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Laser generation of acoustic and shock waves in condensed media (liquids) is considered. It is shown that,
depending on the volume density of the optical energy evolved in a liquid, the process of generation is mainly
due to thermal expansion, surface evaporation, explosive boiling, or optical breakdown of the liquid. It is
shown that liquids can be used as optoacoustic sources of sound. These have a number of advantages over the
traditional acoustic radiators: remote action; absence of direct (in the traditional sense) contact between the
body of a source and the medium which receives sound; ability to vary easily the geometric dimensions of an
optoacoustic source and the frequency range; feasibility of constructing sound sources moving in a medium at
an arbitrary subsonic, sonic, or supersonic velocity with complete elimination of flow of a medium around the
body of a radiator. Optical generation of sound is in practice possible throughout the frequency range from

infrasound to hypersound.
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1. INTRODUCTION

Interaction of optical radiation with matter perturbs
a material medium and this is accompanied by the
emission of sound. There are various mechanisms of
generation of sound and they depend primarily on the
volume density of the energy evolved in a medium and
on the conditions of evolution of this energy. These
mechanisms include thermal expansion, electrostric-
tion, surface evaporation, explosive boiling, and opti-
cal breakdown.

The thermal mechanism of generation of sound plays
the dominant role in optically absorbing media at low
energy densities. There is then no change in the aggre-
gate state of a medium in the region of absorption of
light and sound is generated because of expansion of the
optically heated parts of the medium.

An increase in the energy density evolved in a medi-
um enhances the importance of nonlinear effects due to

1} Invited paper presented at Tenth International Acoustic Con-
gress, Sydney, Australia, 1980.
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an increase in the velocity of expansion of the heated
part of the medium and also due to a change in the
thermodynamic parameters of the medium in the pro-
cess of interaction with laser radiation. More complex
processes of generation of sound involving phase transi-
tions and optical breakdown then become active.

The optoacoustic effect manifested by pressure vi-
brations of a gas in an enclosed chamber when illumin-
ated with a modulated infrared radiation flux, was first
reported by Bell in 1880 (Refs. 1-3). Beginning from
the nineteen-forties, the effect has been used exten-
sively in qualitative and quantitative analysis of gas
mixtures and in detection of radiant fluxes,* and subse-
quently also in photoacoustic spectroscopy of solids
and liquids.® However, because of the low efficiency of
conversion of the optical energy into sound, the opto-
acoustic effect has become important in generation of
sound only since the appearance of lasers. Prokhorov
et al. were the first to observe shock waves resulting
from the interaction between a laser beam and water.®
Attempts have been made later to account for some
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features of the optical generation of sound. This work
is discussed in a review by Bunkin and Komissarov.”

Currently investigations of the optical generation of
sound are proceeding on a wide front. A considerable
number of papers on laser generation of sound has al-
ready been published. It is now possible to speak of
optical (usually called optoacoustic) sources of sound.

Optoacoustic sources have a number of advantages
over traditional acoustic radiators: remote action;
absence of direct (in the traditional sense) contact with
a medium receiving sound; ability to alter readily the
geometric parameters of an optoacoustic antenna and
the range of emitted frequencies; feasibility of con-
structing sound sources moving at practically arbitrary
subsonic, sonic, or supersonic velocities with com-
plete elimination of flow of a medium around the body
of a radiator; ability to generate sound optically in a
wide range of frequencies from very low right up to
hypersonic.

2. THERMAL MECHANISM. EQUATION FOR
OPTICAL GENERATION OF SOUND AND METHOD
OF SOLVING BOUNDARY-VALUE PROBLEMS

We shall consider the specific case of optical gener-
ation of sound in liquids. The main features of this ef-
fect at light intensities such that the density of the opti-
cal energy evolved in 2 medium is small compared with
the heat of evaporation can be described satisfactorily
by a linear theory.

In fact, at low densities of the energy evolved in a
liquid the rate of expansion of a heated region is low
compared with the velocity of sound and one can use
linearized equations of hydrodynamics. Moreover, in
most cases of practical interest it is possible to ignore
the influence of the thermal conductivity on the process
of sound generation (we then have I>> ¥/c, where [ is
the characteristic size of the heated region of a liquid,
x is the thermal diffusivity, and c is the velocity of
sound in the selected liquid). It is usual also to ignore
the attenuation of sound, which can always be allowed
for separately as is usually done in acoustics.

We shall begin with a system of equations of hydro-
dynamics and of electromagnetic fields. Linearizing
the system of equations and ignoring the viscosity and
heat conduction effects, we obtain an inhomogeneous
wave equation for the optical generation of sound®:

Ap—tPo_ _x_ 20 (1)

where p is the acoustic pressure; » is the volume
thermal expansion coefficient; C, is the specific heat
of the investigated liquid; ¢ is the velocity of sound in
the liquid; @ is the power density of thermal sound
sources due to the absorption of the optical energy in
the liquid given by @ = divF; F is the density of the
optical energy flux in the liquid (Poynting vector).

The present author® suggested an effective method
for solving the boundary-value problems in optical
generation of sound. Solution of a boundary-value
problem with the aid of the integral reciprocity rela-
tionship*® can be reduced directly to quadratures and
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represented in the form
pr)=—2= [ [ 2B F o v yry e a, (2)
e

provided we know the solution p{#*,¢’|7,# of an auxili-
ary self-conjugate diffraction problem of the field of a
point source when the source is located at that point
rx,y,2) in a medium where the field of thermal
sources of sound has to be determined. Here, Q is the
region of action of thermal sources of sound.

In most cases the interest is centered on the field in
the Fraunhofer zone. It is theh sufficient to know the
solution of the auxiliary problem of diffraction of a
plane acoustic wave. This solution is in most cases
either already known or it can be found quite readily.

3. GENERATION OF MONOCHROMATIC SOUND

We shall assume that a laser beam traveling from
the upper half-space in the positive direction of the z
axis is incident on the free surface of a liquid and the
equation describing this surface is z = £(x,y), whereas
the intensity of light varies harmonically at a frequency
w (Fig. 1). Then, thermal sources of sound form in the
liquid and the power density of these sources is given
by

Q(z, u/ t) = AunJ (z, Yexp {—unlz
—E(z, I} (I + m cos of),

where J(x,y) is the distribution of the intensity of light
in the laser beam which is usually assumed to be Gaus-
sian J(x,y) = J,exp —(x2+ y%)/a® ; m is the modulation
index defined by 0 <m <1; p is the optical absorption
coefficient of the liquid; A is the optical transmission
coefficient of the surface of the liquid; g is the radius
of the illuminated spot on the surface of the liquid.

We shall now consider the characteristics of an
acoustic field of an optoacoustic source in the Fraun-
hofer zone in some special cases.

A. Half-space with a plane boundary z=£(x,y) =0

The auxiliary solution is of the form

exp {ikr)

p (s r) =B toxp [—i (az’ + By’ -+2)]

—exp{— i (az’ 4 By’ —vz')Ih
where a®+ 8%+ 12 = k2, ¥ =x%+ 92+ 2%, k= w/c is the
wave number of sound in liquid; the factor exp(—iw?) is,
as usual, omitted throughout our treatment.
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FIG. 1. Geometry of the
problem.
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Equation (2) yields the acoustic pressure!!:'?

wmnAla? exp (ikr) pkcos O kia? . .
T T WFMcosi0 "“p( 7 s""e)' (3

p(r)=—
here 6 is the angle between the direction of incidence of
the laser beam and the direction from the point of ob-
servation to the origin of the coordinate system; 7 is
the distance from the point of observation to the origin.

We can see from Eq. (3) that the amplitude of the
acoustic pressure increases on increase in the laser
power proportionally to J,4* and it also increases on
increase in the frequency and modulation index. Direc-
tionality of the acoustic emission depends on the pa-
rameters ka and ku™.

If kpt <1 and ka<< 1, dipole emission of sound is
observed because under these conditions a monopole
source acts on the free surface of a liquid and the radi-
ation field of such a source is of the dipole type due to
the influence of the free surface Fig. 2(a) .

If kbp> 1 and ka< 1, sound is emitted mainly along
the surface. A set of volume sources forms a thin (in
the transverse direction) vertical antenna which is long
compared with the acoustic wavelength and which is
directed along the laser beam Fig. 2(b) .

If bu™<«< 1 and ka> 1, an acoustic antenna is in the
form of a disk whose diameter is much greater than
the acoustic wavelength. The radiation is directed
mainly along the laser beam Fig. 2(c) .

An analysis of Eq. (3) also shows that the optimal
conditions for the emission of sound as a result of laser
excitation are obtained!! when £ = n. This imposes
certain conditions on the laser frequency (wavelength).

B. Half-space with a ruffled uneven surface z = £(x,y)

Under real conditions the surface of a liquid is fre-
quently ruffled (uneven) and this may be due to a num-
ber of reasons. We shall assume that the unevenness
is large compared with the acoustic wavelength, i.e.,

we shall assume that ko> 1, where
o=V{E@E N, & =0,

and ¢ ...) denotes as usual the statistical averaging
operation.

