Figure 5. Time dependences of the pressure P = p — p, in SWs (left) and shadow photographs of the perturbations induced during steel irradiation
(right): the fronts of the (1) first and (1) second SWs and (II1) the cavity. The beam areas are S; = 4.2 cm? and S, = 2.44 cm?. The shadow photo-
graphs were made at £ = 200 us. The varied parameters are (a) Q; =28 J, 0, =211J,t3=54 us,and w =4.2; (b) 0, =173J, 0, =117 ], t4 = 54 s,

andw =7.3;and (c) Q;=193J, 0, =1311J,t3=3 us, and w = 156.

boundary frequencies w; ~ 1 and w, ~ 7, one can estimate
the conditions for SWM manifestation. Note that SWM is
implemented in different media and for SW sources of differ-
ent nature. In each particular case it is necessary to refine the
SW formation conditions. For example, at A = 10.6 and 1.06
pm the optimal ¢ values may differ, which is related to the
difference in the breakdown thresholds and, in particular,

with the fact that window glass is transparent for light with
A=1.06 um.

Example of using the criteria. Let repetitively pulsed radia-
tion have an average power of W. The frequencies w ~ 4-5
correspond to ultrasound and intense low-frequency sound.
The expressions for the pulse energy and repetition frequency

can be found using criteria (2): Q = 4.4W 2y pg12,
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f=1.41x100¥/ W2 (py=1 atm and ¢y =3.4x 10* cm s7").
Assuming that W = 10> W and o = 4, we obtain Q = 2.8 ],
f=3.6x10*Hz, and S = Q/q ~ 2.8 (J)/5 (J cm™2) = 0.56 cm?.

3. Conclusions

Thus, the criteria of SW merging are applicable to targets
made of different materials, exposed to repetitively pulsed
laser radiation in a wide range of powers. These criteria make
it possible to determine the parameters of repetitively pulsed
radiation at which sound with a spectrum containing both
ultrasonic and intense low-frequency components can be gen-
erated. The range of application of the criteria is limited by
the materials absorbing CO,-laser radiation in a thin surface
layer.
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