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Laser dynamic optoacoustic diagnostics is a method of studying materials that has rapidly
developed in recent years, and which uses lasers to generate short-period acoustic perturbations
and records these perturbations—responses of the material with high time resolution—for
subsequent analysis of the fine structure of the response bearing information on the properties of
the specimens. The fundamental concepts of the varieties of the method are given. The experience
of applying it is generalized for analyzing inhomogeneous liquid and solid specimens, the process
of crystallization from the melt, dielectrics, and films of surface-active materials.

INTRODUCTION

In the somewhat more than a hundred years that have
passed since the discovery of the optoacoustic effect inde-
pendently by Bell, Tyndall, and Roentgen, the studies of the
interaction of a modulated light beam with a material lead-
ing to a specific acoustic response of the medium have taken
shape as an independent field at the border between optics
and acoustics. The interest in this effect, which has substan-
tially grown with the development of laser technology, is
explained in many ways by the rather unexpected potentiali-
ties that have been discovered for the creation of relatively
inexpensive instruments for optoacoustic (OA) or laser-
acoustic (LA) diagnostics with unique frequency properties
unattainable for other analogous devices (an example is the
measurement of the absorption spectra of powders). The
mastery of the optoacoustic method is a considerable ad-
vance in laser spectroscopy at the border of the 70s and 80s,'
along with the development of nonlinear optical methods,2

the development of pico- and femtosecond diagnostics,3 and
other advances.

Let us briefly recall the essence of OA diagnostics. A
pulsed or modulated optical radiation (as a rule, monochro-
matic), upon being absorbed in a specimen, excites elastic
perturbations in the specimen or the media adjacent to it, as
well as perturbations of its surface. The recording and analy-
sis of these perturbations enables one to reconstruct the var-
ied physical parameters of the material being studied and
their distribution. Often absorption spectra are measured.
For these purposes one uses wavelength-tunable laser
sources (OA spectroscopy).

Optoacoustic measurement systems with a fixed wave-
length of the light source are applicable for reconstructing
the thermodynamic parameters of media, visualizing inter-
nal defects, layers, etc., which resemble the known technical
solutions for ultrasonic introscopy. Therefore it is natural to
consider these varieties of the method as OA introscopy.

The thermal OA effect was historically the first most
widely studied. It involves the rapid optical heating and ex-
pansion of some region of the specimen. Correspondingly
more popular and well mastered is the "unperturbing" ther-
mooptical OA diagnostics, which constitutes a variant of
calorimetric laser spectroscopy, which is performed by di-
rect measurement of the power of optical radiation absorbed

in the specimen by measuring the thermodynamic param-
eters of the specimen itself (temperature, pressure, etc.). An
important feature of the calorimetric methods is the use of
the channel of radiationless vibrational-translational relaxa-
tion and the nonresonance character of the process. As com-
pared with the purely optical absorption methods of spec-
troscopy, the calorimetric methods, including the OA ones,
possess an important advantage: they enable one to measure
the absorbed power directly in the specimen on a "zero"
background, rather than on the background of the far
greater power of the light transmitted through the specimen.
We note also that, from the standpoint of certain applica-
tions (e.g., spectral infrared analysis), the analytical poten-
tialities of OA diagnostics are not inferior to those of the
nonlinear resonance methods of light-scattering spectrosco-

Py.2

With the development of methods and apparatus, OA
diagnostics has become based on other, more effective mech-
anisms of optical sound generation (photochemical pro-
cesses, evaporation, optical breakthrough, etc.), often asso-
ciated with local phase transitions in the specimen. In these
cases one must deal with "perturbing" OA diagnostics. The
development of OA diagnostics has also followed the path of
perfection and complication of the "source-specimen-re-
ceiver" measuring system.

One distinguishes two fundamental groups of methods:
a) gas-microphonic (indirect) methods, b) methods of di-
rect recording of the response signal. The former presuppose
the measurement of pressure vibrations in the gas bordering
the specimen heated by the modulated optical radiation. The
latter are based on measuring the responses directly in the
specimen. Below we shall mainly discuss the methods of the
latter group.

At present OA diagnostics is applied for studying weak-
ly absorbing media, for analysis of trace concentrations of
impurities, for surface analysis, for profiling, and for study-
ing turbid or porous media, powders, and biological tissues.
There are also other applications. These methods are the
basis of sensitive analytical devices for medicine, biology,
technology of the elements of radioelectronic apparatus, and
for environmental monitoring. A number of monographs
and reviews are devoted to individual aspects of OA diagnos-
tics.^7
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The further progress of OA diagnostics involves solving
the problem of optimally exciting, recording, and analyzing
the acoustic response so as to preserve fully the information
on the specimen. It has proved possible to solve this problem
by the methods of laser dynamic optoacoustic diagnostics
(LDOA diagnostics).8 This diagnostics presupposes the use
of pulsed laser radiation to generate short-period surface or
bulk perturbations in solid or liquid media (specimens). The
recording of these perturbation responses with high time res-
olution and subsequent analysis of their forms, of the fre-
quency-time and spatial characteristics of the signals enable
one to increase the accuracy and sensitivity of the diagnos-
tics, and to proceed from measuring the space-averaged
characteristics to measuring their distributions. The latter is
important in studying media having a complex structure
(multiphase specimens, biological tissues, or layered inho-
mogeneous media).

The attention of specialists has also been attracted to
the additional potentialities of LDOA diagnostics in the
study of the behavior of materials in strong electromagnetic
and acoustic fields.

The studies in the field of LDOA diagnostics already
comprise an extensive bibliography and call for systematiza-
tion.

The aim of this review is to present the fundamentals of
laser dynamic OA diagnostics and the experience of apply-
ing it. We shall present also certain results of the studies of
the present authors. Section 1 of the review describes the
fundamentals of LDOA diagnostics and shows, in particu-
lar, how the development of amplitude OA methods led to
the rise of the ideas of laser dynamic OA diagnostics. Section
2 discusses the problems of the apparatus used in LDOA
diagnostics. Section 3 systematizes the measurement sys-
tems based on the dynamic analysis of short-period acoustic
responses of thermooptical origin. Finally, Section 4 pre-
sents the results of LDOA diagnostics using nonlinear mech-
anisms of OA transformation.

1. FROM AMPLITUDE OA METHODS TO LASER DYNAMIC OA
DIAGNOSTICS

The basic outline of diagnostic measurements in the dif-
ferent fields of studies includes as its fundamental compo-
nents: the probe signal or external agent, the medium being
studied (or specimen), and the informative signal (the re-
sponse), the recording of which enables one to decide on
certain properties of the medium (or specimen).

The methods of OA diagnostics are based on recording
the acoustic response of the specimen under study to an ex-
ternal optical agent. In the general case the characteristics of
the signal depend in a complex fashion on the parameters of
the optical radiation and the properties of the medium.
However, in most cases characterized by a moderate optical
intensity /0 and a moderate absorption a of the specimen, the
amplitude depends linearly on the response

P ~a.J (11)r 0 uw o* \ * * * /

Thus, by measuring the signal for different wavelengths
A of radiation and determining the ratio />

0//0(A), one can
find the optical absorption spectrum of the specimen being
studied, a (/I). Thus we arrive at the idea of traditional OA
spectroscopy. Its methods are substantially based on two

assumptions. First, the specimen in the region of optical ab-
sorption, i.e., at distances / ~ a ~ ' must be optically homoge-
neous [ in the opposite case, when we measure the absorption
spectrum a (/I), we obtain a certain value of the absorption
coefficient averaged over the volume of the specimen]. Sec-
ond, the energy-release density in the medium ~aJ0 must
not be too large so that, in the process of heating the medium
with the optical radiation, its parameters do not vary and the
linear relation (1.1) holds.

These conditions can be satisfied in a large number of
practically important cases, which has predetermined the
wide application of the methods of OA spectroscopy. In OA
spectroscopy one uses both continuous modulated and
pulsed optical radiation (not necessarily laser radiation),
while measuring the signal either directly in the specimen or
in the gas adjacent to it. We should note that it suffices to
record the amplitude of the signals to measure the optical
absorption spectra a (/I). This predetermines the preferen-
tial choice for measurements in OA spectroscopy of reso-
nance-type (with respect to the frequency of modulation of
the radiation) experimental instruments (spectrophones,
resonance OA cells, etc.), which enable one substantially to
increase the sensitivity of the measurements.

An important step in the development of OA spectros-
copy was the study of absorption spectra using the algor-
ithms of Fourier transforms for signal processing (not dis-
cussed in detail in this review). Without altering the
amplitude character of the measurements, this enables one
substantially to simplify the procedure of measuring the
spectrum.9

It has been proposed for studying inhomogeneous me-
dia to add complications to the methodology of the ampli-
tude measurements. Thus, e.g., Refs. 10 and 11 have pro-
posed a scheme for determining the optical properties of the
surface of strongly absorbing specimens in a direction trans-
verse to the axis of the optical ray. The standard procedure
for obtaining an "OA image" in such a situation requires
transverse scanning of the surface of the specimen with a
narrow beam. It is proposed to illuminate the specimen with
a broad optical beam through specially prepared masks to
measure the spatial optical spectrum. The spatial absorption
spectrum is found by applying the procedure of inverse Ha-
damard (or Fourier) transformation to the function of the
dependence of the amplitude response on the location of the
receiver.

Another possibility for studying inhomogeneous media
without going out of the framework of amplitude measure-
ments appears when one uses the scheme of the so-called
indirect measurement of the acoustic response. In this
scheme one uses a microphone placed in the gas adjacent to
the specimen to receive the acoustic perturbations caused by
the heating of the specimen by modulated laser radiation.
Here the sound vibrations in the gas can arise both from
heating and expansion of the layers of the gas directly in
contact with the surface of the specimen or from the thermal
expansion of the specimen itself (the models of the "ther-
mal" and "mechanical" pistons).7 The amplitude of the sig-
nal received by the microphone depends on the depth of pen-
etration of the temperature wave LT. In turn, this is
determined by the frequency to of modulation of the contin-
uous optical radiation absorbed in the medium. Here we
have LT ~<a ~1/2. Thus, by varying a> one can control the
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depth of probing. This enables one purely qualitatively to
draw inferences on changes in the properties of the specimen
with depth. In particular, the stated method was used by the
authors of Ref. 12 to distinguish the layers in a two-layer film
structure. Under the condition that the thickness of the up-
per layer does not exceed half the thermodiffusion length at
the given frequency of modulation of the laser radiation, one
makes this distinction by comparing the spectra of the two-
layer structure and the individual spectrum of the material
of the upper layer. An analogous method of measurement in
studying thin-film coatings was realized in Ref. 13.

Despite the extremely broad spread of the methods of
amplitude OA diagnostics in physicochemical, biological,
and medical studies, the amount of information on the speci-
men under study that these methods allow one to obtain is
essentially rather limited. The desire to overcome the restric-
tions inherent in the traditional OA methods led the special-
ists to the independent introduction of the methods of laser
dynamic optoacoustic diagnostics. In line with the definition
given in the Introduction, LDOA diagnostics assumes the
detailed resolution in time of signals of short duration and
the extraction of the additional information oifered by the
moment of arrival of the acoustic response, its form, the pro-
file of the rising front, the relationship among the amplitudes
of the phases of its fine structure, the evolution of its profile
upon propagating, etc. Of course, the method is not restrict-
ed to the merits of high time resolution.''

A characteristic feature of the method being discussed
is the possibility of using powerful laser radiation to change
the initial state of the medium in the process of probing it.
This is accompanied by a change in the characteristics of the
acoustic signal that yields additional information on the
character of the changes in the medium and its parameters.
One can speak of a certain analogy with the process of re-
cording and readout of a dynamic hologram. In this case one
can be dealing with the nonlinear laser dynamic OA diagnos-
tics of a material. Going over to LDOA diagnostics leads
both to a quantitative gain, e.g., in sensitivity, and also to a
qualitative expansion of the potentialities of measurement of
the characteristics of the material.

Figure 1 shows a flow diagram that allows one to ex-
plain the fundamental principles of LDOA diagnostics.

In the absorption of laser radiation of intensity J ( t ) , the
acoustic signal P( ?,/*,) arises, depending on the properties of
the medium and the geometry of the OA interaction. Here/i,
denotes the parameters of the medium that directly deter-
mine the character of the OA interaction. As a rule, this
signal is recorded at some distance from, rather than in, the

FIG. 1. Diagram of the signal formation in instruments for direct-record-
ing OA diagnostics.

interaction region so that one can distinguish the stage of
propagation of the response to the receiver point, which can
lie in the specimen being studied itself or in the adjacent
medium (the indirect-recording scheme). The form of the
signal being recorded P(f;/i,; y,) differs from the form of the
original signal owing to diffraction effects, the influence of
nonlinear acoustic properties of the medium, and also var-
ious relaxation processes that lead in a number of cases to the
appearance of a frequency dependence of the velocity of
propagation of the signal and to a distortion of its spectrum.
The parameters of the medium that influence the form of the
signal in the propagation stage are denoted symbolically by
Yi • The process of receiving the signal is governed by the
spectral sensitivity of the acoustic receiver and the param-
eters of the receiver electrical circuit.