Using an approximation similar to the Kirchhoff ap-
proximation in the theory of diffraction of waves by an
uneven surface, we can write down the solution of the

qj e —
Hhpa
a)

b) c)

FIG. 2. Angular distributions of the radiation emitted from
an optoacoustic source in certain limiting cases.
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auxiliary diffraction problem

XD Uhr) oxp {— i (e’ + By’ —vE (', ¥)1}

xsin{v{z’ =5, ¥ )} + ¥

plr'r)=—i

where ¥’ is some unimportant correction.

If displacements of the surface are statistically
homogeneous, isotropic, and obey the normal distribu-
tion law, we find that the average pressure is given
by“'“

“0A 5 exp (ikr) wkcos 0
() === Joa? ZE

pi4-k2cos?B

xexp(—il{—sinze)exp(—%), (4)

where g = 2ko cosé is the Rayleigh parameter of a ruf-
fled uneven surface.

The average field is directional. For angles of ob-
servation 8 < g, = tan™ (V2 0/q) the directionality is af-
fected considerably by the unevenness of the surface
(Rayleigh parameter), whereas in the range 8 >6, the
directionality depends mainly on the ratio of the acous-
tic wavelength to the dimensions of an optical spot, and
the unevenness of the surface plays practically no role
in the formation of the field of an optoacoustic source.

The average intensity of the field in the case when
the displacements of the surface obey a two-dimension-
al normal distribution law is'*

4\2 k¢ cos? © "‘P[_(&)z oo

2y _ [ mex 22 H2k? cos 0 /) 4(A%cosig41

Ap(n))® (2Cpr ) (Joa?) (5 T 19 cos? B} 1+ a%costd 12,
(5)

where A= V2 kao/p,, and p, is the radius of the spatial
correlation of displacements of a ruffled surface.

We shall now consider special cases.

Let us first assume that A<« 1. Then, since ko>>1
(strongly ruffled surface), the condition a<<1 corre-
sponds to the optical spot radius being small compared
with the correlation radius of the surface unevenness,
i.e., a<<p,, and in the limit a—~1 the average intensity
approaches that of an acoustic field resulting from the
absorption of modulated laser radiation in a liquid with
an unruffled plane surface. In other words, if a<< p,,
the influence of the unevenness on the average intensity
of the field can be ignored.

If the radius of an optical spot is comparable or
greater than the correlation radius of the surface un-
evenness a= p,, i.e., if a>» 1, then in the ko> 1 case
we have

mexAd \2 'y 2
dp (1= o ) Voo e (42 )

X exp [ —% (-‘;—")2 tg’B].
In this case the directionality is governed by the
scale of the surface unevenness. The intensity of sound

decreases by a factor e when the angle of observation
is §=tan(v2Z a/p,).

(6)

These results can be illustrated graphically. Figure
3 shows the angular dependence of the average pressure
for an optoacoustic source with the wave dimensions
ka= yI0. Curves 1-- correspond to the following val-
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FIG. 3. Polar diagram of
the average pressure,

ues of the parameter ¢/a: 0.01,0.1,0.5,1. The dashed
lines give the angles 8 = 9, = tan"(v2 ¢/p,). Figure 4
shows the characteristics of the average field intensity
calculated for the same gource. Curves 1-3 corre-
spond to the following values of a?: 0.1,1,10. The
dashed line represents the limit of the angular width of
the directionality characteristic 6,=tan™(v2 0/p,) = 14°
for the selected ratio o/g,.

The influence of a small (compared with the acoustic
wavelength) unevenness of the surface of a liquid on the
optical generation of sound is considered in Ref. 15 and
the influence of a boundary in the form of a superposi-
tion of large and small unevennesses is analyzed in
Ref. 16. In the latter case (known as the two-scale
model of an uneven surface) it has been established that
the expression describing the average field is

PN =po ) f(—V) 1, (8),

where f{-7) is the characteristic function of 2 random
quantity describing the large-scale unevenness, where-
as f,(6) is a function describing the influence of small-
scale unevenness which depends on the nature of the
energy spectrum of this unevenness. An explicit ex-
pression for f,(9) is obtained in Ref. 16. It should be
noted that py(») describes an acoustic field in the half-
space occupied by a liquid with a plane surface. The
above expression is obtained on the assumption that
large and small unevennesses of the surface are statis-
tically independent. In particular, when large-scale
random displacements of the surface of a liquid obey
the normal distribution law, it is found that fF(-7)

= exp(—¢*/8), where, as before, g is the Rayleigh pa-
rameter.

1t is interesting to consider the question of the effi-
ciency of conversion of the optical energy into sound.
Following Ref. 11, this efficiency can be described by

FIG. 4. Polar diagram
of the average intensity of
the acoustic field.
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the ratio of the total power of sound to the power of
laser radiation. For example, in the case of a wide
laser beam (ka>> 1), it follows from Eq. (3) that the
efficiency is
Amx  pk 2

= 5 (5w ) o
The maximum efficiency corresponds to u=% and it is
given by

[ Amw \2
Nmax & 'p—( 407; ) Ja-
It thus follows that the efficiency of conversion is di-
rectly proportional to the intensity of optical radiation.

It should be noted that for water we have 7,  ~5+107?
J,, where J, is in watts per square centimeter.

An increase in the intensity of light can increase
greatly the efficiency of conversion of the optical ener-
gy into sound. However, this is true only as long as
the thermal mechanism of the excitation of sound is
active, i.e., as long as the density of the optical ener-
gy evolved in a liquid is low compared with the heat of
evaporation.

C. Generation of monochromatic sound in an
inhomogeneous liquid

We have considered above the main laws governing
the optical generation of sound in a homogeneous liquid.
However, real liquids are to a greater or smaller ex-
tent inhomogeneous. Inhomogeneities may sometimes
have a considerable influence either directly on the
process of optical generation of sound or on the char-
acteristics of an acoustic field in the course of propa-
gation of acoustic waves in a medium, or there may be
simultaneous manifestation of both effects of the in-
homogeneous properties of a liquid.

Guided propagation of acoustic waves may be impor-
tant. Some features of the optical generation of sound
in a liquid waveguide are considered in Ref. 17. It is
shown that, depending on the wavelength of optical radi-
ation (value of the coefficient p) and laser beam radius,
one can expect optimal excitation of some specific nor-
mal wave traveling in a waveguide.

Characteristics of the excitation of monochromatic
sound in the case of absorption of modulated laser radi-
ation in a liquid half-space with a homogeneous layer of
a different liquid on the surface are considered in Ref.
18. The presence of a layer of another liquid or of the

FIG. 5. Augular distribution of the radiation emitted from an
optoacoustic source in water with a surface layer of benzene.
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same liquid but heated or containing gas bubbles or
small inclusions may alter greatly the intensity and
angular distribution of the acoustic field. For example,
Fig. 5 shows the angular distributions of sound emitted
by an optoacoustic source corresponding to the case
when a layer of benzene is present on the surface of
water. It is assumed that the coefficient of absorption
of light in water is u= 0.18 cm™, whereas the corre-
sponding coefficient of benzene is u= 2.3 cm™; the ra-
tio »/C, for water is 4.7x 1072 g/erg, whereas for
benzene it is 62.3 x 1072 g/erg; the ratio of the densi-
ties of benzene and water is 0.88 and the velocities of
sound in water and benzene are in the ratio 0.89. The
radius of an optical spot is 0.4 cm. The curves are
calculated for three values of the benzene layer thick-
ness. The dashed curve corresponds to a benzene lay-
er 0.33 cm thick, the chain curve corresponds to 0.66
cm, and the continuous curve to 1.99 cm. The pres-
sure amplitude is normalized to Awmda?/2r g+cm™

X sec”2. The angular distribution of an optoacoustic
source of sound consisting of water without a layer of
benzene is, under the same conditions, strongly elong-
ated along the surface and the amplitude of the acoustic
pressure in the direction of propagation of the laser
beam (6 = 0) is approximately two orders of magnitude
lower than in the cases when a layer is present.

Generation of sound by modulated laser radiation in
a liquid in contact with a thin elastic plate is investi-
gated theoretically in Ref. 19. Two limiting cases are
considered: (a) an optically transparent plate so that
laser radiation is absorbed in the liquid; (b) laser ra-
diation is absorbed in the surface layer of the plate and
the acoustic field in the liquid is generated by the vi-
brations of the plate. In both cases the vibrations of
the plate exert the most important influence on the
characteristics of the acoustic field in the liquid along
directions which are governed by the conditions of
“spatial resonance” of longitudinal or flexural vibra-
tions of the plate. By way of example, Fig. 6 gives the
angular distributions of the acoustic pressure in water
with a free surface (curve 1) and when the water sur-
face is in contact with a thin steel plate (curve 2). The
calculations are carried out for the following parame-
ters: plate thickness 1 mm, laser spot radius 1 mm,
modulation frequency 10° Hz, laser power 1 W.

45+
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FIG. 6. Angular distribution of the radiation emitted by an
optoacoustic source in water: 1) free surface; 2) thin steel
plate on the surface of water.
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The maxima in the angular distribution of the radia-
tion in the case when there is a plate on the surface of
water (curve 2) are due to spatial resonances of longi-
tudinal (8 = 16°) and flexural (6 = 30°) vibrations in the
plate.

