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Studies in thermo-optic excitation of surface acoustic waves are reviewed. The excitation of
periodic and pulse signals is discussed, using nonmoving and moving beams. Most attention is
paid to application of this effect for purposes of opto-acoustic spectroscopy of a solid. The possibi-
lities and promises of using opto-acoustic spectroscopy (OAS) employing surface acoustic waves

(SAW) are analyzed.
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I. INTRODUCTION

The thermal action of optical radiation on a material
underlies a wide class of opto-acoustic effects, since the pro-
cess of nonstationary inhomogeneous heating of the medium
is accompanied by emission of an acoustic wave due to ther-
mal expansion of the medium. This effect was investigated
by Bell, Tyndall, and Roiitgen as early as 1881. Only after
the creation and perfection of lasers, however, did the possi-
bility occur of extensive use of the opto-acoustic effect in
various forms of spectroscopy (both of optical and acoustic
characteristics of the medium).

The action of laser radiation usually leads to excitation
of acoustic disturbances in the target material. Theoretical
and experimental studies of these effects were started practi-
cally immediately after the creation of lasers.:> There exist
several mechanisms of sound excitation during the action of
laser radiation on a medium (see, for example, the reviews of
Refs. 3, 4): thermal, evaporative, breakdown, and striction.
The thermal mechanism is related to nonstationary thermal

expansion of the bulk of the medium, in which the light ener- -

gy has been absorbed. The evaporative mechanism is due to
the recoil momentum of the material vapors during its evap-
oration under the action of laser radiation, and the break-
down mechanism is due to formation of a strong shock wave
during optical breakdown (in this case the extracted energy
density is comparable with the internal pressures in the me-
dium). The striction mechanism occurs in transparent me-
dia, and is related to the appearance of mechanical stresses in
the material in the presence of an electric field.

The basic mechanism of sound excitation by laser radi-
ation in light-absorbing media is (due to its lack of thresh-
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old) thermal. The dynamics of thermo-optical sound excita-
tion is determined by the radiation parameters (the beam
geometry, the time dependence of the intensity) and the
physical characteristics of the medium (the light absorption
coefficient, the thermal expansion coefficient 5, the heat ca-
pacity ¢, the compressibility, etc.). Under optimal condi-
tions of heat release the thermoelastic stresses generated can
be estimated by the quantity p’ ~ (Bc?/2¢) Ey, where c, is
the speed of sound, and E is the bulk density of the ab-
sorbed light energy. The dimensionless quantity Bc? /c is re-
lated to the Griineisen constant, and is of the order of unity.
The fraction of thermal energy transformed into acoustic
energy 7 = E, . /E; is proportional to the bulk density of
heat release 77~ (Bc?/2c)*Ey, /po ci ( pois the medium den-
sity ). Since the starting threshold of evaporation is substan-
tially smaller than the quantity pyc of the condensed media,
the effectiveness of thermo-optic sound excitation is usually
low, 7% 10, However, the high density and rate of heat
release makes it possible to achieve sufficiently intense
sound pulses in a wide frequency range. At the present time
laser excitation of bulk acoustic waves has been investigated
extensively (see, for example, the reviews of Refs. 5, 6) and
widely used in scientific studies and applications.”®
Thermo-optic sound excitation occurs in the surface
layer of the absorbing layer. Therefore, along with bulk
acoustic waves in solids the thermo-optic mechanism makes
it possible to excite Rayleigh waves as well. This effect lacks
a threshold (unlike the effect of induced enhancement of a
surface wave due to interaction with the scattered light
wave®). Interest in thermo-optic excitation of surface acous-
tic waves (SAW) became substantial only in the recent 2-3
years, particularly in connection with problems of investi-
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gating surface layers of media. These studies provide a new
direction of opto-acoustic spectroscopy (OAS) of a solid—
OAS of Rayleigh waves. The present review is devoted to
analysis of its state, and the possibilities and perspectives of
its use.

2. LASER EXCITATION OF SURFACE ACOUSTIC WAVES

By means of laser radiation one can excite SAW of a
wide region of frequencies with varying spatial characteris-
tics. As in the case of laser excitation of bulk waves, the
thermo-optic mechanism makes it possible to excite both
periodic and pulse Rayleigh waves. The various variants of
SAW excitation have been discussed in the literature.