Let us point out two features of the OA interaction that
enable one to apply signals excited by optical radiation for
diagnostics:

1. The region of the OA interaction amounts to a sound
source whose characteristics are subject to flexible control,
and which give rise when needed to highly broad-band
pulses of probing acoustic radiation. In this case the stage of
OA transformation itself is auxiliary in character and is
called on to give rise to the required characteristics of the
signal P(t,jUj) at the input to the part of the medium being
studied. The central point becomes the stage of propagation
of the signal. By distortion-free recording of the signal P(t-
fif; Yi) at the exit from the medium being studied and com-
paring its form with that of the original signal P(f,ju,), we
can infer the properties of the medium along the propagation
track. This scheme is the basis of the methods of traditional
acoustic spectroscopy. The use of laser sources to generate
the acoustic probe pulse considerably expands the potenti-
alities of acoustic spectroscopy in the high-frequency region.
Moreover, the possibility arises of studying the nonlinear
acoustic properties of media by optical generation of acous-
tic waves of finite amplitude, solitons, and shock waves, the
production of which by another method often does not seem
possible.

2. The parameters of the response are determined also
by the properties of the medium directly in the region of the
OA interaction, by the characteristics of the laser radiation,
and the geometry of the OA conversion. Therefore, a knowl-
edge of how to calculate the form of the response P( t; f i , ) , as
well as its transformation in the process of propagation

P(t\ vn)-+F(t; m; vi)

and reception

P(t; in; v0^t/(0,

enables one to determine the distribution of optical and ther-
mophysical characteristics in the interaction region:

ut=u,(r ) .

Moreover, in situations in which light-induced chemical re-
actions occur in the medium or the heating of the medium is
so great that it is accompanied by phase transitions, we gain
the possibility of inferring from the form of the response the
physical processes accompanying the interaction of the laser
radiation with condensed media. In particular, in this review
we shall discuss as a new field of LDOA diagnostics the diag-
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nostics of light-induced chemical and phase transformations
in matter.

2. EXPERIMENTAL TECHNIQUE IN LASER DYNAMIC OA
DIAGNOSTICS

The features of the problems discussed above that can
be solved by means of LDOA diagnostics define a set of spe-
cific requirements imposed on the experimental technique
for recording OA signals.

As a rule, in problems of LDOA diagnostics one uses
commercially produced pulsed laser sources that offer the
experimenter a wide choice of energy parameters, wave-
lengths, and durations of radiation pulses. Among the most
commonly used are CO2, Nd3 + YAG, and N2 lasers, as well
as tunable dye lasers. The scheme for recording acoustic sig-
nals in experiments in LDOA diagnostics must be optimized
with account taken of the properties of the specimen, the
geometry of the OA conversion, and also the parameters of
the response to be recorded. Therefore in each concrete case
one must construct and set up special instruments for con-
verting the acoustic into electric vibrations; from the output
of these instruments the signal enters an electronic memory
and processing apparatus.

A distinguishing feature of the signals used for LDOA
diagnostics is their broad frequency range—from several ki-
lohertz to tens of megahertz. In traditional acoustics, and
also in the methods of ultrasonic nondestructive monitoring
of materials, there are practically no instrumental means of
measurement of acoustic pulses of nanosecond duration,
since the very possibility of generating such brief acoustic
pulses has arisen only with the development of laser technol-
ogy. In this regard the need has arisen of developing special
methods and apparatus for recording OA signals.

At present in laser optoacoustics two fundamental
methods of direct measurement of acoustic signals are em-
ployed: using a probe laser beam that enables recording the
thermal and acoustic modulation of the refractive index in
the medium; and using pressure receivers (or OA cells) with
sensitive elements made of piezoelectric materials of various
types. Let us examine the potentialities of the stated record-
ing methods to enable broadband reception of acoustic sig-
nals excited in a medium by laser radiation.

Contact-free methods of measurement in optoacoustics
are widely used for direct recording of the displacement of

the surface of a liquid or solid under the action of laser heat-
ing — the so-called photothermal-displacement spectrosco-
py;14 for recording refractive-index gradients caused by
heating of the medium by radiation, — thermal-lens meth-
ods, photothermal refraction;5 and for direct measurement
of the response from the variations in the refractive index
caused by pressure.15'16

As an analysis of the experimental results shows, the
latter of the listed methods is of greatest interest from the
standpoint of LDOA diagnostics. An advantage of this
method is the possibility of performing remote contact-free
measurement of OA signals in media transparent to the
probe laser radiation. An adequate reconstruction of the
form of the signal in schemes with optical recording is possi-
ble in situations in which the parameters of the OA signal are
invariant along the direction of propagation of the probe
laser beam, as is realized, e.g., in the case of cylindrical ge-
ometry of the OA conversion15 or in the case of quasiplanar
wave fronts.16

A typical experimental scheme of optical recording is
shown in Fig. 2. The deflection of the probe laser beam at the
instant when its focal region is crossed by the plane wave
front of the signal/? (t) leads to a modulation of the voltage at
the output of the photodiode

dp(0
D At

k0 cK dp p=o

Here VQ is the constant voltage at the output of the pho-
todiode, 2b is the transverse dimension of the wave front of
the signal, c is the velocity of light in the liquid, a is the radius
of the focal region of the probe ray, whose wavelength is A,
and n0 is the refractive index of the medium. For typical
values of the derivative dp/dt S4x 107 Pa/s, we can write
approximately

dp(0
> At

(2.1)

This dependence reflects a common feature of schemes of
optical recording of acoustic signals: the signal from the
photoreceiver is not proportional to the signal itself, but to
its time derivative. The time resolution is determined by the
time of propagation of sound over the cross section of the
focal region of the laser beam: A? ~ 2a/c. In the experiments
of Ref. 16 a resolution was attained of ~30 ns.

We should include among the defects of schemes with

Thermostatted
cuvette FIG. 2. Experimental scheme for optical shadow recording of

the acoustic signal generated by a laser pulse in strongly absorb-
ing liquids.16

Signal from
photodiode

Amplifier I—[integrator
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optical recording that restrict their field of practical applica-
tion: the rigid demands on the optical homogeneity of the
media being studied; the need to determine the parameters
c( T) and dn/dp for each medium to be studied in carrying
out absolute pressure measurements; the decline in accuracy
of reconstruction of the form of signals as their amplitude
increases and their duration decreases.

Recording with use of broad-band pressure receivers is
more widespread. As a rule, they are constructed on the ba-
sis of various piezoelectric materials. Along with the tradi-
tionally used ceramic and crystalline materials, such as lead
zirconate-titanate (LZT), lithium metaniobate, quartz
(transducers based on these materials have been described in
detail in Ref. 17), at present new materials are widely used:
various types of piezoelectric films (Mylar, polyvinylidene
fluoride (PVDF), etc., and also oriented polycrystalline
films of organic compounds (PFO). These materials have a
number of advantages when used in the construction specifi-
cally of broad-band sound receivers: low Q-factor (as com-
pared with a ceramic), simplicity of preparing micrometer-
thick films, bending strength, and the possibility of good
acoustic matching with liquids owing to low impedance. We
should list among the defects of piezoelectric films a consid-
erable pyroelectric effect, the dependence of the sensitivity
on the technology of preparation and polarization, the influ-
ence of aging on the electroacoustic parameters, and also a
lower absolute sensitivity than for most traditional piezoe-
lec tries.

Despite the mentioned defects, piezopolymer films find
wide application in various designs of receivers (see the re-
view of Ref. 5 and also Refs. 18 and 19), which differ from
one another mainly in the means of attaching the film, in its
dimensions, and in the choice of the sensitive material. Fig-
ure 3 shows a simplified scheme of the design of a typical
device for LDOA diagnostics.

The most important characteristics of pressure receiv-
ers from the standpoint of LDOA diagnostics are the spec-
tral sensitivity and the dynamic range. In some cases one
must also take account of the directional characteristics. The
spectral sensitivity of a receiver operating in the thickness
mode of vibrations is commonly calculated on the basis of a
simplified theory (see Ref. 18 and the references given
there), which enables one to calculate rigorously the fre-
quency properties of the receiver as a layered inhomogen-
eous construction (in the direction of propagation of the

Protective
(fixing)
composite layer

Piezomaterial

Recording zone
(two-sided
metallization)

Damper -

Housing —-

Built-in
preamplifier

Acoustic signal

To recording
circuit

FIG. 3. Schematic diagram of a three-layer construction of a thin-film
piezotransducer for distortion-free measurements of brief acoustic sig-
nals.

incident plane acoustic wave). For illustration Fig. 4 shows
the dependences obtained on the basis of the formulas of Ref.
1 8 of the spectral sensitivity of three-layer piezoreceivers
made of widespread construction materials for recording
signals in water. Also the influence of the parameters of the
electric loading on the frequency properties of the devices
are modeled. Simple recommendations for the choice of pa-
rameters of the receiver for undistorted recording of the sig-
nal in the frequency band

follow from the simplified theory. The thickness d of the
piezomaterial must be d < cp /2/h in the case of matching of
the acoustic impedances of the film and the damper, and
d < cp /4/h in the case when one uses a damper with a high
wave resistance (here cp is the velocity of sound in the piezo-
material). To obtain a uniform frequency characteristic one
should tend to choose maximally close values of the acoustic
impedances of the material of the piezoelement and the
damper, although it is possible in principle to use a value of
the calculated sensitivity characteristic for subsequent cor-
rection of the form of the received signal in processing the
results of the measurements on a computer. For an intrinsic

FIG. 4. Spectral sensitivity of three variants of piezo-
transducers based on PVDF film 25-yum thick (frequency of
thickness resonance /„ = 32 MHz). a-Composite-PVDF-
polymethylmethacrylate (curve 1). b-Composite-PVDF-
quartz) (2) c-Composite-PVDF-brass ( 3 ) . Thickness of the
protective layer of the composite is 0.1 mm, which was taken
for calculating the value of its acoustic impedance:
Z, = 3x 106 kg/m2 s. The input parameters of the electric
scheme of the receiving circuit are: RE = 50 Mfl, CE = 10
pF. Curved describes the sensitivity of a variant of design (a)
with a small input resistance: RE = 0.1 Mil. Curve 5 differs
from curve 3 in the choice of the impedance of the composite-
Z, = 1.5 X106 kg/m2 s.

10' 10
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TABLE I.

Material

PVDF*

PVDF (F2-ME)
OPP

z,
106

kg/m2s

3,5

2,9
3,3

d»,
10"
C/N

35

15
18

e

12

12
4

Use in pressure piezoreceivers

Thickness!
of film,
ftm

25
50
20

*~~1

Sensi-
tivity,

fiV/PSi

0,06

0,6
0,05

Working range
of frequencies,

MHz

1—10
1—10

0,1—10

Refer-
ence

[22]
[67]
[18]
[19]

•Material of the firm "Kureha Chemical Industry Company" (Japan).

static capacitance C0 of the transducer, the parameters of the
electric loading characterized by the input capacitance CE

and input resistance R E are chosen by the conditions:

CE<C0

and

In the frequency region [/, ,/h ] , when the stated conditions
are satisfied, the spectral sensitivity of the piezoreceiver
practically does not depend on the frequency and is deter-
mined by the simple formula

(ZC/Z2)
(2.2)

Here d f3 is the piezoelectric modulus for longitudinal
vibrations [of dimensionality (C/N) ]; e is the relative per-
mittivity, Zc and Z2 are the acoustic impedances of the pie-
zomaterial and the damper, respectively. Table I gives the
parameters of some types of piezoelectric films, as well as the
characteristics of sound receivers based on them, most of
which have been used for OA measurements. We note espe-
cially the piezoelectric converter based on OPP, which has
been described in detail in Ref. 19. The authors note that
OPP differs from its analogs in suitability for production in
its preparation, cheapness, and accessibility. The process of
preparing OPP consists in evaporating a low-molecular-
weight polycyclic compound with polar substituents in va-
cuo with subsequent deposition on a substrate in the form of
a film of thickness of some micrometers. One can use as the
substrates-soundguides the most varied materials: metals,
semiconductors, plastics, including flexible plastic bases,
crystalline materials, etc. In a number of cases this allows
one to apply transducers based on OPP directly to the ob-
jects of study and to avoid complications associated with
acoustic matching.