4. EXCITATION OF SOUND BY LASER PULSES
A. Generation of sound by a single laser puise

Excitation of sound by laser pulses is of special in-
terest because pulsed lasers can provide high-power
radiation. The process of thermooptic generation of
sound by laser pulses has been studied extensively both
theoretically and experimentally. The first theoretical
treatments?®?! have been concerned with one-dimen-
sional problems and therefore it is not surprising that
in some cases the experimentally observed acoustic
pulses have been of very different shape from those
predicted theoretically. This discrepancy is attributed
in Ref. 22 to nonlinear effects in the generation and
propagation of acoustic pulses in liquids. Attempts
have been made to obtain numerical solutions of non-
linear equations of hydrodynamics.?®* However, de-
tailed theoretical studies®**:?® have shown that at low op-
tical energy densities in a medium the linear theory
describes correctly the actual process of generation of
sound by laser pulses and the results obtained in such
theoretical treatments are in good agreement with the
results of earlier experiments, including those report-
ed in Ref. 22, and also with the results of special
tests.?572°

We shall now consider in greater detail the main laws
governing generation of sound by laser pulses in lig-
uids. If we use the Fourier transformation and the so-
lution for monochromatic acoustic vibrations dis-
cussed above, we obtain the following expression for
the acoustic pressure in the far-field zone in the case
when a liquid is perturbed by a laser pulse?®

plr, z):__"b‘_"“‘i[i(n(»xp(—'izs—’—kiuv)i‘(%)du

4nCpThr
. . .
- g exp( — "::’ +zuv) 1(:_/;‘,‘) du], ()

-

where

r ) Ta cos § o sin 8
= T Ve={ ——1¢ )1}, == = =—
U= Ty, ( - t) R | T and Tu et “ -

are the characteristic delay times of sound from ele-
mentary sources in the vertical and horizontal cross
sections of the region occupied by thermal sources
(Fig. 1), and

=

F(%):F(m): j 1(8) etot de

- 00

is the spectrum of a laser pulse.

An analysis of Eq. (7) is based on the fact that the
spectral width of the functions occurring in the inte-
grand depends on the characteristic time scales, which
are the pulse duration 7, and the delay times 7, and 7,,.
In fact, we find that for the laser pulse spectrum we
have w< ¢, /7, for an exponential function we have w
< ¢,/7,, and for a rational function we have ws¢,/7,,
where ¢, is a constant,
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It follows from Eq. (7) that in the case of long laser
pulses when 7> 7 and 7> 7,, the shape of an acoustic
pulse is governed by the second derivative of the laser
pulse envelope:

PO t) = (1= L), (8)

If r>»7,but 7«7, i.e., when the region of effective
heat evolution (i.e., the optoacoustic antenna) is in the
form of a narrow cylinder, the acoustic signal is a
rarefaction pulse whose shape repeats the envelope of
aninverted laser pulse JS(#) with a positive correction
proportional to a small parameter ‘r/‘r“:

o, 0=y 2)n Gexp[~[e=£[]}, (@

and 6= [iof(t)dt is the area under the laser pulse.

It should be noted that in the direction of incidence of
the laser beam (6 = 0) the expressions (8) and (9) are
valid for any radius of the optical spot (7,= 0 for any
value of a).

If <7, wehave

ez e (—F) e ()

[omp (e (£=2) +Be (4.2 e 0] 1)

p(r 1) = — A2L0a {

8C pr‘rf‘

s

where Erfc(z) = (2/7) [T exp(—t°)dt is the complementary
error function; y=[t-{(r/c)}/7,.

The shape of the acoustic pulse turns out to be uni-
versal (Fig. 7), i.e., it is independent of the envelope
of the laser pulse but it is governed by the ratio s of
the characteristic times. The shape of the laser pulse
determines only the amplitude of the acoustic signal.
This signal consists of two compression stages separ-
ated by a rarefaction stage, and the signal is symme-
tric relative to the moment ¢ - (7/c).

B. Excitation of sound by a train of laser pulses

Investigations of an acoustic field excited in a liquid
by a train of laser pulses were reported in Refs. 30
and 31. A special feature of such generation is a large
number of acoustic harmonics. The width of the ex-
cited spectrum is governed by the repetition frequency
of laser pulses, their duration, and absorption coeffi-
cient of laser radiation in the selected medium. The
spectrum of the acoustic field may include harmonics
generated optimally, compared with others if for a giv-
en spectral component the conditions of optimal excita-

FIG. 7. Acoustic signal generated by a short laser pulse,
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tion are satisfied, i.e., if 2,~ i, where %, is the wave
number of the n-th acoustic harmonic. When sound is
excited by a sequence of laser pulses, the efficiency of
conversion of the laser radiation into sound increases.

5. GENERATION OF SOUND IN A MOVING
MEDIUM. ACOUSTIC FIELD OF A MOVING
OPTOACOUSTIC SOURCE

The influence of motion of a liquid on optical genera-
tion of sound was considered in Ref. 32. Allowance
was made for waves on the surface of the liquid.

Detailed studies have been made on the field of a
moving optoacoustic source.?*3? The characteristics
of generation of sound in a liquid by a laser pulse of
arbitrary shape in the case when a laser beam is mov-
ing along the surface of a liquid were analyzed theo-
retically in Ref. 37. Hardly any limitations were im-
posed on the velocity of the laser beam or on the shape
of its trajectory. It was simply assumed that the tra-
jectory of the beam was located on a finite region of
the surface of a liquid and the acoustic field was inves-
tigated in the far-field zone relative to this region.
The following cases were considered in detail: (a) rec-~
tilinear and uniform motion of the laser beam along a
finite trajectory; (b) oscillatory motion of the beam;
(c) uniform motion of the beam on a circle.

The results showed that the generation of sound by a
uniformly and rectilinearly moving pulsed optoacoustic
source occurs in the same way as in the case of a
source at rest excited by a laser pulse compressed by
a factor |1 - M| with an effective duration 7|1 - M| and
shape described by

i |-
) 11—
where 7 is the duration of the laser pulse; M= (V/c)

X 8inf cosg; V is the velocity of the laser beam on the
liquid surface; c is the velocity of sound in the liquid;
6 and ¢ are the angular coordinates representing the
direction of the point of observation.

It follows that practically all the conclusions and re-
sults given earlier for the generation of sound by an
immobile pulsed laser beam apply also to the case of
a moving beam if we consider an effective laser pulse.

If the laser beam moves at a supersonic velocity
along the surface of a liquid, i.e., if M >1, the effec-
tive laser pulse is not only compressed but also in-
verted with respect to the time axis relative to the real
pulse. This is due to the fact that for certain direc-
tions of observation the acoustic perturbations created
by supersonically traveling laser beam arrive earlier
at the point of observation.

The envelope of an acoustic signal in the Cherenkov
direction (V/¢) sind, cosg, = 1 observed in the case of
supersonic motion of the source is independent of the
shape and duration of the laser pulse. It follows from
the above discussion that this is due to the fact that the
acoustic field is generated by a very short “com-
pressed” laser pulse.
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However, the envelope of the laser signal in direc-
tions other than or even close to that of the Cherenkov
emission is related in a specific way to the nature of
the laser pulse. A characteristic situation occurs in
the case of, for example, intrapulse modulation of a
laser pulse of frequency w,. An acoustic signal in the
Cherenkov direction is independent of the shape of the
laser pulse and of the nature of intrapulse modulation,
but the acoustic signal along directions close to the
Cherenkov is a pair of pulses in the case of intrapulse
laser modulation and this pair of acoustic pulses rep-
resent the response to the beginning and end of the
laser pulse. Each of these acoustic pulses consists of
compression and rarefaction stages and the interval
between the acoustic pulses is of the order of
2|1-M|7. If the inequality w,<2|1—M|/7 is obeyed,
the interval between the acoustic pulses is filled by an
almost sinusoidal signal at the Doppler frequency w,/
|1-M|. By way of illustration, Fig. 8 shows the en-
velope of an acoustic pulse in the Cherenkov direction
(curve 1) and the acoustic pulses corresponding to the
beginning and end of a laser pulse {(curves 2 and 3, re-
spectively).

We shall conclude by noting that the acoustic effects
similar to those described above may be observed
when an optical focus moves in a nonlinear medium un-
der conditions of self-focusing of laser radiation.3®

6. OPTOACOUSTIC TRANSITION RADIATION

If there is a change in the properties of a medium on
the surface or in the surface layer of a liquid (or solid)
and a laser beam of constant intensity crosses this re-
gion, the acoustic signal which is generated can be
called the transition radiation by analogy with the tran-
sition radiation well known from electrodynamics. In
particular, the optoacoustic transition radiation should
be observed when a laser beam crosses a boundary be-
tween two media and it may be due to difference of any
of the following parameters of the two media: velocity
of sound, density, thermodynamic properties, etc.
This transition radiation should also appear during mo-
tion of the laser beam when an optical spot emerges
from behind the screen. If light in the laser beam is
intensity~-modulated, the optoacoustic transition radia-

-28

FIG. 8. Envelope of an acoustic signal in the Cherenkov
direction (curve 1) and pulses at the beginning (2) and end
(3) of the laser pulse in the case of supersonic motion of a
pulsed optoacoustic source.
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tion which appears in such cases “distorts” the acous-
tic signal which is due to this modulation and which ap-
pears as a result of the absorption of light in a liquid.
Some properties of the optoacoustic transition radiation
were investigated in Refs. 39 and 40; attention to this
effect was drawn for the first time in these investiga-
tions.