Laser generation of SAW was first described in the
study of R. E. Lee and R. M. White.'® The Rayleigh wave
excited by absorption of a single laser pulse with Q-factor
modulation in an aluminum film, deposited on the investi-
gated surface. Various materials were used as sublayers, ce-
ramics, crystalline and fused quartz. The laser radiation was
focused in a narrow rectilinear band, and therefore the SAW
front was nearly plane. However, the restricted bandwidth
of Rayleigh wave receivers did not allow an adequate resolu-
tion of the time form of the wave. Therefore, one practically
recorded the amplitude of the SAW spectral component at
the fundamental resonance frequency of the receiver.

The following study devoted to laser generation of
SAW appeared only 11 years later,’! in 1979, Its authors
used contactless laser excitation of acoustic waves (laser ra-
diation with Q-factor modulation was focused by a cylindri-
cal lens on the butt end of a plane face in a narrow band near
an edge; Fig. 1) for simultaneous measurement of the veloc-
ities of longitudinal, shear, and Rayleigh waves. They were
determined by the arrival time delays of pulses (L, 7, and R,
respectively, in Fig. 1), related to wave propagation along
the free boundary plane. The quantities obtained coincide
with measurements by other methods. This method is a vari-
ation of pulse methods of measuring the speed of sound, and
is subject to errors of the same order as traditional methods.
In proposing this method, the authors indicate its following
advantages: the possibility of performing measurements
with samples of small sizes and simple shapes over a wide
range of temperatures and pressures, the operational aspect
of obtaining data, and the simultaneity of measuring the ve-
locities of all three types of waves.

Wideband videopulse Rayleigh waves were excited in
Refs. 10, 11. The method of laser generation of periodic

FIG. 1. Scheme of the experiment of Ref. 11 (a) and pulse oscillograms of
transverse (b) and longitudinal (c) waves.
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FIG. 2. Dependence of the SAW amplitude on the light modulation fre-
quency and on the mask characteristics, measured traditionally (contin-
uous line).'?

SAW was first suggested in Ref. 12. A harmonically modu-
lated laser beam was directed at the investigated surface,
which absorbed the radiation through a periodic mask. A
sharp peak of effectiveness of SAW excitation was observed
(Fig. 2) at the modulation frequency, corresponding to a
Rayleigh wavelength equal to the mask period. The frequen-
cy dependence of the relative excitation effectiveness coin-
cided with the spatial spectrum of the mask, measured by
means of piezoelectric SAW excitation. Measurements of
directivity diagrams of an opto-acoustic excitation antenna
gave results in good agreement with theoretical results for a
lattice of linear antennae (Fig. 3). Estimates of SAW ampli-
tudes coincided in order of magnitude with experimental
measurements.

It is necessary to note that the use of a periodic mask for
excitation of periodic SAW is not mandatory. Harmonic
modulation of radiation intensity and its focussing are suffi-
cient (in this case the frequency characteristic of the opto-
acoustic radiator will be wideband). This excitation variant
was realized later in Refs. 13, 16.

A series of experimental and theoretical studies'>-2* ap-
peared in 1982-1983, in which different variants of SAW
laser excitation were investigated. The excitation of periodic

=27 -10 g 'Jé,’deg 20

FIG. 3. Calculated (solid line) and experimental (circles) characteristic
of the directivity of an opto-acoustic SAW antenna.'?
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FIG. 4. The SAW signal amplitude as a function of the laser radiation
intensity'® in the continuous regime; 1) radiation focused by a cylindrical
lens, 2) by a spherical lens.

Rayleigh waves is described in Refs. 13, 16; generation of
pulse SAW was discussed in Refs. 14, 18, 23; SAW excita-
tion during scanning of a laser beam over the surface of a
medium is proposed in Refs. 21, 22.

A dye laser operating in the regime of mode synchroni-
zation was used in Refs. 13, 16 to excite periodic SAW. The
radiation was absorbed in a colored film, drawn on the sur-
face investigated. The laser beam was focused by a spherical
or cylindrical lens. SAW registration was realized by
counter-stub transformers, tuned at a frequency of laser
pulses ~76.4 MHz. It was established in Ref. 13 that the
acoustic signal is proportional to the light intensity (Fig. 4).
A comparison of the results of Ref. 13 with theoretical calcu-
lations was carried out later in Ref. 24. The calculated SAW
amplitudes coincided with the measured ones. This scheme
was used in Ref. 16 for opto-acoustic microscopy of the light
absorption coefficient based on a SAW. A laser spot of diam-
eter ~5u was moved over the investigated surface, and the
signal was synchronously drawn on a plotter. The sensitivity
of the method is comparable to that provided by traditional
opto-acoustic microscopy. The scheme used is generally
close to the traditional, and, apparently, has no substantial
advantages.