The model discussed above of determining the param-
eters of broad-band receivers has a number of substantial
restrictions. It is applicable for recording brief signals of du-
ration 5 100 ns, when undistorted measurements are en-
sured by the choice of an extended damper and rather large
transverse dimensions of the receivers. Here the time of lag
of the reflections from the boundaries of the construction
elements considerably exceeds the duration of the signal. To
reduce the influence of reflections one tries to use membrane
sound receivers,20 and also to use various multiphase com-
posite materials to ensure effective damping in the material
of the damper.21

In theoretical calculations one cannot take account of
all the effects that exert an influence on the spectral sensitiv-
ity. Moreover, the values of the physical constants of the
piezomaterial are not always known exactly, and can depend
on the frequency in the high-frequency region (thus, in
PVDF the permittivity at the frequency of 10 MHz is re-
duced by 20%).22 Hence the need arises for a simple and
reliable method of calibration of broad-band sound receiv-
ers. One of these calibration methods has been proposed in
Refs. 18 and 19. It is based on the well-developed theory of
laser thermooptical generation and propagation of sound in
a liquid, which allows one to calculate the characteristics of
acoustic pulses over a broad range of pressures. Thus, in Ref.
18 the spectral sensitivity of a broad-band transducer was
determined from the results of comparing the spectrum of
the electrical signal at the output of the receiver circuit with
the theoretically calculated spectrum of the signal applied to
the input of a transducer situated in the near field of the
source where diffraction effects have no influence. The cal-
culated spectral sensitivity, as was shown in the study,
agrees well with the data of calibration by optoacoustic
methods.

An analogous method of calibration was tested in Ref.
19. In this study the authors measured also the dynamic
range of high-frequency transducers made of OPP in the
high-pressure region. The signal was excited in distilled wa-
ter with the radiation of a CO2 laser. Upon taking account of
the high absorption coefficient of optical radiation in water
at this wavelength, this ensured close to optimal conditions
for generation of brief acoustic pulses. The results of the
measurements obtained upon averaging over 20 samples of
OPP show that the sensitivity is invariant in the pressure
range 104-108 Pa, and amounts to 5 X10 ~ 8 V/Pa.

In a number of cases of LDOA diagnostics, it proves
necessary to record broad-band signals of complex form. As
an example, Fig. 5 shows a signal in water accompanying an
evaporative OA interaction.23

This type of signals differ from the nanosecond signals
discussed in the earlier reviews (e.g., Ref. 5) in that both the
high-frequency (in the megahertz range) and the relatively
low-frequency (in the range of tens and hundreds of kilo-
hertz) components bear energy. Evidently the distortion-
free recording of such signals poses a number of serious
problems. First of all is the ensuring of a nonresonance char-
acter of the amplitude-frequency characteristics of the re-
ceiver, both in the high- and in the low-frequency regions. To
solve the problem one must eliminate various sorts of reflec-
tions of the original signal from the design elements of the
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FIG. 5. Oscillogram of a broad-band acoustic signal accompanying the
interaction of the intense radiation of a CO2 laser with water (a) and a
portion of it (b) at an emission energy £= 500 mJ.21 Scale along the
horizontal is 2 us/division. Scale along the vertical is 5 X 10" Pa/division
(a) and 10" Pa/division (b).

receiver and match its form and dimensions with the config-
uration of the field of acoustic perturbations to be recorded.
Another problem is the low sensitivity of the measurements
when one applies broad-band receiving instruments (in typi-
cal designs of receivers based on piezopolymer films, e.g., it
amounts to 0.01-1 //V/Pa. '8 Hence high requirements must
be imposed on the resistance to interference of the recording
circuit with regard to acoustic and electrical noise. In this
regard the cuvette containing the substance under study and
the piezoelectric transducer are placed together in a single
housing in a number of designs (see Ref. 5). Here in most
cases one must make a transducer with an incorporated
preamplifier to ensure an acceptable signal/noise ratio at the
output of the receiver circuit.5'18

The assembly of measuring apparatus necessary for
analyzing the form of a broad-band OA signal (or its spec-
trum) in experiments on dynamic diagnostics must include,
together with the receiver and matching circuit, also an ana-
log-digital converter (or specialized digital oscillographs
with a high frequency of discretization) and a microcom-
puter, which controls the sequence of operations and enables
express processing of the recorded signals.

3. NONPERTURBING LDOA DIAGNOSTICS

The a priori data used for reconstructing information on
specimens include information on the features of shaping of
the pulsed signals for OA conversion. To realize the methods
of LDOA diagnostics such information becomes decisive.

Nonperturbing LDOA diagnostics is based on the ther-
mal (orthermooptical) OA effect (for earlier results see the
review of Ref. 24). The region of thermal OA conversion in
the specimen has been named the thermooptical sound emit-
ter or the thermoacoustic antenna. The more effective non-
linear mechanisms of OA conversion25 have been applied
relatively recently in diagnostics. Besides the nonlinear ther-
mal regime of interaction of the optical radiation with the
medium, they are based on processes of evaporation, optical
breakthrough, and also photochemical transformations.

Below we shall briefly take up the description of the

processes of generation of OA signals, staying within the
framework of the linear thermoelastic mechanism, and we
shall also treat the potentialities of laser thermooptical exci-
tation of sound for solving problems of LDOA diagnostics.
We shall combine the set of experimental methods based on
the linear thermooptical excitation of sound as nonperturb-
ing LDOA diagnostics.

3.1. The physics of the linear thermooptic excitation of sound

The problem of rigorous description of the physics of
the interaction of optical radiation with condensed media is
rather complex. However, for describing most of the situa-
tions of practical importance discussed in this review, a sim-
plified phenomenological approach is fruitful that does not
take account of quantum-mechanical effects. Within the
framework of this approach the process of linear OA conver-
sion in liquids is described by an inhomogeneous wave equa-
tion for the pressure P having a right-hand side describing
the action of thermal sound sources:26

^P~~?lw~P ^~9~d7' (3-1)

Here/? and c are the density and the velocity of sound in the
liquid, and /? is the volume thermal-expansion coefficient.

The concrete form of the temperature-field distribution
T (t, R) is found from the heat-conduction equation:

„ dT (t, R)
P dt

= div(xTgradr(f , R)) — div 5light (3.2)

Here 5,ight (a) is the flux density of optical (laser) radi-
ation; Cp and x-f are the specific heat and the thermal con-
ductivity coefficient of the liquid. In the cases being dis-
cussed thermodiffusion processes are assumed to be slow, so
that we can neglect the first term on the right-hand side of
(3.2).

We note that for solids the linear equations of thermoe-
lasticity are written for the scalar and vector potentials of the
displacement vector. Their general form is given in Ref. 27.
Under conditions in which we can neglect the change in /3
over the time of the laser pulse, Eqs. (3.1) and (3.2) imply
that

Cp dt (3.3)

Here q is the power density of heat release in the medium.
Thus for a complete description of the sonic response at

the point of observation, we must solve the problem of the
emission of sound by thermal sources distributed according
to the law given by Eq. (3.2).

As Eqs. (3.1)-(3.2) imply, OA conversion is deter-
mined by the parameters of the medium: a, P, Cp, and c.
Each of them can have an inhomogeneous space and time
distribution. By measuring the signal P(t; x,y,z), one can
solve the problem of reconstructing the distributions of these
parameters and of the temperature in the medium. In the
case of short-term processes, the sonic responses amount to
video pulses of specific profiles.

Further we discuss the fundamental groups of methods
of unperturbing laser dynamic OA diagnostics.

3.2. Methods based on analyzing the time of arrival of the
sonic response

Even the first experiments on pulsed optical generation
of longitudinal acoustic waves in specimens showed the po-
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tentiality of diagnostics of the internal structure of a speci-
men without using data on the amplitude of the signal, tak-
ing account only of the time of propagation of the response
from the observation point to the recording point. In this
setup the sonic response plays the role of a test signal, while
the method resembles the methods of traditional ultrasonic
defectoscopy. The advantages consist in contact-free excita-
tion and reception of the OA signals and higher resolving
power. With sufficiently small pulse durations and good re-
solving power of the receivers, the direct signal and the nu-
merous echo signals corresponding to the boundaries of the
specimen, to cracks, inner cavities, etc., are separately re-
corded. If the velocity of sound in the specimen is known, the
pattern of time delays of pulses enables one to localize de-
fects easily. Thus the only parameter to be measured is the
time of arrival of the responses.

The energy densities to be released at the surface of the
specimen are chosen to be small, of the order of hundredths
of a J/cm2, since here the thermal O A effect dominates and
specimen breakdown does not occur.

The early articles on OA diagnostics of cavities and de-

fects in solid specimens are numerous (see the monograph of
Ref. 28). We especially note only Ref. 29, in which a com-
pletely remote principle of OA diagnostics was realized for
the first time by using optical generation of an ultrasonic
pulse at one surface of a specimen and optical readout of the
echo pulses from the opposite side. The optical recording
system enabled a receiving band of 5 kHz-150 MHz. The
minimum thickness of the steel plate for diagnosis was 0.014
cm, or of lead-0.006 cm. This setup enabled solving also the
inverse problems-determining, e.g., the velocity of longitu-
dinal acoustic waves in rods of different materials.

The demands of modern microelectronic technology
(in particular, thin-film) give rise to the need for using ex-
tremely short subnanosecond pulses.30 In particular, analy-
sis of the fine structure of subnanosecond acoustic reflec-
tions in layered structures has enabled distinguishing the
contributions to the signal introduced by the thick substrate
and the relatively thin film,31 and to study defects in the
layers separately. A demonstration experiment was per-
formed by using a pulsed N2 laser at atmospheric pressure.
The receiver was a ZnO film 5-fim thick sputtered onto a

Input beam
Test beam

10 t,

1 — Input beam

- Test beam

—«— Longitudinal wave

—»— Transverse (shear)
wave

r Rayleigh (surface)
wave

FIG. 6. Optoacoustic diagnostics of cracks in specimens.6 a-Excitation and recording scheme and structure of the sonic response for different values of
the depth of the test slit for a constant slit width of 1 mm. b-Six possible trajectories of perturbations corresponding to Fig. 6a. In the diagnostics process
the radiation of a YAO:Nd'+ laser was focused on the line with cylindrical optics.
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sapphire rod. A structure was studied that included a ceram-
ic plate 0.4-cm thick and a film of A12O3 sputtered onto it of
thickness about 30 //m. The specimen was set up on a coor-
dinate stage with feed in perpendicular directions. The re-
corded pattern of echo pulses shows repeated bundles. Pro-
cessing on a computer of the data on the time of arrival of the
bundles enables one to construct a spatial pattern of the
roughnesses of the surface of the substrate. In turn, analysis
of the fine structure of a bundle itself performed with sub-
nanosecond resolution enables one to estimate the inhomo-
geneity of the coating.

Analysis of surface cracks and microinhomogeneities
lying near the surface of a specimen is performed from the
data on arrival times, not only of the longitudinal, but also of
the transverse and surface waves accompanying OA conver-
sion in solids.32 All three forms of waves, while propagating
at different velocities, interact with defects and create a de-
tailed pattern of the near-surface layer of the specimen (Fig.
6).

As a special group the studies are distinguished that
take the tomographic approach, using signals of optoacous-
tic origin to measure the spatially inhomogeneous distribu-
tion of the magnitude of the velocity of sound in the speci-
men. This enables one to monitor processes of crystallization
from melts and to analyze temperature gradients in speci-
mens in real time. Thus, to study the kinetics of crystalliza-
tion of metallic-glass filaments, the time of passage of an
acoustic pulse "of laser origin" was measured along a seg-
ment of filament of accurately measured length. This en-
abled monitoring the velocity of sound throughout the
course of the entire process of heat treatment.33 An increase
in the velocity of sound indicated an increase in the degree of
crystallization. At this stage of the experiment the results of
the measurements were compared with the data of tradition-
al measurements: x-ray diagnostics and metallography. The
next stage of the experiment was marked by the quantitative
results. The values of Young's modulus were measured with
an accuracy of + 0.2% by using the values of the longitudi-
nal velocity of sound. Thus it was first determined that, for
filaments of composition Pd0775Cu006Si0 165 in the amor-
phous state (at the output from the melt) this value is 9.28
MPa, while in the established crystalline state (after heat
treatment) it was 13.0 MPa. A more refined, yet also quite
accessible, method was used for an OA study of the anisotro-
py of properties of specimens.34

3.3. Nonperturbing LDOA diagnostics with resolution of the
form and spectrum of the sonic response2'

A feature of the group of methods under discussion is
the high time resolution on reception, which enables one to
distinguish the most information-rich elements of the profile
of the signal.37

Most analytical instruments and methods are charac-
terized by a one-dimensional geometry of the "source-speci-
men-receiver" system (opaque specimens). Here the condi-
tion is always satisfied that aa> 1, acr, < 1. In agreement
with the solution of (3.1) and (3.2), the profile of the signal
in the near field of thermal OA sources represents either an
N-wave, if the conversion region borders a gas, or a unipolar
pulse if the OA conversion occurs at the boundary of the
studied medium with an acoustically more rigid layer. Thus,
in the former case the solution of Eqs. (3.1) and (3.2),

120

80

4-0

" 2 4 6 8 10 12 N

FIG. 7. Results of the diagnostics of the depth distribution of the absorp-
tion coefficient of a model layered, inhomogeneous structure using Eq.
(3.3).3" N is the number of the layer in order of depth.

which describes the leading front of the N-wave, has the
form38

P(0~P(|cr|)a(|c7|)exp(-fa(T|)dT]Y 7<0. (3-4)
V . )

Here t = t — (z/c) is the time in the traveling system of co-
ordinates. We bear in mind the fact that the signal is record-
ed in the near (projector) zone on the projection of the laser
beam. We can see from (3.4) that the leading front of the
pulse is exponential: P(t) srexp a ct\. This gives rise to an
expression that is the basis of the experimental method of
reconstructing the distribution of the optical absorption co-
efficient along the depth of the specimen, a(z) (Fig. 7)
(here and below we assume that the z axis lies along the laser
beam into the interior of the medium, while the xy plane
coincides with the boundary of the specimen):

a(|cf|) = P'(|c7|
ft\

By using (3.4) one can perform an analogous reconstruction
also in the case of diagnostics of temperature inhomogene-
ities, which in turn influence the distribution 13(z).