7. OPTOACOUSTIC CONCENTRATORS OF SOUND

The region of absorption of light in a medium can be
shaped in a specific manner, which makes it possible
to control the divergence of an acoustic beam excited
in a medium. Optoacoustic concentrators in which a
laser beam is absorbed in a thin layer of a liquid con-
fined by an optically and acoustically transparent solid
spherical or cylindrical shell have been proposed and
investigated both theoretically and experimentally.* 4
Clearly, optoacoustic concentrators provide an oppor-
tunity of generating strong acoustic signals at ultra-
sonic and hypersonic frequencies.

8. SOME EXPERIMENTAL RESULTS ON LASER
GENERATION OF SOUND UNDER THE THERMAL
MECHANISM CONDITIONS

A qualitative agreement between the experimental and
theoretical results was already obtained in Ref. 43.
Measured dependences of the efficiency of laser gener-
ation of sound on the parameter » were reported in
Refs. 44 and 45. The angular characteristics of opto-
acoustic sources were also measured in the near- and
far-field zones.

The results reported in the cited papers and the ex-
periments carried out by other authors have demon-
strated that the above theoretical ideas are in good
agreement with the experimental observations.

For example, it follows from the theory that the
amplitude of the acoustic pressure rises linearly on in-
crease in the optical radiation power. This is con-
firmed by the experimental results. The continuous
line in Fig. 9 is the theoretical dependence and the
points are the experimental results.?®* The ordinate
gives the acoustic pressure on the axis of an optoacous-
tic source, i.e., in the direction of propagation of a
laser beam. The pressure is normalized to a distance
of 1 m and a pressure of 10°® Pa. The abscissa shows
changes in the optical radiation power in kilowatts.

7,08

Il 1 I L 5

5.0 WKW

FIG. 9. Dependence of the acoustic pressure on the axis of

an optoacoustic source on the laser power. The continuous

line is theoretical and the points represent the experimental
results from Ref. 46.
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FIG. 10. Angular distribution of the acoustic field in the case
of laser excitation of sound in water. The continuous curve

is theoretical and the points are the experimental results taken
from Ref. 46.

The experiments reported in Ref. 46 were carried out
in lake water. A neodymium laser (A, =1.06 pn) was
operated in the pulsed regime and intrapulse modula-
tion of the optical radiation intensity was applied. The
modulation frequency was such that sound generated in
water was quasimonochromatic.

Figure 10 shows the theoretical (continuous curve)
and experimental (points) results on the angular dis-
tribution of the acoustic field generated by laser radia-
tion.*® In this case the frequency of sound was f= 50
x 10° Hz, the regime was such that 2g<« 1, the mea-
surements were carried out at a distance of 16.8 m,
and the optical absorption coefficient of water was u
=157 m™,

Figure 11(a) shows acoustic pulses predicted by the
theory on the assumption that a laser pulse is rectangu-
lar* and these are compared with the experimental re-
sults? in Fig. 11(b). The calculations were carried out
allowing for the experimental conditions in Ref. 22.

Figure 12 shows oscillograms of an acoustic signal
obtained in the far-field zone as a result of excitation
with short laser pulses.?® The acoustic pulses were
excited in an aqueous solution of copper sulfate. Vari-
ation of the concentration of this solution could alter
the absorption coefficient of light. The source of light
was a ruby laser emitting pulses of 4 x 10™® sec dura-
tion and 0.08-0.1 J energy. Oscillograms were ob-
tained for the following values of the parameters:

(a) £1=0.3 ecm™, g=2.3 cm, 6=60° (b) u=0.8 cm™,
a=2.3cm, §=60% (c¢) u=1cm™, g=3 cm, 9= 40°.
The shape of the acoustic pulses was in agreement with

tO{
_
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a) b}

FIG. 11. Acoustic pulses recorded experimentally22 (a) and
predicted theoretically® (b).
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FIG. 12. Oscillograms of acoustic signals in the far-field
zone, generated by laser pulses in an aqueous solution of
copper sulfate.??

that calculated from Eq. (10) for short laser pulses
(Fig. T7).

The results of the first experimental investigations
of the acoustic field of a moving optoacoustic source
are presented in Refs. 47 and 48. An experimental
study of the optoacoustic transition radiation was re-
ported recently.*® The experimental results*™*® were
in agreement with the theoretical predictions. For ex-
ample, Fig. 13 gives the angular distributions in the
horizontal plane of a moving optoacoustic source.*®
This source was established in water by laser radiation
of wavelength 1.06 p. The optical absorption coeffi~
cient of water at this wavelength was u = 0.17 cm™.
The modulation frequency of laser radiation was f= 10°
Hz. A laser pulse carried an energy E~0.2 J and its
duration was 7= 0.5 msec. The transverse distribution
of the intensity in the laser beam on the surface of
water was nearly Gaussian. The radius of the optical
spot on the surface of water was a~0.25 cm. The con-
tinuous curves in Fig. 13 are the results of calculations
and the points are the experimental data. We can see
that the angular distribution in the horizontal plane of
a moving optoacoustic source is elongated in the direc-
tion of motion. An increase in the velocity of motion
increases the amplitude of the sound emitted in the
forward direction and decreases the amplitude in the
opposite direction.

The motion of an optoacoustic source influences the
angular distribution in the vertical plane. The distri-
bution becomes narrower in the direction of motion of
the source and broader at right-angles to this direc-
tion. Figure 14 shows the results of a determination
of the angular distribution in the vertical plane in the
direction of motion of an optoacoustic source of the pa-
rameters given above when the velocity of motion was
V=0.3c, where c is the velocity of sound. The theo-
retical results are represented by the continuous

FIG. 13. Angular distribution of the radiation in the horizon-
tal plane of a moving optoacoustic source?: 1) V=10.15¢; 2)
V = 0.47c (Ref. 48). ’
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FIG. 14. Angular distribution of the radiation in the vertical
plane of a moving optoacoustic source recorded in the direc-
tion of motion (V = 0.3c).%%

curve. The dependence of the half-width of the angular
distribution on the velocity is plotted in Fig. 15 (Ref.
48).

We shall conclude this section by quoting the results
of calculations of the dependence of the acoustic pres-
sure in pure water on the velocity of sound and on the
optical radiation power in water of a neodymium laser
(Fig. 16, which is plotted on the basis of the results
reported in Ref. 46). The abscissa gives the optical
power in water in watts and the ordinate gives the
acoustic pressure in decibels relative to 10™ Pa, re-
duced to 1 m in the direction of the laser beam. These
results are some measure of the efficiency of conver-
sion of the optical energy into sound in the case of the
thermal mechanism.

9. OPTICAL GENERATION OF SOUND. NONLINEAR
EFFECTS

A. Nonlinear thermodynamic effects

At moderate densities of the energy evolved in a me-
dium we can expect nonlinear effects due to the tem-
perature dependences of the thermodynamic parame-
ters of the medium. If these effects are small, it is
possible to develop an approximate theory of the optical
generation of sound allowing for nonlinear thermody-
namic effects, .5

Such a theory is founded essentially on replacement
of the right-hand side of the inhomogeneous wave equa-
tion (1) which can be generally described by the ex-
pression

02 L
o (5 )
and on the solution of the corresponding boundary-value

problem; here, 4{f) is the density of the energy evolved
in the medium.

48, deg
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FIG. 15. Influence of the velocity of a laser beam on the
half-width of the angular distribution of the radiation emitted
by an opotacoustic source in the vertical plane along the
direction of motion 48
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FIG. 16. Dependence of the acoustic pressure on the frequency
of sound and on the power of optical radiation (neodymium
laser) in pure water. !¢

If we assume approximately that
x=%0To) + o, (T (T =Ty + ...,

and postulate that pC, is a constant, the solution of the
boundary-value problem for the modified wave equation
can be represented in the form*®
X q
PO=p ) (1+352-). (11)
where p,(t) is the solution of the corresponding bound-
ary-value problem for Eq. (1). The quantity

X 4

%y pCp

can be regarded as a measure of the influence of the
temperature-induced nonlinear effects. For example,
in the case of water this quantity becomes very large
in the vicinity of the point T,=4°C, when »n = 0.

The above expression was used to calculate numeri-
cally the acoustic signals excited in water by neodymi-
um laser pulses of duration 7= 4x 107 sec with g
= const. The calculation was made for three values of
the initial temperature of the medium T,= 38, 11, and
4°C.

The results of a calculation of the shape of the
acoustic signal at the point of observation located on the
z axis (in the direction of the laser beam) in the far-
field zone are plotted in Fig. 17 for different values of
the nonlinear parameter N. We can see that for low
values of N the nonlinear corrections are small Fig.
17(a) and as the parameter N increases, the role of

£/ Prmax

FIG. 17. Form of air acoustic signal in the far-field zone

for different values of the nonlinear parameter®: a) N=0.08;
b) N= .35; ¢) N= = (T;=4°C). The ordinate gives the pres-
sure in relative units and the abscissa represents the dimen-
sionless time. The dashed curves represent the results of the

linear theory.
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the nonlinear effects rises Fig. 17(b) and becomes
dominant at high values of this parameter Fig. 17(c) .