In experiments of exciting SAW pulses a basic
difficulty is the registration of a wideband Rayleigh wave.
The studies 14, 23 are a development of the studies 10, 11,
while the problem of resolving the shape of a SAW video-
pulse was not solved in them. An experimental scheme was
used in Ref. 14, similar to that described in Ref. 10,—the
Rayleigh wave was excited on the surface of a metallic block,
and the laser spot had the shape of a band. The registration
was realized by a piezo-transformer with a resonance fre-
quency of 3 MHz. The oscillation amplitude of the surface
wasin fact registered at the resonance frequency of the trans-
former. The directivity diagram of the opto-acoustic radia-
tor of Rayleigh waves was investigated for various spot sizes.
The velocity of Rayleigh waves was determined from the
width of directivity diagram. Apparently, the accuracy of
these measurements is not high due to the indefiniteness in
the spot sizes.

A study of the dependence of the surface oscillation am-
plitude on the diameter of the light spot, the pumping inten-

14,18,20
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FIG. 5. The wave amplitude as a function of separation between the area
of excitation and the receiver; 1) for a Rayleigh wave, 2) for bulk waves.?

sity, and the transient wave scattering was carried out in Ref.
23. The SAW amplitude was proportional to the energy of
laser pulses up to intensities of the order of 108 W/cm?. The
falling-off of the Rayleigh wave amplitude with distance ap-
proximately corresponds to the law r~'/? (Fig. 5), as would
be expected from the cylindrical nature of the wave. Control
experiments (the presence of a fluid layer, of surface imper-
fections in the path of the propagating wave) have shown
that a surface wave is indeed observed. The duration of the
SAW pulse was proportional to the diameter of the laser
spot. Unfortunately, this dependence is not discussed in that
study.

Laser generation of Rayleigh waves as a new OAS
method of investigating surface layers was first discussed in
Ref. 18. The SAW was excited by absorption of laser radi-
ation by a dye on the surface of a quartz substrate (a sub-
strate of lithium niobate was also used). The radiation was
focused by a cylindrical lens in a spot of size 30 u X 2 cm. The
absorption occurred in a film of dye R590, remaining on the
substrate after its flushing. The registration of the excited
SAW videopulses was carried out by an end piezo-trans-
former having a bandwidth of 50 MHz. Light absorption
spectra by the film were investigated in the wavelength range
of 490-540 nm, with their variation in time and under the
action of optic radiation. The OAS method using SAW is
quite a bit more sensitive to the nature of coupling of the
absorbing film with the substrate than are other methods (in
particular, ordinary absorption). It was observed that addi-
tion of polystyrene to the dye enhances the optical stability
of the film by approximately a factor of 4 (see Fig. 6—the
rate of fall of the SAW signal decreases with the addition of
polystyrene). The limiting sensitivity of the method was de-
termined by the signal/noise ratio reached; according to es-
timates it corresponds to absorption in a monomolecular
layer to the dye.

It can be stated that the method of the experiments of
Ref. 18 is the most effective of all those described above. In
particular, in that study the first successful resolution oc-
curred of the shape of SAW videopulses, excited thermo-
optically. The pulse profile obtained for a Rayleigh wave is
given in Fig. 7.

The studies of Refs. 21, 22 are devoted to investigating
SAW excitation during motion of a laser beam over the sur-
face of a solid with a velocity near that of a Rayleigh wave.
the experimental?' and theoretical” results are in good
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FIG. 6. Damping of the SAW signal in the R590 dye under the action of
optical radiation (a)'*; A = 510 nm, the pulse repetition frequency is 10
Hz, and the energy density is 0.4 J/cm?; b) dye diluted by polystyrene.

agreement with each other. As in the case of bulk waves, a
sharp (resonance) increase in the effectiveness of SAW exci-
tation is observed when the velocity of beam motion ap-
proaches that of a Rayleigh wave (Fig. 8). The resonance
width is determined by the spot size @ and by the length of
scanning sweep L. In the presence of a velocity difference év
from the resonance value ¢y the amplitude growth takes
place as long as the SAW and the beam do not diverge by a
distance ~a. Thus, the resonance width is estimated by the
quantity dv ~cg a/L, which corresponds to the experimental
data. With increasing tracking length the resonance curve
narrows down (Fig. 9), while the wave amplitude increases.
The deviation of the dependence of wave amplitude on dis-
tance from linearity is, apparently, related to SAW diffrac-
tion.