A model experiment has been performed38 on OA in-
troscopy of a thin, uniformly absorbing layer of an aqueous
dye solution nonuniformly heated by an external source of
radiant energy. The thickness of the layer was 2 mm. The
radiation of a Nd3 + YAG laser was used to excite the probe
pulse. The leading front of the pulse was recorded "in trans-
mission" with a broad-band piezotransducer. Figure 8
shows the change in the leading front of the acoustic signal
(a) and the corresponding dependence of the temperature
on the depth of the absorbing layer (b) that was found. The
original profile was the homogeneous profile ( 1 ) . Curves 2
and 3 were obtained after heating for 8 and 15 min, respec-
tively.

A one-dimensional geometry of conversion allows one
to use the region of OA conversion as a standard thin-layer
source of a very short-period probe signal that one can em-
ploy, e.g., to determine the nonlinear acoustic parameter of
the medium. One can do this by observing the nonlinear evo-
lution of the pulse as it propagates. The original pulse for a
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FIG. 8. Results of recording the leading front of a pres-
sure pulse (a) and the reconstruction of the depth dis-
tribution of temperature (b) in water at room tem-
perature ( / ) and with nonuniform heating (2,, J).3*

x, mm

rigid boundary surface is described by the expression39

P (6) ~ !„ [exp (^ J2J [eE°e erfc (-|f- + e) + ̂ 9 erfc (-|- -

Here we have £0 = acr, , 6 = [t — (Z/C)]T\~ l. It represents
a symmetric pulse of positive polarity with a maximum at
i? = 0. Owing to the acoustic nonlinearity, upon propaga-
tion an increase occurs in the steepness of the leading front of
the pulse. The pulse loses symmetry. The relative retarda-
tion of the peak with respect to the"trough" of the pulse
measured at the two points z, and z2 amounts to

v ' l/ pc3

Here P0 is the maximum pressure, and e is the acoustic non-
linearity parameter. Thus the determination of (t2 — ?,) en-
ables one also to estimate e. Values ofe were obtained39 for a
number of liquids. A defect of the method is the influence of
diffraction effects on the form of the probe pulse.

A more refined method was applied in Ref. 16, where it
was possible to obtain great accuracy in determining e by
measuring t2 — t, at one point, but at two different energies
of the laser pulse that correspond to the peak pressures />„,
and P02:

= 2[ •*•('*-'.) _
L z (P01 - p02)

In the previous example a method was discussed that was
based on the effect of nonlinear distortions accumulated
upon propagation of a pulse.

However, cases are possible of local responses of a medi-
um to the passage of a pulse of optoacoustic origin. This
enables one to analyze various forms of distribution of the
physical parameters of the medium outside the source.

Thus the complete form of the electric response was
analyzed in Refs. 40 and 41, as taken from the plates of a
condenser composed of electrodes holding the dielectric me-
dium under study. Of interest was the spatial distribution of
the charge in the dielectric, the distribution of the piezomo-
dulus, and other parameters. A feature of these methods is
that the probing elastic signal is converted into a current or
voltage signal directly in the medium under study. A probe
pulse excited in one of the plates with a defocused laser beam
has the extent CT^, which is much smaller than the spatial
features of the charge distribution in the dielectric being

studied. In the layer subjected to compression by the trans-
mitted pulse a change occurs in the charge density. This
leads to appearance of a voltage pulse on the plates of the
condenser. Here, if the compression does not exceed the elas-
tic limit, the form of the short-circuit current copies the pro-
file of the charge-density distribution along the axis of the
laser beam

Here P0 is the peak pressure, pq (z) is the sought charge-
density distribution, S and d are, respectively, the area and
the thickness of the specimen; x is the compressibility of the
specimen. Thus the possibility is opened up of solving the
currently pressing problem of analyzing the degree of in-
homogeneity of charge implanted into a dielectric by various
forms of ionizing radiation.

Certain problems of diagnostics of the electrical proper-
ties of media require a more detailed analysis of the physics
of the process. The fundamentals of the method are given in
the detailed theoretical paper of Ref. 42, whose authors used
the Clausius-Mossotti equations to reconstruct the relation
between the values of the charge and the deformation in a
specimen. Application of the theory of Ref. 42 enables one to
solve the problem of reconstructing the distribution of the
piezomodulus of a specimen upon optoacoustic probing by
recording the current signal and integrating its profile. As an
example let us examine the OA probing of a thin piezoelec-
tric film of PVDF, which finds ever increasing application in
different fields of technology.43 In the cited study a laser
beam excited a signal in one of the electrodes compressing a
specimen of the film. The diameter of the laser beam coin-
cided with the diameter of the electrode, so that in this case a
homogeneous geometry existed. The form of the response
and the sought piezomodulus distribution ef3 (z) are con-
nected by the relationship

As before, here P0 is the peak pressure in the pulse, and p is
the density of the specimen. The integral

is proportional to the distribution e?3 (ct0), which enables
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FIG. 9. Experimentally recorded profiles of the acoustic signal
in the far field (aqueous solution of copper sulfate) .4<> The signal
was excited with a YAG-Nd3 + laser pulse at the free surface of
the solution. a-Annular distribution of intensity, a = 1.8 cm,
a, = 0.5 cm, a = 18 cm" ', <p — 83°. b-System of several rings,
a = 2.2 cm, a = 18 cm ~ ', <p = 52°. Scale along the horizontal
10/is/division.

one to reconstruct its spatial characteristics and determine
the total charge that has passed. In the experiment of Ref. 43
a spatial resolving power of the method was attained of ~ 1.5
fj,m and lower.

In media having a moderate absorption the relationship
aa > 1 may not be satisfied. More characteristic is the situa-
tion aa ~ 1; correspondingly, a one-dimensional geometry is
not satisfied. Of interest are the characteristics of the re-
sponses in the far field.44'45 The results of the studies of
acoustic signals in the far field for cases of simple configura-
tions of the OA conversion region are well known.24

For a pulsed regime the power density of heat release in
formula (3.3) is written in the form

q(x, y, z, t) =0.1,8(t)f(x, y)e~".

Here 70 is the peak intensity in the spot, and the functions
g ( t ) andf(x,y), respectively, give the form of the optical
pulse and the intensity distribution in the cross section of the
beam. The solution of (3.3) in the practically important case
of "long" laser pulses is

5̂ .̂  a sin if cos qp

c ' ac

(<p is the angle between the normal to the surface and the
direction to the point of observation, and a is the radius of
the cross section of the beam). This leads to an approximate
expression for the pressure:24

1 pa2 cos cp /„
P= 4n acC0

In this case the characteristic form of the response amounts
to an Af-shaped pulse. Its characteristics do not depend on
the transverse intensity distribution.

On the contrary, an influence of the transverse distribu-
tion of the optical intensity is manifested in the case of short
enough pulses; moreover, the condition must be satisfied for
the direction to the point of observation that

Under this condition the acoustic signal as though "reads
out" the voltage pattern created in the region of the OA
conversion. When the condition aa> 1 is also satisfied (re-
gion of OA conversion in the form of a thin disk), the expres-
sion for/>(?) acquires the graphic form46

sin2 q> i(y) (3.5)
ct-r

sin <p

Here E0 is the energy in the pulse, F(y) = $f(x,y)dx is a
function characterizing the effective distribution of elemen-
tary thermal sources of sound along thej> axis, which is cho-
sen in the direction of the projection of the point of observa-
tion on the phase boundary of the media.

Analysis of Eq. (3.5) indicates specific features of the
sound emission by a spatially inhomogeneous OA source.
Taking account of these features opens up the possibility of
an additional control of the characteristics of the signal by
spatial modulation of the transverse distribution of intensity
in the laser beam. For example, one can form with a laser
monopulse quasiharmonic elastic perturbations at certain
points of the specimen for purposes of pure acoustic spec-
troscopy (Fig. 9). Moreover, the laws of emission of sound
by a spatially inhomogeneous OA source are attracting at-
tention owing to the prospects being discussed currently of
using powerful multimode lasers for purposes of OA spec-
troscopy, OA microscopy, and also OA diagnostics of pow-
erful laser beams.

Another example of diagnostics of media from the data
of recording the form of the response is the analysis of gas-
saturated media. In such media the character of thermoopti-
cal sound generation acquires specific features as compared
with homogeneous media. It was shown47 that this probing
is most effectively done from the data of analysis of the
change in the original acoustic-perturbation spectrum. The
authors of Ref. 47 were able to reduce the problem of de-
scribing thermooptical sound generation in a two-phase me-
dium (in a certain range of the volume concentration of free
gas) to the ordinary theoretical scheme for homogeneous
condensed media, whose formulas contain, instead of the
ordinary wavenumber k of the sound, a certain effective
wavenumber k:

k = •
• Ac (CD)

»x (co).

Here co is the frequency of the sound wave being excited,
while the frequency-dependent quantities Ac (which deter-
mines the dispersion of sound) and x (the damping coeffi-
cient) are determined by the formulas48
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(3.6)

(3.7)

Here f = coo/to, 8 = 8(a>) is the damping constant of the
pulsations; a>0 = (3yPr) (pR 2) ~ l/2 is the frequency of the
intrinsic pulsations of the bubble; y is the index of the adia-
bat; PT is the equilibrium pressure in the liquid; and R is the
radius of the bubble. The integrals (3.6) and (3.7) contain
the sought distribution of gas bubbles with respect to dimen-
sions n(R). Upon finding the latter, one can determine the
free gas content u:

«max

H=-JI f R3n(R)dR.
KKmm

Analysis of the field of the pulsed thermooptical sound
source in a two-phase media is conveniently performed in
terms of the spectral density of pressure:

-/ * cos *
P ft2 cos2 9 -j- a2

tesincp
(3.8)

Here

is the spectrum of the envelope of the intensity of the laser
pulse.

In Ref. 47 the authors made an experimental test of the
theoretical model of a thermooptical emitter in a two-phase
medium.

In Fig. 10 the calculated signal is compared with that
recorded in the course of the experiment. The good agree-
ment between the results of experiment and calculation en-
ables us to conclude that the approach developed in Ref. 47
is applicable to the theoretical description of the process of
optical sound generation in a two-phase system.