The influence of nonlinearity can be described qual-
itatively as an increase in the “tail” part of the acous-
tic signal. This is due to the fact that as the energy is
evolved, the volume thermal expansion coefficient of
the medium increases and, therefore, the generation
of sound becomes more efficient at the end of a laser
pulse.

When acoustic signals are excited in water by “long-
er” laser pulses with harmonic intrapulse modulation
of the intensity of light, the influence of the thermody-
namic nonlinearity results in broadening of the acoustic
signal and produces a second harmonic of the modula-
tion frequency in its spectrum. It is interesting to note
that because of the influence of the nonlinear thermody-
namic effects it becomes possible to generate sound
optically in water at temperatures close to 4°C, when
in accordance with the linear theory this effect should
generally be absent. In this case the excited acoustic
signal is governed by the second term of Eq. (11). The
coefficient representing conversion of the optical ener-
gy into sound is given by

w=1 (%) (L) (12)
i.e., the conversion coefficient rises proportionally to
the cube of the energy density.

However, the value of this coefficient is usually
small. For example, in the case of water at T,= 20°C
and for g = 40 J/cm® we have 5, = 10™. For compari-
son, it should be noted that the efficiency of the linear
mechanism of thermal generation of sound described
by the first term of Eq. (11) is

ne g (g )L (13)

B. Hydrodynamic nonlinearity. Parametric
optoacoustic sources of sound

The formation of an acoustic signal is influenced not
only by the nonlinear thermodynamic effects described
above but also by the hydrodynamic nonlinearity, i.e.,
the nonlinearity of the hydrodynamic equations. It is
manifested by the fact that an increase in the energy
density of optical radiation evolved in the medium in-
creases considerably the rate of expansion of the heat-
ed region of the medium and the intensity of the excited
sound. When the sound intensity is high, nonlinear
acoustic phenomena become active and they gradually
deform the profile of the excited wave as it propagates
because the different parts of the wave profile move at
different velocities. This change in the profile alters
the steepness of the leading edge of a compression
pulse and may give rise to a weak shock wave. If p’ is
the peak value of the pressure in an acoustic compres-
sion pulse and ] is the length of the pulse, then signifi-
cant nonlinear distortions in the pulse (under planar
problem conditions) occur at distance of the order of
L= lpcz/sp’, where ¢ is the nonlinear parameter of the
medium.® Under conditions typical of the thermal
mechanism of optical generation of sound in liquids this
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distance, representing the scale of the development of
the hydrodynamic nonlinearity, is usually large com-
pared with the dimensions of the region of generation
of sound (i.e., of the region of heat evolution), i.e., in
other words, we always have L> u™. Therefore, non-
linear acoustic effects have practically no influence on
the process of the optical excitation of sound in this
case. On the other hand, in the region where the
changes in the wave profile caused by the acoustic non-
linearity become significant the specific characteris-
tics of the optical excitation of sound are no longer im-
portant. The problem thus splits in a natural manner
into two stages: (a) calculation of the optical genera-
tion of sound using the theory of the thermal mechan-
ism; (b) calculation of the nonlinear evolution of the
newly created acoustic signal. The process of nonlin-
ear propagation of high-power acoustic signals has
been investigated thoroughly.*® For example, it is
known that in a planar one-dimensional problem a com-
pression pulse of arbitrary shape becomes triangular
after traveling a distance of the order of L and a weak
discontinuity appears in its leading edge.®®* The width
& of the discontinuity is proportional to the dissipative
coefficient v =(2c%/w?)a,, where a, is the coefficient of
the absorption of sound of fréquency w, and it is in-
versely proportional to the peak pressure p’ in a com-
pression pulse

=55 (14)

Clearly, the nonlinear acoustic effects during propaga-
tion of a compression pulse are important if the width
of the discontinuity is small with the spatial length of
the pulse I, which yields the following condition for the
manifestation of the nonlinear acoustic effects:

2L s 1. (15)

pev

In addition to the multistage approach described here,
one can give a theoretical description of the nonlinear
acoustic effects in the optical generation of sound also
in one special case when a plane wave is excited in one
direction. This case may be realized, for example,
when sound is generated by a scanning laser beam and
the region of sound generation moves at a sonic veloc-
ity. The process of generation of a finite-amplitude
plane wave is then well described (in the quadratic ap-
proximation) by the inhomogeneous Burgers equation.

The inhomogeneous Burgers equation (in the one-di-
mensional case), the multistage method, and the Zabol-
otskaya—Khokhlov equation (in the two-dimensional
case) can be used to make calculations concerning the
so-called parametric optoacoustic sources of sound.

In fact, if two laser beams of modulated intensity act
simultaneously on the boundary of a light-absorbing
medium and the modulation frequencies w, and w, are
different, so that w, > w,, and if the condition (15) is
satisfied and strong high-frequency acoustic vibrations
are generated in the light-absorption region and at dis~
tances of the order of L from it, then at considerable
distances > L in the far-field zone we may observe
acoustic vibrations of the difference frequency Q= w,

- w,, exactly as in the case of interaction of two high-
intensity ultrasonic beams excited by a traditional
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method. The acoustic vibrations at the sum frequency
w, + w, are like the vibrations of frequencies w, and w,,
damped out because of the absorption of sound in the
liquid.

This represents optoacoustic parametric generation
of low-frequency sound as a result of optical excitation
of high-frequency ultrasonic vibrations.

A parametric optoacoustic source of sound may be
constructed when an optically absorbing medium is
acted upon by optical radiation whose intensity is mod-
ulated simultaneously at high and low frequencies.
Then, the high-frequency ultrasonic vibrations gener-
ated in such a medium (for which, in particular, one
can satisfy easily the optimal conditions for the optical
generation of sound) acts as a pump in a parametric
optoacoustic source of sound in whose far-field zone
there are low-frequency acoustic waves. We shall
conclude by noting that some of the topics discussed
above are presented in Refs. 54-56.

10. OPTICAL GENERATION OF SOUND. STRONGLY
NONLINEAR EFFECTS

The processes of laser generation of sound are
strongly nonlinear if surface evaporation, explosive
boiling, and optical breakdown of a medium take place
because of strong perturbation of its equilibrium state
accompanied by phase transitions and gas hydrodynam-
ic phenomena. It should be stressed that because of the
complexity of the physical effects which appear as a
result of action of high-power laser radiation on mat-
ter, the acoustic aspects of these phenomena have not
been investigated thoroughly and further detailed stud-
ies are needed. However, the investigations already
carried out and published are sufficient for developing
a qualitative description and for obtaining, in some
cases, quantitative estimates for the processes of gen-
eration of sound when the density of the energy evolved
in a medium is very high. The effective approaches
are opposite to the acoustic theory given above and
they are based, in particular, on the approximate theo-
ry of strong explosions.

A. Excitation of sound by surface evaporation of matter

The generation of sound due to the evaporation of
matter becomes significant when the temperature of a
medium approaches the boiling point as a result of ab-
sorption of optical radiation. If this occurs at the end
of a laser pulse, an acoustic signal caused by evapora-
tion appears in the form of an additional pressure peak
in the “tail” part of the signal excited as a result of
thermal expansion of the medium.?°

An increase in the density of the energy evolved in-
creases this maximum so that it begins to dominate the
whole acoustic signal.> The results of detailed inves-
tigations (see, for example, Refs. 58 and 59) carried
out by the method of shadow high-speed photography
have shown that an increase in the intensity of laser
radiation acting on the surface of a liquid (water) re-
sults in rapid evaporation of the surface layer from
which a jet forms in the direction opposite to the laser
beam. This jet vapor enters the air space at a high
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velocity and generates an intensive shock wave, where-
as a recoil pulse acting on the surface of the liquid
generates a compression wave. The reflection of the
compression wave from the free surface, which occurs
after the end of the laser pulse, creates a rarefaction
wave. This causes cavitation in the surface region of
the liquid manifested by readily observed bubbles. The
compression wave travels in the liquid at the velocity
of sound. The velocity of the shock wave in air is well
into the supersonic range. For example, it was es-
tablished in Ref. 60 that the action of a CO, laser pulse
of 1.67 J energy and 75x 10™® sec duration on the sur-
face of water when the diameter of the illuminated spot
was 2ag= 0.8 cm produced a shock wave whose velocity
in air was initially 6.4c (here, c is the velocity of
sound in air), whereas the velocity of the compression
wave in water was practically identical with the velocity
of sound.

Already in one of the earliest investigations on the
evaporation mechanism of optical generation of sound it
was established that the pressure in a compression
wave in water could reach several atmospheres.®! Fur-
ter investigations showed that the pressure amplitudes
could be even greater.

Figure 18 shows, by way of illustration, the depend-
ence of the maximum value (known as the peak value)
of the pressure in an acoustic pulse in water on the op-
tical radiation power in the form of CO, laser pulses
{curve 1) measured at a distance of 3 cm from the
sound generation region.®® The duration of the laser
pulse (measured at mid-amplitude) was 3.5x 107" sec
and the laser radiation was focused by a lens on the
surface of water. The same figure (curve 2) shows the
dependence of the amplitude of a signal excited as a re-
sult of the thermal mechanism when the laser beam
was not focused. Clearly, in the case of the evapora-
tion mechanism the peak pressure is proportional to
W - Wy, where W is the laser pulse power and W, is
the threshold value of the laser pulse power corre-
sponding to the onset of the evaporation of water.