The surface displacement amplitude in the scanning re-
gime can reach substantial values (in the experiment of Ref.
21—up to 0.1 p) with quite weak surface heating ( <3 K).
Nevertheless, it remains proportional to the intensity of laser
radiation. Estimates of the displacement” are in good agree-
ment with measurement data.?’ The problem of excitation of
SAW by a moving laser beam in the form of a band was
solved in Ref. 22. For exact coincidence of the scanning ve-
locity with the velocity of the Rayleigh wave the latter in-
creases linearly with time, and the component of the oscilla-
tion velocity normal to the surface reproduces the light
intensity distribution over the cross section of the spot. The

Y -
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FIG. 7. The shape of an SAW videopulse, excited thermo-optically.'®

Front of a plane wave, spot width ~ 30 zm duration of laser pulse 7 nsec.
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FIG. 8. The amplitude of a Rayleigh wave at the end of the scanning route
as a function of velocity of a moving focus®' (relative units).

relative volume change during deformation of aluminum is
ofthe orderof 7 - 10~ 2cm?/W I,L /a (1, is the light intensi-
ty). Among the advantages of the scanning regime one can
also include the possibility of purely mechanical action on
the surface of the material without heating it substantially.

The theoretical analysis of laser SAW excitation was
carried out on the basis of the linear problem of thermoelas-
ticity.!”'%2%24 The restriction to the linear acoustic approxi-
mation, as in the case of thermo-optic generation of bulk
waves, appears to be quite justified. Due to the linearity of
the problem it was sufficient to consider excitation of a mo-
nochromatic wave. All the studies mentioned are restricted
to the case of a plane monochromatic Rayleigh wave, for
which the theoretical analysis is substantially simplified.

The results of Refs. 17, 19, 20 are difficult to compare,
since they were obtained under various simplifying approxi-
mations, not always stated sufficiently clearly. Practically
the issue is the relation between three quantities, the beam
width a, the depth of light absorption @', and the wave-
length (y/w)'/? (y is the temperature conductivity of the
medium, and w is the wave frequency). The most developed
theory is presented in Ref. 24, where, however, excitation of
a plane monochromatic Rayleigh wave is considered in a
nonheatconducting medium.

Laser SAW excitation in a nonheatconducting medium
is analyzed in Ref. 17; the model used corresponds to the
casea,a”'> (y/w)'/?. Most attention is paid to the relative
effectiveness of exciting various types of waves (longitudi-

e _____oukm/s
L ‘ 1oz

£, cm

FIG. 9. The amplitude of a Rayleigh wave at resonance 4 and the reso-
nance half-width v as a function of the length of the scanning route?'.
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nal, shear, and Rayleigh) as a function of the quantity k g a,
where ky = w/cy isthe wave vector of the Rayleigh wave. It
has been established that for k g 2 ~ 1 most of the intensity of
all types of acoustic waves (~67%) is associated with the
Rayleigh wave, while the bulk waves account for much less
(26% for transverse, and 7% for longitudinal waves). With
increasing k g a the fraction of the longitudinal wave intensi-
ty increases quickly and becomes dominant. This is ex-
plained by the fact that only a longitudinal wave is excited
during thermal expansion of the medium, while a transverse
wave appears upon its reflection from the boundary. There-
fore, for thermo-optic excitation of high-frequency SAW
one requires sharp focusing of the laser beam. In particular,
this condition was satisfied in the experiments of Refs. 13,
18.

Analysis of thermo-optic SAW excitation with the ther-
mal conductivity of the medium taken into account was car-
ried out in Refs. 19, 20. The calculation in Ref. 19 was per-
formed for the case of surface irradiation through a periodic
mask, while the SAW excitation was realized on the surface
of a piezoelectric. In Ref. 20 light absorption was assumed to
occur at the surface, with the beam being infinitely thin (the
thermal wavelength is much larger than the spot size and the
light penetration depth—the low-frequency case). We note
that the presence of a gas medium above the surface of a solid
has no substantial effect on laser SAW excitation.