Analysis of Eq. (3.8) allows us to propose the following

methodology of reconstructing the radius distribution of
bubbles.95 If the receiver of the acoustic signal lies on the
continuation of the axis of the laser beam in the medium
(<p = 0), then the expression for determining the x(a>) and

relationships has the following form:

=
 Pn(6>) (3.9)

Here P0(a>) is the spectrum of the acoustic signal excited by
the radiation in the medium without bubbles, and Pp (a) is
the spectrum of the signal experimentally measured in the
same geometry of the problem in the two-phase medium
having an unknown gas content. If the content of free gas is
small, so that Ac/c0 < 1 and x, <3.a>/c0, the preexponential fac-
tor on the left-hand side of (3.9) differs little from unity, and
the fundamental influence on the form of the acoustic signal
acquired in the two-phase medium is exerted by absorption
and dispersion effects upon propagation from the region of
OA conversion to the recording point. In this approximation
one can independently find the quantities x(co) and Ac((«)
by experimentally determining either the amplitude or the
phase of the ratio Pb (co)/P0(a>). Thus the formula for find-
ing x(a)) has the form

x(co)=—-In

Correspondingly, the distribution law of the gas bubbles per
unit volume with respect to radii«(R) is related to % (o) by
Eq. (3.7). Usually, in studying the n(R) law one assumes
that it varies rather smoothly in comparison with the re-
mainder of the integrand in (3.7), and one can remove it
from the integral sign, which in this case is easily calculated:

2A IA
«(/?) = (3.10)

Here we have A = (3yP /p0)
l/2. In a number of experimen-

tal situations (e.g., in measuring the distribution of bubbles
in the surface layer of the ocean),51 when the distribution
n(R) is not smooth enough, or more exactly, the condition is
not satisfied that

FIG. 10. Comparison of the acoustic signals excited by a pulse of a YAG-
Nd3 + laser in water without bubbles (a) and in water with a specific gas
content of ~ 2 x l O ~ 5 (b,c).47 a,b—Calculation, c—Experiment. The
conditions of calculation and experiment are: a = 0.14 cm ~ ', r = 50 ns,
<p = 27°, r = 25 cm.

the accuracy of the reconstruction of the function n(R) by
Eq. (3.10) is low. Increasing the accuracy of reconstruction
enables one to use the original integral relationship (3.7).
Here one must solve the inverse problem, whose mathemat-
ical expression is a Fredholm integral equation of the first
kind. The methods of solving this type of problems are rather
well described in Refs. 49,50. The numerical simulation per-
formed in Ref. 95 on a computer shows that, even with con-
siderable errors that can arise in the course of a diagnostic
experiment to measure x (CD), the application of regularizing
algorithms for solving the stated integral equation enables
one to find rather accurately the n(R) relationship in the
two-phase medium.

Another example of the spectral approach to nonper-
turbing LDOA diagnostics is the reconstruction of the fre-
quency-dependent absorption of sound in porous media,
which one can obtain as the ratio of the spectra of the re-
sponses in the porous medium and in a control aluminum
plate.6 Other studies are known. Thus, in Ref. 52 it was pro-
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posed to use a spectral representation of the response to dis-
tinguish the contributions of bulk and surface sound
sources, and hence, for separate reconstruction of the ab-
sorptive power of the surface and the bulk of the medium.
Here one can eliminate the contribution from light scatter-
ing in the specimen, which distorts the indications of tradi-
tional optical spectroscopy.

The most important advantages of LDOA diagnostics
are realized in the high sensitivity of analysis of weakly ab-
sorbing media and the possibility of measuring trace concen-
trations of substances in solution. Such problems are charac-
terized by an extended cylindrical configuration of the OA
conversion region, when the condition aa -41 is satisfied. It is
assumed in the calculation that the region of release of opti-
cal energy amounts to an infinitely extended cylinder with a
uniform distribution of heat sources along the axis of the
cylinder (this implies that we neglect the exponential damp-
ing of the intensity of the laser radiation upon propagating in
the medium, owing to the smallness of the absorption index
a). The corresponding solution of Eq. (3.1) for the form of
the signal outside the region of sources in the given case is
obtained, e.g., in Refs. 53 and 54. The acoustic signal at some
distance from the axis of the laser beam has the form of an N-
wave and is shown in Fig. 11. The cylindrical geometry of
the OA conversion is the basic experimental scheme of the
OA spectroscopy of weakly absorbing media with direct re-
cording of the signal. Here, in the amplitude variants of diag-
nostics, there is no need for distortion-free recording of the
N-wave. It suffices to measure the amplitude of the vibra-
tions in the transitional process that arises in the measuring
OA cell under the action of such a signal.

An extended configuration of the region of absorption
of the radiation can be convenient for observing certain
physical features of the OA conversion. Interesting conclu-
sions were drawn in Ref. 55 within the framework of a quan-
tum-mechanical approach to the description of the process
of laser sound generation in weakly absorbing media. In ad-
dition to the known expression that describes the ordinary
cylindrical unloading N-wave, the author obtained two new
terms describing the correction to the acoustic signal upon
taking account of some additional arguments. One of them
depends on the polarization of the laser radiation and cannot
be derived in the phenomenological description. Since, un-
fortunately, the theory55 introduces a set of parameters
whose numerical values are not known even approximately,
the author proposes for elucidating the magnitude of the

predicted effect to conduct a painstaking comparison of the
form of the recorded OA signals at two points, one of which
would lie in the plane of polarization of the radiation, and
the other on a straight line perpendicular to this plane. Al-
though such an experiment has not yet been performed, inso-
far as we know, nevertheless this example shows the value of
the dynamic approach to OA studies, which in a number of
cases enables one to draw conclusions of fundamental type.

For purposes of LDOA diagnostics of weakly absorbing
media, a scheme of recording the acoustic signal directly on
the axis of the region of OA conversion has been developed.
Here the z' coordinate of the point of observation satisfies the
condition z'S a ~'. The pattern of the character of the sig-
nals that arise enables one to obtain calculations performed
for a half-space with a free boundary and two types of distri-
bution of the intensity over the cross section of the laser
beam, uniform and Gaussian. Thus, in the case of a Gaussian
distribution the pressure everywhere on the axis of the re-
gion (0 <z' < oo ) has the form

P(t,z')

t-z'/c

t-z'/c

+ f ]f(y)e-Q}'\—2sh(a.z')eTii(y — —
v I \ 2

—oo

+ ef"' erfi z+ — er"*' erfi z_l I dy,

where we have
X

fi* = -M e"dt,

FIG. 11. Form of the OA signal in weakly absorbing media under condi-
tions of cylindrical geometry of energy release.54

-4,0

FIG. 12. OA signal at a point of observation situated on the axis of the
region of release of laser energy for two forms of distribution of the radi-
ation intensity in the cross section of the beam: /(/•) = /0(/-<a), 0 (r> a)
(solid line); / (r ) = /„ exp ( - r*/a2)(dotted line) ,56 The z coordinate of
the point of observation satisfies the condition z<a ( a ) , z = a (b), and
z>a (c). In the graph t, = a/c, t2=z/c, t, = (z2 + a2)1/2/c,
P0=(a-0/CP)c3En/ira2.
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It is interesting to compare the unloading signal on the axis
of the energy-release region for two types of transverse dis-
tribution of optical intensity (Fig. 12). The existence of
sharp boundaries of the energy-release region in the case of a
uniform intensity distribution leads to formation of a power-
ful rarefaction pulse on the axis of the region (in the case of a
Gaussian distribution it is practically absent). Such pulses
can be the reason for both breakdown of solid specimens and
cavitation in liquid-medium specimens. According to the es-
timates made in Ref. 56 in water at room temperature, with
a = 0.2 cm ~ ' and E0 = 1-10 J, the values of the amplitudes
of the rarefaction phase reach several MPa. The informa-
tion-bearing component is the second pulse of the signal
(Fig. 12), which is emitted from the thin near-surface layer
of the medium of thickness ~ cr\. Resolution of this pulse
from the content of the entire signal enables one to increase
the sensitivity of the method. The amplitude of this compo-
nent is

(3.11)

Here E0 is the total energy in the pulse. It is useful to com-
pare the sensitivity with respect to a given by Eq. (3.11)
with the sensitivity of traditional optoacoustic spectroscopy
with piezoelectric recording of the signal outside the region
at a distance r from its axis:57

For equal a we have P2/Pg = (/'/fl) 1/2 > 1- Besides the gain
in sensitivity, the recording of the second pulse in the region

' of energy release brings about a smaller dependence of the
measurements on nonlinear heat effects and makes it possi-
ble to measure small absorption coefficients against the
background of relatively strong scattering. As the authors of
Ref. 57 acknowledge, the latter restricts the ultimate possi-
bilities of traditional OA spectroscopy. Figure 13 shows the
profile of such a pulse from the near-surface layer of a medi-
um recorded in distortion-free fashion in the experiment of
Ref. 18 for a Gaussian intensity distribution in the cross sec-
tion of the laser beam. Analysis of the form of the received
response is necessary also under certain specific conditions,
e.g., in excitation of sound in water at temperatures close to
T0x 4°C.25 The problem is that, according to the linear
theory ( Eq. 3.1), sound should not be excited, since the coef-
ficient of thermal expansion of water vanishes:

5x10" Pa

FIG. 13. Acoustic signal recorded on the axis of the OA conversion region
in a liquid with a free boundary (the calculated form is shown by the
dotted line).'* The optical absorption coefficient is a = 5 c m ~ ' . The
depth of the point of observation is 10 mm, and the radius of the cross
section of the laser beam is 3 mm; the scale along the horizontal is 200
ns/division.

However, it was found experimentally16'58 that complete
disappearance of the acoustic signal does not occur. On the
basis of the conditions of performance of concrete experi-
ments (strong or weak absorption of the radiation in the
medium), various theoretical models are proposed for this
phenomenon. In the experiment of Ref. 16 the signals excit-
ed by the radiation of a CO2 laser in light and heavy water
were recorded (optical absorption coefficients 870 and 420
cm ~ ' ) . The receiver lay in the immediate vicinity of the
surface of the water at a depth of 2 mm and received a plane
acoustic wave not distorted by diffraction effects. The tem-
perature dependence of the form and amplitude of the sig-
nals was carefully measured over the range from — 2° to
+ 23 °C for different values of the intensity of the laser radi-
ation. The author's estimates show that the laser energy re-
leased sufficed to heat the absorption region by the amount
A7"~ 1-2 °C. In this situation the minimum of the amplitude
of the acoustic signal must shift from 4 °C toward lower tem-
peratures by the amount AT1, as was confirmed experimen-
tally. The dependences of the amplitude of the signals on the
power of the laser radiation given in Ref. 16 for different
values of the equilibrium temperature offer grounds, as the
author thinks, for explaining the evolution of the profile of
the signal near 4 °C by a change in the coefficient 0(T) in the
process of laser heating of the water. The theoretical esti-
mates and additional measurements show that other possi-
ble mechanisms should not contribute appreciably to the
acoustic signal at 4 °C under conditions of substantial heat-
ing of the region of interaction with water realized experi-
mentally. 16 However, one can finally draw such a conclusion
only by comparing the experimentally recorded transforma-
tion of the signal as the water temperature passes through
4 °C with the theoretical calculation of the thermal nonlin-
earity effect. Taking account of nonlinear thermal effects in
the first-order approximation in the temperature increase
yields a solution of the wave equation (3.1) with a right-
hand side that takes account of the spatially inhomogeneous
character of the heat release and the variation in/3 during the
time of the laser pulse:

dg(t)
dt

dT

((a/Cp)f(x,
. g-KU

(3.12)
Here T0 is the equilibrium temperature of the region of OA
conversion.

An analysis of the solution of this equation for the far
field has been performed in Ref. 59. It was shown60 that the
evolution of the form of the signal near 4 °C is not universal
in character and is fully determined by the location of the
point of observation and the parameters of the laser radi-
ation. Under these conditions it is incorrect to compare the
form of signals obtained in experiments with differing geo-
metries of OA conversion and reception.16'58

As was noted in Ref. 61, thermal nonlinearity does not
allow one to explain the results of the experiment of Ref. 58,
where the radiation of a low-energy ruby laser (A — 695 nm,
£"(, ~ 10 ~ 4 J) was used to excite sound in water at a tempera-
ture of 4 °C. An original theory was proposed in Ref. 61 that
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FIG. 14. Experimentally recorded evolution of the
form of OA signals in water with decreasing tempera-
ture and theoretical models of it. 1—experiment; 2,
3—theory: rff = 10~8 s (2) and 3Xl(r8 s (J).61

treats the OA interaction on the basis of the tenets of the
thermodynamics of irreversible processes. The author as-
sumes that one can explain the results of Ref. 58 satisfactori-
ly by assuming the existence of a new mechanism of relaxa-
tion in water at 4 °C that can involve rearrangement of its
cluster structure. In this case the right-hand side of (3.12)
must have the form

* ' T.»]g(t>f(X>'')e~'

Here Tp is the characteristic time constant of the relaxation
process. Figure 14 compares the results of the experiment of
Ref. 58 and the theoretical calculation, in which the magni-
tude of Tp was chosen so as to gain the best agreement. Un-
fortunately the existence of such a relaxation process has not
yet been confirmed by other experimental data (e.g., the re-
sults of measuring sound absorption in water). Therefore
the question of the source of the acoustic signal at the tem-
perature 4 °C in the experiments58 continues to be under dis-
cussion.