This form of excitation of sound by evaporation
caused by laser radiation is observed as long as the
volume density of the optical energy deposited in a
substance remains below a certain critical value at
which optical breakdown takes place in the vapor
formed from the substance. Such optical breakdown

Evaporation
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FIG. 18. Dependences of the peak pressure in a compression
wave traveling in a liquid on the power of a laser pulse®: 1)
evaporation excitation mechanism; 2) thermal expansion

mechanism,
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occurs, for example, when CO, laser radiation of

>10° W/cm? intensity interacts with the surface of a
nonconducting liquid, and also when optical radiation of
10°~10" W/cm? intensity is incident on the surface of a
metal.

Optical breakdown in the vapor of a substance being
evaporated produces a plasma which absorbs light
strongly and generates a detonation wave traveling op-
posite to the laser beam and acquiring energy as a re-
sult of the absorption of light at the wave front. These
phenomena have been discussed in detail in numerous
papers on the physics of action of intense laser radia-
tion on metals. We cannot deal with this subject in de-
tail, and we shall only mention (by way of example) in-
- vestigations of this kind reported in Refs. 62 and 63.

We can thus distinguish three regimes of laser ex-
citation of sound when matter is evaporated and they
occur in increasing order of the intensity of laser ra-
diation: (a) weak evaporation when the density of the
energy evolved in a given substance is close to the heat
of evaporation; (b) rapid evaporation (explosive boil-
ing), when the density of the evolved energy is consid-
erably higher than the heat of evaporation, but optical
breakdown of the vapor does not occur; (c¢) plasma
formation when the intensity of laser radiation is so
high that optical breakdown of the evaporation products
takes place and a plasma absorbing laser radiation and
screening the surface of the substance is formed.

This division into regimes of laser generation of
sound during evaporation of matter is very arbitrary
because the transformation of a condensed substance
into a gas under the action of laser radiation is charac-
terized by a combination of complex nonlinear phenom-
ena, such as the formation of an overheated liquid,
thermal instability of the evaporation front, surface and
volume evaporation mechanisms due to the growth of
unstable nuclei, possible transformation under the in-
fluence of pulsed heating of an overheated liquid to a
metastable state in a surface layer, all of which result
in considerable changes in the thermophysical parame-
ters of the medium in question. Studies of these effects
are important in the physics of nonresonant interaction
of high-power laser radiation with matter.5*

It is very difficult to provide a theoretical descrip-
tion of the evaporation mechanism of the optical gener-
ation of sound. Nevertheless, some estimates can be
obtained on the basis of simple models.

Approximate calculations of the generation of sound
are relatively simple at very high laser radiation in-
tensities when optical breakdown takes place in the
products of evaporation and a plasma jet is formed. In
this case the phenomena observed are due to the ab-
sorption of laser radiation in a plasma and formation of
a detonation wave traveling opposite to the laser beam,
when a region of high pressure acting on the surface of
the illuminated liquid forms behind the front of the
wave.

For example, the pressure on the surface and the
mechanical momentum transferred to a metal target
(liquid) as a result of action of a high-power laser
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pulse under conditions of plasma evaporation were cal-
culated in Ref. 62.

The initial stage of the process when the problem
could be regarded as planar and one-dimensional was
considered. Well-known relationships were used to find
the velocity of a detonation wave and the pressure be-
hind its front. The flow of the gas between the front of
the wave and the surface of a liquid (or target) was
taken to be isentropic and, assuming that the pressure
behind the front of the wave was known, the solution of
the one-dimensional gasdynamic problem was used to
find the pressure acting on the surface of a liquid. A
change in this pressure occurring after the end of a
laser pulse was calculated from the well-known self-
preserving solution of the initial problem of planar ex-
plosion.

The following relationships were obtained for the
pressure p,, on the surface of a liquid or a target dur-
ing the action of laser radiation of duration 7 and in-
tensity J:

pll:ly_zz_i('_y;-Tj)ZV/(V—l)[Z(YZ_‘I)é]Z/a (16)

and after the end of such a laser pulse:

Plz=Pn('})2/31 (17)

where p, is the equilibrium density and ¥ is the ratio of
the specific heats of the gas in front of the detonation
wave.

The mechanical momentum received by the target is

_ 12V _y2—1 Po_ 1/2 ~£
M=6(1) o (£) " e~ (18)

where p, is the equilibrium pressure and ¢ is the vel-
ocity of sound in a gas in front of the detonation wave.

Calculations carried out on the basis of Eq. (18) are
in agreement with the experimental data. For exam-
ple, in the case of laser radiation of 10° W/cm? intensi-
ty incident on metal targets it was found experimentally
that the mechanical momentum received by the target
(per unit energy of the laser pulses) was 1.1 dyn - sec
XJ~!. The corresponding theoretical value was 1.08
dyn-sec-J™.

An approximate calculation of the pressure acting on
the surface of a liquid in the field of laser radiation of
high intensity (J~10* W/cm?) was made in Ref. 66 for
the case of strong evaporation of the liquid, but for
conditions such that no plasma was formed. The time
dependence of the pressure on the surface of the liquid
was found using the theory of an explosive wave and
also the results of Ref. 65. It was assumed that the
laser pulse energy was absorbed completely by the
shock wave. The law governing the motion of the front
of the shock wave in air was first determined. Three
stages were distinguished: motion of a plane shock
wave of variable energy which occurred until the dis~
tance traveled by the wave exceeded the radius of the
laser beam; motion of a spherical shock wave of vari-
able energy which continued until the laser pulse end-
ed; motion of a spherical shock wave of constant ener-
gy after the end of the laser pulse. The calculations
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showed that during the first stage of the process the
pressure on the surface of the liquid could be found
from the expression
= (X ENEOD g (T ¥R Jer \2r3

p=(%") (#9) (5=) 01622 )%, (19)
where—as above—p,, p,, and ¢ represent, respective-
ly, the equilibrium density, pressure, and the velocity
of sound in the atmosphere; 7 is the ratio of the spe-
cific heats behind the front of the shock wave (in the
calculations it was assumed that y=1.2).

The corresponding expression for the second stage
was

ps=0.16p, ( Jet )2/3

Po

(1)~ (20)

whereas during the last stage of the process it was
found that

ps=o.16po(:’gl)z’stg’“z‘ﬁ”, (21)
where
a3p, \1/2
a=(7aw)"- (22)

The results of a calculation of the pressure on the
surface of water acted upon by a CO, laser pulse are
plotted in Fig. 19. In these calculations it was assumed
that J, = 10" W/em?, J, = 10° W/cm?, 7= 10" sec, 2a
=30.48 cm, p,= 0.1 MPa, and ¢ = 3.4x 10* cm/sec.

The maximum pressure on the surface of water was
calculated to be 4.8 and 22.2 MPa for the two values of
the density of laser radiation adopted in the calcula-
tions.

More rigorous calculations allowing for the forma-
tion of a surface Knudsen layer in the process of evap-
oration can be found in Ref. 67. The results of numer-~
ical calculations®” showed, in particular, that incidence
of laser radiation of 10° W/em? intensity on an alumin-
um target which was in air at atmospheric pressure
should produce a pressure of 2 MPa on the target.

At moderate laser radiation intensities, more exact-
ly, at such densities of the optical energy deposited in
a liquid which do not cause explosive boiling of a liquid,
i.e., in the case of weak evaporation, we may ignore
the gasdynamic effects near the surface of the liquid
subjected to laser radiation and reduce the problem to
a calculation of the thermal phenomena of heating and
evaporation of a condensed medium. However, one
then encounters a very complex phenomenon of the
liquid-vapor phase transition under the action of laser
radiation. Since the depth of penetration of laser radi-

£-07, MPa
108

w7 0t w0t w0t e

FIG. 19. Time dependences of the pressure on the surface of
water for different intensities of CO, laser radiation in the
form of pulses of 10~ ¢ sec duration.®®

989 Sov. Phys. Usp. 24{12), Dec. 1981

£ bar

20

1
15 1, usec

FIG. 20. Time dependences of the pressure on the surface of
a liquid®®: 1) at a low surface density of the evolved energy
3.0 J/cm? (weak evaporation); 2) at higher energy density of
3.5 J/cm?®.

ation into a liquid is usually greater than the thickness
of the layer from which vapor is formed, the process
of evaporation is governed by the transfer of energy by
heat conduction from the layer where the bulk evolution
of energy takes place. The nature of this process may
be complicated by a number of factors. They include,
in particular, the possibility of conversion by pulsed
heating of an overheated liquid in the surface layer to a
metastable state and this may alter greatly the thermo-
physical parameters of the medium. If during the ex-
istence of a metastable state one can expect spinodal
singularities of thermophysical parameters, the attain-
ment of steady-state evaporation becomes a nonmono-
tonic process. Volume absorption in the surface layer
of a liquid accumulates energy to a level exceeding that
necessary to maintain steady-state surface evapora-
tion. This excess energy is lost by a brief increase in
the temperature of the surface manifested by a peak in
the evaporation pressure curve (Refs. 68 and 69).2)

This is illustrated in Fig. 20 which gives the results
of a numerical calculation®® of the process of evapora-
tion under the action of laser radiation in which an al-
lowance was made for changes in the thermodynamic
parameters. At low densities of the evolved energy E
= 3.0 J/cm? the evaporation pressure is described by a
smooth curve 1. An increase in the density of laser
radiation alters the pattern. For E = 3.5 J/cm? the
curve 2 representing the time dependence of the evap-
oration pressure exhibits a sharp peak.*> The magni-
tude of this peak depends strongly on the intensity of
laser radiation: a twofold increase in the intensity of
light results in an almost twentyfold increase in the
peak pressure. These numerical results are supported
qualitatively by the experimental data.”® Moreover,
the presence of a temperature maximum in the surface
layer of a liquid, where volume absorption of light
takes place, may result in the development of a thermal
instability of the evaporation front. Finally, the nature
of evaporation of the liquid may change considerably as
a result of the development of volume boiling effects.

As pointed out earlier, a very important character-
istic of the laser generation of sound in liquids is the

2 However, generally speaking, because of the thermal instab-
ility of the evaporation front it is unlikely that an overheated
liquid in a surface layer goes over to a metastable state.5

9 The distance traveled by light u ~! is in this case very small
compared with the characteristic dimensions of the problem
and we can assume that the laser radiation energy is evolved

on the surface of a liguid.
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coefficient representing the conversion of the optical
energy into sound. An estimate of the conversion coef-
ficient under conditions of strong evaporation of a sub~
stance caused by laser radiation can be obtained using
a somewhat modified theoretical model,®” as has been
done in Ref. 71.

The expression for the conversion coefficient is

¥ (04013 (v — 1)*/3p2/35 113

N = PR ’ (22')

where p, and ¢ are the equilibrium pressure and the
velocity of sound in air: ¥ is the ratio of the specific
heats in air; v, is the ratio of the specific heats of the
vapor; p, and ¢, are the density and velocity of sound
in the liquid.

We shall now give numerical estimates as an exam-
ple. Let us assume that a CO, laser pulse of J = 10°
W/cm? intensity is incident on the surface of water
which is in contact with atmospheric air at p,= 0.1
MPa. It is then found that the proportion of the energy
carried away by an acoustic wave is approximately 7,
= 1072 of the laser pulse energy.

The pressure acting on the surface of water can in
this case be determined from
12y 1/2

Py v+ y:‘in VIpd" (23)
Knowing the pressure acting on the surface of a liquid
over an area equal to that of the illuminated spot, we
can determine the acoustic signal excited in the liquid
from the relationship

p= B (24)

2re; T

If we assume that in the above example the radius of
a laser beam is a= 1 cm and the duration of a laser
pulse is 7= 107° sec, then at a distance of »= 102 cm
we obtain p = 10° Pa.

The above estimates are in order-of-magnitude
agreement with the experimental results of Ref. 59.

B. Excitation of sound in optical breakdown of a liquid

When laser radiation is focused in the interior of a
liquid, the density of the evolved energy may become
so high that the liquid boils explosively in the focal re-
gion forming a rapidly expanding vapor-filled cavity
and generating a compression wave.® At still higher in-
tensities of optical radiation and densities of the
evolved energy we can expect optical breakdown accom-
panied by a shock wave.”™ ™ The phenomena can be de-
scribed as follows. When a certain threshold intensity
is exceeded, microexplosions take place in the focal
region and cavities filled with a luminous plasma are
formed. Laser radiation is absorbed in a dense plasma
and this deposits additional energy in the cavities. The
high pressure expands the cavities generating a shock
wave. At the end of a laser pulse and energy evolution
the gas in the plasma cavities cools, the emission of
radiation from the plasma ceases, and a bubble which
undergoes several pulsations is formed.

An important feature of the optical breakdown is its
threshold nature. The threshold intensity of light de-
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FIG. 21. Photographs of a laser spark in water from which
impurities were removed."®

pends on the properties of a liquid. It has been estab-
lished’ that the threshold intensity is determined by
the presence of solid microparticles in a liquid, par-
ticularly particles of soot always present in the atmos-
phere and therefore present in liquids (water) in con-
tact with the atmosphere. Such solid particles absorb
light and are heated to temperatures of the order of
10%°K, which corresponds to the first ionization of the
atoms and formation of a dense plasma. Light is ab-
sorbed strongly in the plasma, which causes further
heating and creates a plasma cavity.

When the intensity is slightly higher than the thresh-
old and a liquid is sufficiently pure, the number of such
plasma cavities is small and they are usually located
on the same straight line forming a characteristic
chain or filament, which practically corresponds to the
region of the maximum intensity of the incident radia-
tion. When this intensity is increased, the bubbles
merge forming a laser spark. A photograph of such a
spark created by focusing a giant ruby laser pulse in
water (E=0.6J, 7= 2x 10" sec) is shown in Fig. 21
(Ref. 78). At moderate laser radiation powers the
spark is nearly spherical in shape Fig. 21(a), where-
as at high powers it becomes elongated Fig. 21(b).

If the concentration of microparticles is relatively
high (unpurified liquid), an increase in the intensity of
light increases the number of plasma cavities in the
liquid and these cavities form a cloud of luminous bub-
bles. A photograph of such a cloud shown in Fig. 22
was obtained when a ruby laser pulse (E=0.2J, 7=3
x 1078 sec) was focused in tap water.”

Expansion of a plasma cavity or region generates a
compression or shock wave. Compression waves can
be detected optically and with the aid of wide-band

FIG. 22. Photograph of a laser spark in ordinary water.

L. M. Lyamshev 990



piezoelectric transducers. For example, studies car-
ried out using a shadow method™ ™ established that in
the case of optical breakdown in various liquids (water,
CCl,, benzene) the shape of a compression wave was
nearly spherical and its velocity in an interval of 3-15
usec after breakdown was close to the velocity of
sound. This is not surprising because the velocity of
weak shock waves in a liquid is known to differ only
slightly from the velocity of sound.

However, careful investigations demonstrated that
during the initial stage of propagation of a shock wave
created in a liquid by optical breakdown the velocity of
such a wave can exceed the velocity of sound® and some
departure from spherical symmetry may be observed.
In particular, accelerated motion of a shock wave in
the direction toward the source of laser radiation may
be observed.®

The intensity of a shock wave rapidly decreases dur-
ing its propagation. For example, an investigation of
the initial state of propagation of a shock wave created
by a giant neodymium laser pulse in water showed that
3.50x 1077 sec after the optical breakdown the velocity
of the wave was 0.7 cm/usec and the corresponding
peak pressure was 230 kbar at a distance of »= 2.5
x 1072 ¢cm (Ref. 82). When a ruby laser pulse of E = 9.6
J energy and 7= 20x 10™® sec duration was focused in
water, a compression wave recorded at a distance of
1.7 cm had a peak pressure of p = 10% atm (Ref. 77).
Similar results were reported in Ref. 78. A dynamic
form of the shadow method was used to study the pro-
file of a compression wave excited by the breakdown of
water caused by a ruby laser pulse of 0.1 J energy and
30x 107 sec duration. The peak pressure at a distance
of »=2.5 cm was found to be p=21.5 atm.

Although much experimental work has been done on
the optical breakdown and prebreakdown phenomena in
liquids, a theory of these phenomena as a whole and of
the excitation of shock waves is still being developed.
The excitation, propagation, and evolution of compres-
sion waves are described by the simplest model of the
phenomena based on experimental observations and on
the ideas developed in the theory of underwater explo-
sions and pulsed electric discharges in water .83

It is assumed that the evolution of the optical energy
fills a spherical cavity (bubble) with a homogeneous
plasma and causes it to expand, so that the work is
done on the surrounding liquid. The optical energy E
evolved in a cavity is used only to increase the internal
energy W of the matter inside the cavity and to carry
out the work of expansion. Such factors as the emis-
sion of some part of the plasma energy in the form of
radiation, inhomogeneous heating of the surface layers
of the liquid, etc. are ignored. In the range of tem-
peratures corresponding to the first ionization of
atoms all these factors are negligible.?

The energy balance equation is

wa | par=£guy (25)

Av

here V= (4/3)nR? is the volume of a cavity and R is its
radius.
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11l

The internal energy can be calculated from
.

W=, (26)
if we assume that the plasma in the cavity is charac-
terized by some effective value of y. For example, in
the case of a plasma formed from water we have y
= 1.26 at temperatures corresponding to the first ion-
ization of atoms.?

The pressure p can be found by solving the hydrody-
namic problem of expansion of a sphere in a compressi-
ble liquid. This solution can be obtained in the Kirk-
wood-Bethe approximation. The essence of this ap-
proximation is the assumption that during the expansion
of a cavity the enthalpy H travels at the local velocity
of sound. The pressure is related to the enthalpy by
the equation

p:A(i—)—’:c_Ti-H)"/("—”—B, (27)

which follows from the equation of the state of a liquid

p=4(L)'~8 (28)

and from the definition of enthalpy
H— S Eﬂ‘ (29)
e

whereas the equation relating the enthalpy to the rate
of expansion of the cavity « = dR/ dt is®

() ()= (=) T (1)

(30

here, ¢ is the equilibrium velocity of sound in the lig-
uid; A, B, and n are constants. For example, in the
case of water we have A= 300.1 MPa, B= 300 MPa,
and n="1.