In addition to the variants of OA diagnostics with bulk
acoustic waves that we have discussed, recently OA diagnos-
tics with surface acoustic waves (SAWs) have found wide-
spread application in OA diagnostics in studying solids. Var-
ious aspects of this have been discussed in detail in the review
of Ref. 62. We note that, while possessing all the advantages
of OA diagnostics with bulk waves (freedom from contact,
local character, and high sensitivity to the energy being ab-
sorbed), OA diagnostics with SAWs can prove especially
useful in studying the near-surface layers of condensed me-
dia. In particular, the existence of an unambiguous connec-
tion of the SAW spectrum with the spectrum of intensity
distribution in depth allows one adequately to reconstruct
the distribution of the light-absorption coefficient. Accord-
ing to the estimates made in Ref. 62, the resolving power of
the method is restricted to the level of ~0.3-1 fim. There-
fore SAW diagnostics seems highly promising as a means for
online monitoring of technological processes in microelec-
tronics.

3.4. Features of the LDOA diagnostics of photoactive media

Above we have mainly been treating situations in which
the interaction of the laser radiation with condensed media is
accompanied by practically lag-free (in a time t~ 10^12 s)
transfer of energy of excited states to the translational de-
grees of freedom of molecules, i.e., practically instantaneous
heat release. However, in the model of OA interaction in
water at 4 °C presented in the previous section, the existence
was proposed of a relaxation process involving rearrange-
ment of the cluster structure of water, and possessing a time
constant r^ ~ 10 8 s. The existence of this process, as we see
from Fig. 16, substantially affects the form of the signal. This
section is devoted to analyzing the possibility of diagnosing
relaxation processes in photoactive media from the form of
the received response.

Following Ref. 4, we shall term media photoactive in
whose diagnosis we must consider expenditures of the ab-
sorbed optical energy in photoactivation (photoionization,
photodissociation, chemical reactions of excited particles,
etc.). The relaxation times in these media exceed the colli-
sional relaxation time.

Relaxation processes in photoactive media are com-
monly associated with reversible (or irreversible) changes in
structural organization, chemical composition, photoelec-
tric effects, and also photoluminescence, that occur under
the action of the laser radiation. In such media not all of the
absorbed energy of the laser radiation is immediately con-
verted into heat, or part of this energy is converted into other
forms of energy and does not contribute to the process of
sound formation. We can represent the magnitude of the
acoustic signal in this case in the following form.-4

i-2 A/Afio>
T)PV (3.13)

Here /is the intensity of the radiation at the entrance of the
OA cell, x is the fraction of the radiation energy absorbed in
the specimen, AT is a proportionality coefficient that depends
on the properties of the specimen and the geometry of the
experiment; the coefficients J/PC , r/^, and rjpv determine the
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quantum yields of photochemical reactions, luminescence,
and photovoltaic effects, respectively, A£PR is the change in
internal energy per mole associated with formation of prod-
ucts in photochemical reactions; NA is Avogardo's number,
fi is Planck's constant, and co, «, are the frequencies of the
exciting radiation and of the luminescence.

As Eq. (3.13) implies, laser excitation and the record-
ing of the response in photoactive media enable one to obtain
information on the magnitude of the quantum yield of some
photoprocess, on the energy of photochemical reactions and
their intermediate phases, while by analyzing the form (or
spectrum) of the response one also obtains information on
the kinetics of the photoprocesses that occur.

Optoacoustic methods in the study of the photoactive
media have been applied relatively recently. Here the poten-
tialities of OA diagnostics, especially its dynamical variants,
as yet have not been realized sufficiently.

Let us examine some variants of OA diagnostics that
have been developed to analyze photoactive media. Refer-
ence 63 modeled theoretically the complex photochemical
processes that occur in photosynthesis. Photosynthesis
amounts to a multistep sequence of reversible and irrevers-
ible processes, each of which is characterized by certain val-
ues of the energy of formation of intermediate (or final)
chemical compounds, as well as by the rate constant of the
reaction. Reference 63 proposed studying reactions by illu-
minating the specimen with laser radiation modulated ac-
cording to a harmonic laws at frequency co. The authors de-
rived the corresponding analytic expressions for the
frequency dependence of the heat release in the presence in
the medium under study of photoreactions of three funda-
mental types. It was shown theoretically that, with an appro-
priate choice of the modulation frequency, one can measure
both the energies of the intermediate states and the energy of
formation of the stable reaction products. The choice of fre-
quency is determined by the fact that, when photoprocesses
exist in the medium having characteristic reaction rate con-
stants fc,, the frequency dependence of the signal P( co) must
contain extrema at co = k.

The experimental measurement of the spectral depen-
dences P(ca) enables one to solve the inverse problem of re-
constructing the energy and kinetic characteristics of com-
plex photochemical reactions. Such measurements have
been performed, e.g., in Ref. 64, where the signal was record-
ed with a gas-microphonic scheme. The photocycle was
studied of a suspension of fragments of the purple membrane
extracted from the bacterium Halobacterium halobium. The
modulation frequency of the radiation was varied in the
range 5-500 Hz. Since the frequency dependence of the sig-
nal in the scheme with microphonic recording in the gas
adjacent to the specimen is rather complicated (it is gov-
erned by processes of thermodiffusion, as well as by the fre-
quency properties of the experimental OA cell), to reveal the
information on the photochemical transformations it was
necessary to normalize the signal. The reference used was
the signal PREF from a suspension of the same concentration
in which the photoprocesses had been suppressed by adding
NH2OH. The obtained normalized signal as a function of the
modulation frequency for different values of the pH of the
suspension and different concentrations of NaCl in it are
shown in Fig. 15. The noted jumps in the dependence at the
frequencies 130, 60, and 35 Hz correspond to the constants
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FIG. 15. Dependence of the amplitude of the normalized optoacoustic
signal on the modulation frequency of continuous laser radiation in sus-
pensions of membranes at different values of pH and the salt concentra-
tion (NaCl): 1— pH = 7.7, 0 M; 2— pH = 7.7, 1 M; 3— pH = 7.0, 0 M;
4— pH = 9.0, 0 M; 5— pH = 9.0, 1 M.64

of known intermediate components of the photocycle. The
jumps at the frequencies 185,200, and 300 Hz, as the authors
assume, can involve conformational changes in proteins that
arise, respectively, at 2, 0.8, and 0.5 ms after the onset of
irradiation.

In Ref. 65 the first attempt was made to apply a pulsed
methodology of OA research to studying photoactive media.
One of the best studied photochemical reactions was exam-
ined—the reaction of photolysis of triplet benzophenone un-
der the action of aniline. The theory of photoacoustic calori-
metry was treated in the approximation of a point OA
source, while the law of entry into the medium of the energy
of the laser radiation was approximated by a 6-function. Un-
der these conditions the photoconversion occurring in the
medium is governed by an exponential law for the bulk den-
sity of heat release:

q(f)~e't'^. (3.14)

Here rp is the lifetime of the intermediate metastable prod-
ucts of the photolysis. The signal was recorded with a reso-
nance piezoreceiver analogous to that described in Ref. 57,
whose pulse characteristic has the form

s (t) = A sin (vt) e-'/T».

Here the values of the constants are /3 = 105 s ~ ', TO ̂  1 ms.
It is proposed to use the resonance properties of the receiver
to measure fast relaxation processes with rp < 1/v. Thus the
measurements are reduced to pure amplitude recording of
the magnitude of the first negative peak of the vibrational
process that arises upon excitation of the receiver by the brief
signal. Comparison of the data obtained from recording the
signal with the data of analogous measurements in solutions
in which the photochemical processes do not occur enabled
finding the quantum yield of the photolysis reaction of ben-
zophenone to form a pair of stable radicals and determining
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for the first time the heat of reaction: A// = 46 + 5 kcal/
mole. Later an analogous method was used to determine the
energy of dissociation of a carbonyl group from the hexacar-
bonyls Cr(CO)6, Mo(CO)6, and W(CO)6 in solution in
ethanol and cyclohexane.66

In the studies discussed above the simplest, informa-
tion-poor variants of OA diagnostics were applied to analyze
the photoactive media. At the same time, for the situation
studied in Ref. 65, one can calculate the form of the signal
without resorting to the point-source approximation. Such a
calculation is contained in Ref. 67, where the situation was
numerically modeled in which relaxation mechanisms exist
in a medium whose time constants exceed the duration of the
laser pulse and the propagation time of the sound over the
cross section of the focused laser beam. In this case the dy-
namics of heat release is also determined by Eq. (3.14). Fig-
ure 16 shows the calculated evolution of the form of the re-
corded cylindrical wave upon increase in the relaxation
time. Recording of the form of the response with use of
broad-band receivers analogous to those described in Sec. 2
enables one to obtain information on the dynamics of some
particular relaxation process. Since the response in a pho-
toactive medium with long relaxation times is described as a
convolution of the time dependence of the relaxation of pho-
toexcitation and the "instrumental" response function
(which coincides with the form of the signal in a medium
with subnanosecond relaxation), the inverse transformation
yields the dynamics of heat release in the photoactive medi-
um. In the presence of a single relaxation process one can
easily reconstruct also the lifetime of the excited state rp.
The described reconstruction procedure has been per-
formed68 for a set of photochemical reactions. Here the ex-
perimental method allowed determining the TP constants in
the range 60 ns-lO^us. The principles of calculation present-
ed in Refs. 67 and 68 can be extended also to the case of
complex, multistep photoconversions in photoactive media.
Recording of the acoustic signals in such media with high
time resolution enables one to study fast photoprocesses
having unknown kinetics.
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FIG. 16. Calculated forms of OA signals in a weakly absorbing liquid for
different values of the relaxation time constant rR ."7

This review is devoted to the diagnostics of condensed
media. However, we should mention that also the specialists
in gas OA diagnostics in recent years have found attractive
the methods based not only on determining the amplitude of
the response, but also on studying its form. For example, the
form of the pulsed response has been studied in detail in gas-
analytical instruments69 for exciting sound with milli- and
nanosecond ruby-laser pulses. The form of this response is
associated in a complex way with the thermodynamic and
relaxational characteristics of the gaseous medium and the
parameters of the optical pulse. Indeed, the pattern is com-
plicated by the numerous reflections from the walls of the
chamber. The measured rise time of the envelope of the en-
tire packet of the OA responses is used to determine the
relaxation time and the dynamics of photosensitization.70'71

Finally, Ref. 72 has paid attention to a more effective meth-
od of diagnostics of such media. It turns out that, in going
from recording of the packet to distinguishing the individual
responses with a broad-band receiver with a certain relation-
ship of the amplitudes of the compression and rarefaction
phases, the sensitivity of the method is substantially in-
creased and the dynamic range of measurements is expand-
ed.

4. HIGH-POWER LASER PULSES IN THE SERVICE OF LDOA
DIAGNOSTICS

4.1. Preliminary information

With increasing laser intensity, the process of nonper-
turbing heating of the specimen gives way to phase transi-
tions. From the standpoint of sound generation, these effects
are substantially nonlinear owing to the strong perturba-
tions of the equilibrium state of the medium25 and they lead
to a growth in the efficiency of OA conversion. Despite the
extensive studies in the field of the physics of interaction of
high-power laser radiation with matter, many problems re-
main unelucidated, e.g., there is little to be said on the re-
gimes of interaction optimal from the standpoint of effi-
ciency of conversion of optical energy into mechanical.

At present an approximate classification exists of the
mechanisms of sound generation under conditions of opti-
cally stimulated fast phase transitions. In optically transpar-
ent condensed media, with increasing laser intensity the
thermal mechanism is replaced by bulk optical break-
through to form plasma microcavities that play the role of
effective sources of shock waves. The intensity threshold for
breakthrough depends on the existence in the medium of
inhomogerieities, while in homogeneous media its value can
be very large (109 W/cm2 and higher in liquids subjected to
special purification). The microcavities are distinguished by
high initial velocities of expansion (~ 106 m/s). At a dis-
tance of 10 2 cm from the cavity one records a shock wave
with an amplitude of ~ 104 MPa.73 In impure media the mi-
crocavities can combine into an extended laser spark. Here
the efficiency of conversion of optical into acoustic energy
reaches record-making values (10-30%). The presence in
the medium of microparticles substantially lowers the value
of the threshold (by several orders of magnitude). This en-
abled the authors of Ref. 74 to use high-power laser radiation
to monitor the purity of media in microelectronics. When
microparticles existing in the bulk of the medium under
study lie in the focal region of the laser beam (the second
harmonic of a pulsed YAG laser was used, the radiation of
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which is weakly absorbed in the studied liquid), optical
breakthrough occurs with its center at the site of the conta-
minating particle. Since the efficiency of sound formation in
breakthrough greatly exceeds that corresponding to the
thermal mechanism of sound generation, the acoustic sig-
nals from such "breakthrough" sources are distinctly visible
on the background of the OA signal recorded in the absence
of contamination. Thus, by using broad-band acoustic re-
ceivers, one can distinguish the signals corresponding to
each of the microparticles existing in the focal region of the
probe beam. In the course of such an experiment, the authors
of Ref. 74 were able to detect a concentration of polystyrene
microparticles in solutions at the level of 0.5 ppb. The acous-
tic signal thus excited is used not only for probing materials
(see Sec. 4.2 below), but also for medical purposes (in prom-
ising problems of ophthalmology and lithotripsy; see, e.g.,
Ref. 75) and in technology.