The system (25)—-(30) can be integrated numerically if
we know the law of energy evolution E(#) and the ampli-
tude of a shock wave in a liquid can then be calculated.

Rough estimates of the hydrodynamic characteristics
of the effect can be obtained from approximate relation-
ships which follow from the system (25)-(30). Let us
assume that a typical radius of a cavity reached at the
end of energy evolution as a result of the absorption of
a laser pulse of duration 7 is R,. Then, the character-
istic rate of cavity expansion is u = Ro/‘r and the pres-
sure in the cavity is

p,zpu?:pl;i. (31)

Using this expression, we find from Eq. (25) that the
radius of the cavity is

Ry~ (M Vwap),

(32)4)
4np

whereas it follows from Eq. (31) that p, is described by
Py = pd/ (3_(2;_”)2/51—6/55;2/5. (33)

If ¥=1.26, which corresponds to the optical breakdown

) This expression is obtained on the assumption that the work
done in the expansion of a cavity is small compared with the
internal energy stored in the cavity (see also Ref. 84).
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of water, we find that

p1 = 0.331-%8E2/5 Cgs, units | (34)

In the case of a strong optical breakdown formed at
intensities much higher than the threshold we can as-
sume that the energy E evolved in the cavity plasma is
of the same order of magnitude as the laser pulse en-
ergy.

When the threshold intensity is exceeded only slightly
so that separate plasma bubbles are formed, we can
assume that each bubble absorbs the incident optical
energy in proportion to the cross-sectional area of the
bubble, i.e.,

_ s TR§
E=E ==,
where S is the cross-sectional area of the laser beam

in the focusing region and E’ is the laser beam energy.

The peak pressure in a shock wave can be calculated
using approximate asymptotic formulas which follow
from the theory of propagation of spherical shock
waves based on the Kirkwood-Bethe approximation®°;

p=2f gexp (-5 ), (35)
where ©=1+(2/g); g= (M¥23V2In(»/R,)™ is a factor
allowing for the nonlinear attenuation of the shock
wave; M=u/c=R,/cT is the Mach number,

We shall now give examples of numerical estimates.™
Under conditions corresponding to the experiments re-
ported in Ref. 74 when the optical breakdown occurred
in water under the action of a ruby laser pulse of E
=0.1J energy and 7= 3x 107 sec duration it was found
that the rate of expansion of a cavity was =3 x 10°
cm/sec, the pressure in the cavity was p, = 10* MPa,
and the peak pressure in a shock wave at a distance of
3x10® m was p=37 MPa. The corresponding experi-
mental value was 50 MPa. Under the experimental
conditions in Ref. 77, where ruby laser pulses of E
= 0.6 J energy and 7= 2x 107 sec duration were used,
it was found that » = 3.5x 10* m/sec, p, = 1.2x 10* MPa,
and p =13 MPa at a distance of ¥=1.Tx 102 m. The
experimental value was p =10 MPa.

It should be noted that the above formula (35) is ap-
plicable only sufficiently far from the breakdown region
where the following condition is satisfied:

1

In I’;—D>W . (36)
The above expressions can be used to find the coeffi-
cient representing the conversion of the optical radia-
tion energy into sound:

3

M=~ (y—1) Mlni(r/Ro)‘ (37

In the above examples the value of 7, is 20-30%,
which is considerably greater than the efficiencies of
the thermal and evaporation mechanisms of the genera=
tion of sound.

As pointed out in Ref. 71, the model described above
may be suitable for estimating the characteristics of
shock waves generated as a result of explosive boiling
in the interior. We should bear in mind that, in con-
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trast to optical breakdown, in the case of boiling ex-
plosion the deposition of the optical energy in a bubble
ceases after it forms because light is reflected from
the bubble surface so that the nature of the process is
governed by the initial energy in the bubble.

11. CONCLUSIONS

We can thus conclude that the theory of the optical
generation of sound has progressed greatly in recent
years and this theory can describe fully satisfactorily
the generation effect when the action of the optical ra-
diation does not alter the aggregate state of a con-
densed medium. The processes of the optical genera-
tion of sound in liquids have been studied under the ac-
tion of pulsed and cw lasers. The main laws governing
the formation of acoustic signals have been established
together with the relationships between the character-
istics of these signals, on the one hand, and the param-
eters of optical radiation as well as thermodynamic,
optical, and acoustic properties of liquids, on the
other. The influence of ruffled surfaces of liquids on
the optical generation of sound has been investigated
theoretically. The optimal conditions for the laser
generation of sound have been established. The char-
acteristics of the generation of sound by a laser beam
moving on the surface of a liquid have been investigated
at subsonic, sonic, and supersonic velocities of the
beam for an arbitrary form of modulation of the laser
radiation intensity. Investigations have been made of
the influence of the optical, thermodynamic, and acous-
tic inhomogeneities of the medium on the processes of
the optical generation of sound. It has been shown that
optoacoustic sources of sound or antennas can be es-
tablished in liquids and these are capable of operating
in a wide range of frequencies from the audio to the hy-
persound range. The frequency, directionality, and in-

tensity of the sound emitted by an optoacoustic source
can be controlled remotely by varying the parameters
of the optical (laser) radiation.

The role of thermodynamic and hydrodynamic nonlin-
ear effects in the processes of the optical generation of
sound has been discussed for conditions such that the
density of the optical energy evolved in a liquid is con-
siderable, but still small compared with the heat of
evaporation of the liquid. One of the possible applica~
tions is the possibility of constructing parametric opto-
acoustic sources of sound. It follows from the investi-
gations carried out so far that the theory of a para-
metric optoacoustic source can be basically developed
from the well-known theory of traditional parametric
acoustic radiators.

The theory of the optical generation of sound when
the dominant role is played by the thermal mechanism
is in convincing agreement with the experimental re-
sults, which provides a basis for a rational selection of
lasers for the generation of sound in liquids.

This can be summarized by stating that the published
theoretical and experimental investigations of the opti-
cal generation of sound in condensed media relating to
the thermal mechanism have advanced very greatly in
recent years, although there are still many interesting
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topics to be tackled. For example, it would be desir-
able to investigate characteristics of the fields of opto-
acoustic sources in the near-field zone, to carry out
detailed experimental studies of the characteristics of
acoustic fields generated by laser radiation in different
situations, and to make theoretical and experimental
investigations of the characteristics of laser excitation
of sound in solids.

On the other hand, there have been hardly any sys-
tematic and purposeful investigations of the laser gen-
eration of sound in condensed media under conditions
of surface evaporation, explosive boiling, and optical
breakdown. Considerable experimental data have al-
ready been accumulated but only fragmentary numeri-
cal and analytic estimates have been made relating to
the processes of generation of sound under conditions
of interaction of high-power optical radiation with mat-
ter. Many questions remain. For example, theoretical
estimates given in Ref. 64 show that because of the
thermal instability of the evaporation front, metastable
states of a heated liquid cannot appear under conditions
of surface evaporation. However, it is also pointed out
in Ref. 64 that experiments deliberately designed to
study the thermal instability of the phase boundary dur-
ing evaporation of a liquid under the action of laser ra-
diation have not yet been made. Consequently, we can-
not exclude completely the possibility of formation of
metastable states in the case of surface evaporation of
liquids. It is not clear what is the relative importance
of volume boiling and surface evaporation under the
action of laser radiation on the free surface of a lig-
uid.®

However, we have seen above that the nature of the
processes occurring in the surface layer of a liquid
under the action of laser radiation controls largely the
efficiency of conversion of optical energy into sound,
as well as the nature and evolution of an acoustic signal
during its excitation and propagation.

The above theoretical and numerical estimates of the
intensity of sound and of the efficiency of conversion of
optical energy into sound during interaction of high-~
power laser radiation with matter have been made using
very rough models. Nevertheless, these estimates
agree in some cases with the experimental results. It
follows that although the models are rough, they still
reflect correctly the essence of the observed effects.

A rigorous analysis of the optical generation of sound
can only be made by numerical solution of nonstationary
equations of hydrodynamics, optics, and evaporation
kinetics. It is worth pointing out interesting investiga-
tions®®+%7 in which calculations have been made of the
specific recoil momentum and processes of formation
of a shock wave and its propagation into a medium, as
a function of the intensity of laser radiation. The re-
sults of a numerical integration of nonstationary equa-
tions of hydrodynamics obtained without simplifying
assumptions can be found in Ref. 87. The theoretically
determined dependence of the specific recoil momen-
tum on the intensity of laser radiation is in good agree-
ment with the numerous experimental data on metals.

993 Sov. Phys. Usp. 24{12), Dec. 1981

i

We have ignored above the role of electrostriction in
the optical generation of sound. This role has been re-
cently discussed in an independent review.®® More-~
over, we have neglected the mechanism associated with
stimulated Brillouin scattering. Equally interesting
are the optoacoustic effects associated with the reso-
nance interaction of optical radiation with matter.
These topics deserve separate discussion.
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