In strongly light-absorbing media an increase in the
density of released energy leads to melting, evaporation
(surface and bulk) of matter, and plasma ignition on a sur-
face. As the magnitude of the energy release approaches the
corresponding magnitude of the heat of phase transition, the
emitted acoustic signal of thermal origin undergoes changes
and is combined in a complicated way with the contributions
of "perturbing" nature caused by the recoil pulse of the
droplet plume and the plasma flare, by the explosive expan-
sion of the near-surface region of the medium, by nonlinear
recombination effects (in semiconductors), etc. In these
cases one can speak of a combination mechanism of optical
sound generation. The acoustic response being excited
proves to be very rich in information and is used in LDOA
diagnostics, mainly for collecting data on the behavior of a
material in strong light fields (see Sec. 4.2 below). Such
studies should make it possible to determine the scope of
regimes of programmed optical treatment (e.g., laser an-
nealing of semiconductors) and the optimal regimes for gen-
erating sound pulses, including pulses of record-making am-
plitudes. In turn, such pulses are used for stimulating
nonlinear effects,76 remote probing of inhomogeneous me-
dia, e.g., seas and oceans,77 and for solving problems of con-
trolled thermonuclear fusion.78

Let us illustrate the features of the new field of LDOA
diagnostics with concrete examples.

4.2. LDOA diagnostics of the behavior of condensed media in
strong light fields

Contact-free monitoring of a number of technological
processes (laser drilling and cutting) is performed by re-
cording the acoustic signals that accompany these processes.
Thus, in Ref. 79 the possibility was demonstrated of remote
control of laser drilling. The drilling of an easily vaporized
composite material fastened to a copper substrate was per-
formed with two successive laser pulses. A cylindrical pie-
zoreceiver lying in the air above the specimen measured the
acoustic response, which was then integrated over the time
of observation. Since the properties of the material were not
sufficiently homogeneous in cross section (with respect to
the drilling direction), the results of the measurements were
processed statistically for a large number of drilling points.
The hole never reached the substrate after action of the first
laser pulse, as indicated by the practically constant integral
acoustic response. Depending on whether the substrate was

reached after action of the repeated laser pulse or not, the
integral response either increased (as compared with the re-
sponse to the first laser pulse), or it declined. On the basis of
these measurements, the authors concluded that the depth of
the aperture and the instant of reaching the substrate can be
controlled by recording the acoustic signals accompanying
the process of laser drilling.

In pointing out the prospects of applying laser vaporiza-
tion of polymers and biological tissues in microtechnology
and microsurgery, the authors of Refs. 80 and 81 studied by
means of OA diagnostics the process itself of interaction of
radiation with a medium. In Ref. 80 combined calorimetric
and acoustic measurements were performed near the energy
threshold of vaporization for three wavelengths of laser radi-
ation. Exceeding the threshold was accompanied by sharp
increase in the acoustic signal, which was caused by the addi-
tional action on the surface of the specimen of the recoil
momentum of the vaporization products. The method that
was used of recording the signal with a narrow-band piezo-
transducer at the frequency ~20 MHz permitted making
only amplitude measurements.

For a more detailed study of the features of vaporiza-
tion of organic polymers with the radiation of excimer lasers,
a broad-band acoustic receiver based on PVDF was used in
Ref. 81. This enabled obtaining information on the time evo-
lution of the process of laser vaporization with high time
resolution «5 ns). The form of the acoustic signals enabled
one to infer some particular mechanism of interaction of ra-
diation of different energies with polymer materials. Thus,
in studying the interaction of pulses of an XeCl laser (wave-
length 308 nm) and of an ArF laser (193 nm) with poly-
imide, unipolar acoustic signals were recorded that followed
the laser-radiation pulse with a small time lag (4—6 ns). This
indicates the onset of the vaporization process. In the stud-
ied range of radiation energy densities (40-300 ml/cm2 for
the XeCl laser and 24-470 mJ/cm2 for the ArF laser) no
signal of pure thermoelastic origin was observed. Therefore
the form of the acoustic response remained practically invar-
iant as the energy of the radiation was increased. An impor-
tant result of OA diagnostics is the fact that the recording of
unipolar acoustic signals indicates the onset of laser vapori-
zation long before the onset of the generally accepted thresh-
old for photolysis for the given polymer. In a material with a
smaller value of the optical absorption coefficient (poly-
methylmethacrylate, a ~ 4000 cm ' ) , an increase in the ra-
diation energy is accompanied by transformation of the
acoustic signal from an N-shaped form characteristic of a
perturbation of thermoelastic origin to a unipolar one corre-
sponding to action of the recoil pressure pulse of the prod-
ucts of laser vaporization escaping the surface. However,
since the vaporization process begins with a small lag, at
large radiation energies one can distinguish on the leading
front of the acoustic pulse a contribution from the thermoe-
lastic mechanism of sound generation (Fig. 17).

The authors of Ref. 82 used a broad-band PVDF receiv-
er to study interaction processes of ultraviolet and visible
laser radiation with normal and pathological tissues of the
human aorta in the prethreshold (thermoelastic) and the
vaporization regimes. The acoustic signal observed in the
prethreshold regime agreed well in form with that theoreti-
cally calculated from the known formulas for the near field
of a thermooptical sound emitter. This enabled determining
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FIG. 17. Transformation of the signal excited by the radiation of an ArF
laser in polymethylmethacrylate with increasing energy of the laser radi-
ation.*' The dotted line shows the form of the laser pulse.

the absorption coefficient a, in line with the procedure de-
scribed in Ref. 38. It turned out that in a pathological tissue
a is somewhat smaller, but this difference does not exceed
the errors of measurement indicated by the authors. Upon
increasing the energy of the laser radiation, as in the case of
polymers, an additional compression pulse arises, caused by
the action of the recoil pressure. One can distinguish on the
leading front of the total acoustic signal a contribution from
the thermal mechanism. For the given times of observation
(tens of nanoseconds) we can consider the latter to be prac-
tically lag-free, whereas the vaporization process, in the
opinion of the authors of Ref. 82, begins about 10 ns after the
onset of the pulse of laser radiation (Fig. 18). Reaching the
threshold is accompanied not only by a change in form, but
also by a sharp increase in the amplitude of the acoustic
signal. Therefore, by using a graph of the dependence of the
amplitude of the acoustic signal on the energy density of the
radiation, one can determine the magnitude of the energy

40 ns

40 ns

FIG. 18. Acoustic signal in aortic tissue irradiated with a KrF laser pulse
(/t = 248 nm) of duration 10 ns. a-Prethreshold thermoelastic response-
energy density 140 mJ/cm2. b-Evaporative regime at 480 mj/cm2."2

corresponding to the onset of vaporization. The values thus
found of the threshold energy contributions also proved to
differ for the two types of tissues: normal and pathological.

For successful diagnosis of the behavior of media in
strong light fields, one should analyze in detail the form of
the acoustic signals, which is determined by the physical
processes in the region of interaction of the radiation with
the medium, and also by the rapidly varying thermophysical
parameters of the medium.

A similar analysis was performed in Ref. 23, which in-
vestigated by LDOA diagnostics the non-steady-state inter-
action of the radiation of a CO2 laser with water. The com-
plexity of the phenomena that occur in the thin near-surface
layer (~ 10"3 cm) does not allow one to give a complete
theoretical description. Yet the experimental studies for a
long time were restricted to analysis of the amplitudes of the
pressure pulses and the values of the threshold optical inten-
sity at which the nonlinear effects accompanying phase tran-
sition begin to be manifested. Specifying the relative roles of
the contributions of various effects and establishing the time
courses of the non-steady-state pressure in the near-surface
layer enables one to analyze the form of the acoustic signal
recorded in the far field of the OA source excited in water by
a CO2 laser pulse. The variant of acoustic diagnostics with
recording in the far field has certain advantages; in particu-
lar, one can fully reconstruct the pressure profile in the near-
surface layer and obtain additional information by recording
the signal at an angle to the axis of the laser beam. In the
cited study23 only the first phase (~400 ns) of the total
acoustic signal, whose duration equals the total duration of
the laser pulse (—8-10 /*s) was examined in detail. The
summary table constructed in Ref. 23 of oscillograms of the
first phase of the acoustic signal for different values of the
angle ep of observation and of the measured values of the total
energy E0 of the laser pulse enables one to infer the relation-
ship of the contributions of different mechanisms to the total
signal (Fig. 19).

The theoretically predicted differing angular depend-
ence of the contributions of the "vaporizing" and "thermal"
sources has been confirmed in the course of an experiment
that enabled establishing the nature of both peaks of the first
phase of the signal (the middle row of oscillograms for
E0 = 140 mJ) and ascribing them respectively to the contri-
butions of thermooptical and evaporative sources. The fact
of the joint action of the sources was known even earlier, but
the relationship of the contributions for a given E0 was con-
sidered invariant. The graph of Fig. 19 pictorially demon-
strates that the relationship of the contributions varies as a
function of the angle <p. Thus, the signal observed at angles
close to <p = ir/2 involves only the evaporative sources,
which possess a broader directional diagram of emission.23

This fact has been applied in the course of diagnostics. The
dependence of the amplitude of the acoustic signal on the
energy E0 for <p = 75° was constructed (at these values of <p
we can now neglect the contribution of thermooptical
sources). The experimental points can be approximated by
two intersecting lines. The intersection point corresponds to
the threshold of the transition from surface vaporization to
bulk phase transition, at which the specific density of the
energy released in the medium is close to the value of the
effective heat of vaporization for water.

The time course of the pressure in the near-surface layer
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FIG. 19. Profiles of the acoustic signal in water for different energies of
incident CO2 laser radiation E0 and angles of observation <f>.23 Scale
along the horizontal 400 ns/division.

P(t) was reconstructed from the data of recording the acous-
tic signals in the axial direction in the far field. The charac-
teristic rise time of this pressure amounts to 300-350 ns,
whereas the decline in intensity of the laser radiation begins
at about 50 ns. Such a "delay" leads to the need of a cautious
interpretation of the dependences of the amplitude of the
pressure on the amplitude of the radiation intensity obtained
in earlier studies.25 The experimental results23 indicate that,
within the limits of accuracy of the measurements
( + 20%), the initial non-steady-state stage of the process is
characterized by a constant ratio P/E(t), where E ( t ) is a
certain value of the released energy characteristic of the ini-
tial stage of the process, while t, is the instant of time by
which the stated energy is absorbed in water. The obtained
results enabled proposing a series of uncomplicated theoreti-
cal estimates to describe the process of non-steady-state in-
teraction of the optical radiation with the strongly absorbing
dielectric liquid, which can be useful for further study of the
phenomenon.

Study of the signals that arise upon interaction of laser
radiation with matter can prove important for diagnostics of
the behavior of semiconductors in a strong light field. This
review does not claim to provide an exhaustive generaliza-
tion of the results of the numerous studies of the physics of
OA conversion in semiconductors. We shall restrict the dis-
cussion to information that reveals the features of LDOA
diagnostics of semiconductor materials. Such a diagnostics
is necessary in laser annealing, laser doping, and vaporiza-
tion-of thin films, and successfully supplements the new non-
linear-optical methods of diagnostics "in reflection".83 Ac-
tually the information content of these signals is high, and it
opens up new potentialities as compared with the examples
of analysis of dielectrics discussed earlier. Here also the
methods of distinguishing the contributions to the total sig-
nal of various processes stimulated by irradiation prove use-
ful. However, we note that the diffraction methods of distin-
guishing the contributions discussed in the previous example
do not "operate" in this case owing to the specific thin-layer
configuration of the specimens.

The interaction of laser radiation with strongly absorb-
ing semiconductors stimulates a chain of fast processes that
have not been fully studied:83'85 excitation and relaxation of
the electronic subsystem, electron-phonon relaxation,
phonon-phonon relaxation, and finally, thermal processes
(heating, melting, vaporization). A characteristic thermal
process in strongly absorbing semiconductors is the fast re-
crystallization of near-surface layers amorphized by ion im-
plantation or by other agents. Here, as was shown recently,86

the set of factors that stimulate these phase transitions in-
clude optical generation of a high-power ultrasonic field in
the annealing region.

The process of optical sound generation in a semicon-
ductor is distinguished by a number of specific features. For
example, the density of the semiconductor material depends
on the concentration of free carriers in the conduction band.
Correspondingly, the ordinary wave equation (3.1) in de-
scribing the OA conversion in semiconductors (the one-di-
mensional case) must be supplemented also with at least one
term and is modified:84

dp

Here D is the constant of the deformation potential. The
concentration of the nonequilibrium carriers na (x, t) and
the lattice temperature T(x, t) are found from the corre-
sponding diffusion equations.87

A number of studies (see, e.g., Ref. 84) are devoted to
describing T(x,t) and na (x, t), i.e., the dynamics of the
heating of semiconductors. In the calculations one should
take account of the temperature dependence of the light-
absorption coefficient, the width of the forbidden band (if it
is close to the energy of a quantum of the radiation), the
absorption by free carriers, and the energy expenditure in
melting and vaporization of the surface layer. Thus the pro-
cess of optical sound generation in semiconductors is sub-
stantially nonlinear in character, even at moderate intensi-
ties of laser radiation.

The experimental studies of OA conversion in semicon-
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50ns FIG. 20. Oscillograms of pressure pulses upon irradiating silicon with
pulses from a neodymium laser with £s = 1.3 (a), 1.7 (b), and 1.95
(c) J/cm2, and oscillograms of the pressure pulses upon irradiating
germanium with ruby-laser pulses with Es = 0.05 (d), 0.07 (e), and
0.08 (f) J/cm2.

50 ns

ductors have aimed, first, to explain the problem of the influ-
ence of some particular dynamic process in the specimen on
the form of the signal, and second, to learn to diagnose the
behavior of semiconductors from the data of separate analy-
sis of the phases of the signal.

In one of the first experiments on OA monitoring of the
regimes of laser annealing,88 the piezotransducer was placed
on the unilluminated side of the silicon plate and was sepa-
rated from it by a water layer. Subtle analysis of the sonic
response of an acoustic signal of complex constitution en-
abled discriminating the contributions involving the pho-
toexcitation of carriers and thermal processes, and also to
reveal a negative OA effect in the range of intensities corre-
sponding to optimal regimes of annealing. The negative OA
effect is characterized by a declining dependence of the am-
plitude of the thermal phase of the signal on the intensity of
the laser pulse. It is explained by the fact that the compres-
sion of the near-surface layer upon recrystallization com-
pensates the thermal expansion of the layer. It was also
shown that the form of the leading front of the response
proves very sensitive to inadmissible phenomena of damage
to the silicon by laser radiation of excessive intensity. The
potentialities of OA diagnostics of laser melting and vapori-
zation were studied in greater detail with the example of
silicon and germanium specimens in Ref. 89. In silicon,
pulses of wavelength 1.06 pm excite a bipolar signal (Fig.
20a-c) characteristic of relatively weak absorption. The first
phase of the signal is negative (the deformation of the region
of absorption involves an increase in the concentration of
nonequilibrium carriers). Correspondingly, in describing
the effect in Eq. (4.1), the second ("nonthermal") term on
the right-hand side dominates. With increasing optical ener-
gy density Es, one observes in the response a narrow pres-
sure peak that indicates a sharp decrease in the depth of
absorption and a transition to melting of the specimen.

The signal excited in germanium by laser pulses in the
visible range (Fig. 20d-f) has a form typical of strongly ab-
sorbing media in which mechanisms that involve lattice
heating dominate. The appearance of a narrow trough in the
oscillogram indicates that the melting threshold has been
reached, with a corresponding increase in the reflectivity of
the surface. The onset of the rapid growth of the second
pressure peak corresponds to reaching the vaporization
threshold.

4.3. Hydrodynamic phenomena in LDOA diagnostics

The phase transitions that accompany the process of
interaction of high-power laser radiation with condensed
media can also lead to various hydrodynamic phenomena.
For example, strong absorption of the radiation at the phase
boundary causes intensive vaporization of the condensed
medium, which in turn leads to deviation of the surface of
the medium from the equilibrium position and even to spray-
ing of the material in the form of separate drops or cumula-
tive jets.90'91 Optical breakthrough in the bulk of the liquid is
accompanied by formation of a cavity and further pulsations
in it.92 Study of these processes enables one in a number of
cases to supplement the information obtained in the course
of acoustic diagnostics.

Reference 93 studied perturbations of the surface of
various liquids under the action of the focused radiation of a
pulsed electric-discharge CO2 laser. In this case the heating
of the medium leads to the appearance of a recoil pressure of
the escaping vapor Ps acting on the surface of the liquid. For
large values of the surface density of laser energy at which
the magnitude of the total momentum transferred to the sur-
face by the products of vaporization

n =

satisfies the condition

(a is the surface tension, a is the characteristic radius of the
region of application of the pressure, which is close to the
radius of the laser spot on the surface, and 5" is the area of this
region), the surface of the liquid in the region of application
of the recoil pressure after the transition process acquires the
form of a hemisphere that expands for some time inside the
liquid. It was shown that the experimental study of the law of
this expansion enables one to find the absolute magnitude of
n, whose determination by other methods is difficult in the
case of a liquid. When H~S(aap)l/2, the surface deviates
from the equilibrium position by an amount of the order of a.
If II -^S(aap)1/2, then the displacements of the surface are
small, and their description, with some additional assump-
tions, is reduced to solving the initial problem for the acous-
tic potential distributed on the surface of the liquid.94 The
initial perturbation of the surface at the site of application of
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the pulsed recoil pressure leads to formation of a train of
diverging gravitational-capillary waves (GCWs). In the lin-
ear case of small deviations from the equilibrium position,
one can calculate the profile of the GCWs analytically.
Thus, at a sufficient distance from the site of excitation, the
angles of deviation of the surface in the GCWs are described
by the following expression obtained by an asymptotic esti-
mate of the integrals of Ref. 93 by the stationary-phase meth-
od:

V 2 A(*,-) ,5/2 e*P(— P(*,-)0 sin [Q (fe,) r — fc(r0]
<p (/•„. tt^zz y, ki ~, ; .
T \ o, / ^_j Q (6 ) \(dzQ/dkz) ] i ' t\ "z

<=!.« I' = J •'•" (42)

Here the dispersion relationship for GCWs is:
n(&) = (ak 3/p) + gk, r0 is the distance to the point of ob-
servation in the plane of the boundary of the liquid, and the
values of the wave numbers k are found as the points of sta-
tionary phase from the equation dfl/dk = r0/t; /?(&) is the
damping coefficient of the GCSs, A (k) is the Hankel trans-
form of the distribution of the recoil momentum over the
region of application of pressure:

A (k) = J J Ps (t, R) RJ0 (kR) dR dt.

(We assume that the distribution of recoil momentum de-
pends only on the distance R from the center of the region of
application of pressure.)

The use of GCWs excited by laser radiation on the sur-
face of the liquid as the probe signal is based on the fact that
the parameters of the GCW train and its damping coefficient
0(k) upon propagation are fully determined by the proper-
ties of the surface such as the surface tension a, the surface

elasticity modulus e, and also the viscosity of the liquid.96"98

Thus the experimental recording of the space-time charac-
teristics of the GCWs enables one in principle to reconstruct
the properties of the surface, and thus to solve a number of
current problems of the physical chemistry of surfaces in-
volving the study of the properties of films of surface-active
materials and the dynamic relaxation processes that occur at
such surfaces.97

Figure 21 shows the results of calculating the profiles of
GCW packets, as well as the spectra both for a clean liquid
surface (e = 0) and for a surface covered with a film of a
surface-active substance. We should note that, in a situation
in which we can neglect relaxation processes at the surface,
the modulus £ is a real quantity (the case of a "pure elastic"
surface); yet if the times of occurrence of relaxation pro-
cesses are comparable with the characteristic period of oscil-
lation in the GCWs, then the modulus £ becomes a complex
quantity. To illustrate this case, a process is chosen in Fig. 21
of diffusional exchange between the surface and the bulk of
the liquid whose analytic description, together with the cor-
responding expressions for finding e, are contained in Ref.
96.

The proposed method of surface diagnostics using re-
mote excitation of GCWs by high-power laser radiation has
a number of advantages over the traditional methods of sur-
face probing in which, as a rule, an electromechanical vibra-
tor generates standing capillary waves of fixed frequency.
Diagnostics using a relatively broad-band packet of GCWs
enables one directly to determine the spectrum of the damp-
ing coefficient 0(co). Actually, as we can show, when we
record the GCW packet simultaneously at two points of ob-
servation rl and r2, we can determine the spectrum

r0 = 35 mm

150 ms

= 80 mm

350 ms

120
ca/2ir, Hz

90 120

ca/Z-ir, Hz

FIG. 21. Profiles of inclination angles in packets of GCWs induced by laser irradiation (a) and their normalized amplitude spectra (b) for two distances
to the point of observation and various types of surfaces: clean surface (/), surface covered with a surface-active substance film for which e = 10 ~ 2 N/m
and the influence of relaxation processes is small ( 2 ) , and for the same value of £ with marked processes of diffusional exchange between the surface and
the bulk of the liquid in the region of energy-bearing frequencies (3).95
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even without having information on the distribution over the
surface of the pulsed recoil pressure,

rWrrA = — In ————i-. (4.3)
'i — r\ <P( f f l . ri>rz

Here (p(a>, r) is the spectrum of the experimentally recorded
GCW packet at the point r, yg (<a) is the group velocity of the
GCWs. A knowledge of the spectrum /?(&>) makes it possi-
ble to find the spectrum of the modulus of surface elasticity
E(O)), which plays an important role in the physical chemis-
try of the surface. Comparison of the £(a>) relationships for
different values of the surface concentration of the surface-
active substance enables one to study dynamic surface phe-
nomena: diffusional exchange between the bulk of the liquid
and the surface, breakdown and formation of micelles at the
surface, reorientation of complex organic molecules,

97.98etc.

CONCLUSION

The results presented above can serve as evidence that a
new field is taking shape in laser OA diagnostics—laser dy-
namic OA diagnostics. We briefly recall that the fundamen-
tal results attained up to now can be classified into two
groups.

1. The extension of the method of OA diagnostics to
problems of analyzing the physicochemical characteristics
(including their spatial distribution) of complex media:
multiphase specimens, biological objects, thin films, layered
and turbid media and structures. Increase in the resolving
power and sensitivity of the method as compared with the
amplitude variants of OA diagnostics.

2. New data on the behavior of matter in strong electro-
magnetic and acoustic fields obtained upon analyzing non-
linear-acoustic eifects, light-induced chemical reactions,
fast phase transitions under the action of laser radiation.
Successful monitoring of technological processes in the elec-
tronics industry (crystallization, annealing, water treat-
ment, etc.).

The results of the first group can be obtained by using
relatively low-power laser pulses. On the contrary, the re-
sults of the second group are based on using pulses of high-
power lasers, including state-of-the-art lasers.

Despite the evident advances, it will hardly be wrong to
state that LDOA diagnostics is at the onset of its rise. Its
further development involves a deeper study of the effects of
OA conversion in the interaction of coherent optical radi-
ation with matter. This interaction is nonlinear in nature.
However, one could see that the nonlinear models and theo-
ries used to describe processes of OA conversion and sub-
stantiation of LDOA diagnostics "operate" quite satisfacto-
rily at relatively moderate light intensities and bear
important information on the parameters of the material.

Apparently further progress in LDOA diagnostics lies
along the path of studying the role of nonequilibrium pro-
cesses in laser OA conversion. Here the nontraditional
"nonlinear-vibrational" approaches intrinsic to nonlinear
wave dynamics may prove important. An example of such
an approach that can have a direct relationship to progress in
LDOA diagnostics can be the study of surface processes in
laser macrokinetics. The latter includes the study of the ther-
mal action of laser radiation on chemically active media. The

beginning of these studies involves the discovery of thermo-
chemical instability upon heating steels with the continuous
radiation of a CO2 laser and the corresponding theoretical
calculations and models (see Ref. 99). The nontraditional
nonlinear-vibrational approach characteristic of nonlinear
wave dynamics has also proved very fruitful and most ade-
quate for describing many varied phenomena in laser macro-
kinetics. lo° For example, it was found that a medium heated
by laser radiation has a high tendency toward self-organiza-
tion. Although in most cases the studies of self-organization
phenomena were performed under conditions of action of
continuous laser radiation on a chemically active, spatially
inhomogeneous medium, while in this review we have spok-
en of LDOA diagnostics under conditions of action of laser
pulses, nevertheless the information on the space-time char-
acteristics of processes in laser macrokinetics and their asso-
ciation with processes of OA conversion are important ulti-
mately from the standpoint of the progress of LDOA
diagnostics. Study of this connection under various condi-
tions of action of concrete optical radiation will allow creat-
ing new methods of LDOA diagnostics and using them for
monitoring and further understanding of processes of laser
macrokinetics, and this means, also for monitoring of varied
laser technologies.

1' The narrower concept of OA diagnostics with high time resolution tra-
ditionally pertains to methods based on measuring the time of decay of
the response in OA cells for gaseous specimens.
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