A comparative estimate of the effectiness of laser exci-
tation of acoustic waves in semiconductors due to two differ-
ent mechanisms, thermal and deformational, was provided
in Ref. 15. An interference pattern is considered, created by
two beams incident on the surface at an angle to each other.
The light frequency exceeds the width of the forbidden band.
The deformation mechanism is related to the occurrence of
lattice deformation due to modulation of electron and hole
concentrations generated by laser radiation. The thermal
and deformation mechanisms have a different frequency de-
pendence of the excitation effectiveness by an acoustic wave.
By the estimates of Ref. 15 the deformation mechanism
dominates at low frequencies; for gallium arsenide the fre-
quency at which the effectiveness of these mechanism is
comparable is of the order of 1 GHz.

In summary it can be said that up to the present time
one has carried out, largely at a simply demonstration level,
experiments in laser SAW excitation in the pulse, contin-
uous, and scanning regimes. These studies show the advan-
tages of the thermo-optic excitation mechanism of Rayleigh
waves, its contactless and wideband features, universality,
and possibility of remote tuning of wave direction. The in-
verse problem, opto-acoustic SAW spectroscopy, has been
little investigated. However, the first experiments'® show the
promise of the new OAS variant. Its further development
also requires further theoretical analysis.

3. SPECTRAL CHARACTERISTICS OF THERMO-OPTIC
SOURCES OF SURFACE ACOUSTIC WAVES

For a theoretical analysis of thermo-optic excitation of
a Rayleigh wave it is sufficient to restrict oneself (as in the
case of exciting bulk waves) to the linear acoustic approxi-
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mation. This is related to the fact that even at the threshold
of material melting the acoustic Mach number M (the ratio
of the oscillation velocity to the wave velocity) is small, less
than 1072, and nonlinear acoustic effects are weak. They
accumulate only during the wave propagation process at dis-
tances ~ A/M, where A is the wavelength, while at the same
time the wavelength A is comparable with the size of the heat
release region.

It is useful to take the equations of the nonstationary
problem of thermoelasticity in terms of potentials® (since
the equations for the displacement components are not sep-
arable):

_, 9% 4 aT
@G —bo=—(1—5 Z)B 5, D
¢t S8 —Ap=0. (2)

Here @ and 1 are the potentials of the displacement velocity
of the particles of the medium,

Z—‘:=grad ¢ -+ rot 1, (3)

u is the particle displacement vector, ¢, and ¢, are the veloc-
ities of transverse and longitudinal acoustic waves, £ is the
thermal expansion coefficient of the medium (assumed to be
isotropic), and T is the temperature increment of the medi-
um. The temperature change of the medium is determined
by the absorbed energy, the thermal conductivity, and the
dilatation. However, for frequencies up to 10 GHz, for the
overwhelming majority of solid media the coupling of ther-
mal and acoustic waves can be neglected.” At these frequen-
cies sound propagation occurs adiabatically: during an oscil-
lation period heat does not have time to diffuse over a
distance of the order of a wavelength o < = ¢}/, where
x is the temperature conductivity; in other words, the ther-
mal wavelength is much smaller than the acoustic wave-
length. In this approximation of the uncoupled problem of
thermo-elasticity the temperature increment can be assumed
to be a known function of coordinates and time T(¢,r), deter-
mined by external heat sources. Therefore one can solve the
problem (1), (2) of SAW excitation by a nonstationary tem-
perature field 7, not specifying for the time being the nature
of its generation.

Consider a homogeneous, isotropic, elastic half-space,
whose boundary is chosen to be the xp plane, with the z-axis
directed into the medium (Fig. 10). The conditions of ab-

i~

FIG. 10. Geometry of the problem and coordinate system used.
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sence of stresses at the free surface z = O can be written in the
form (the light pressure force does not practically need to be
taken into account).

9 2@ aty, *py, _ %y, 0%,

0z dz dz 0y — 922 oz + oz dy ’ 4
2 azq) 621|Jz _ 02¢x . 52¢x _ 32117” 5
9z dy 0Oz dx  dy? 922 dz dy (3)

Ny Y 4 oT
A(P_QSZA“L(p_}-QSZ ( 3z3; - az‘?;/ ):(1 _ng)ﬁ(Tt

(6)

Heres =c,/c;, A, = 3%/0x* + d*/dy* is the Laplace opera-
tor in transverse coordinates, and ¢/, , ¥, and ¢, are, respec-
tively, the components of the vector ¥. The condition of full
determination of the system (1), (2), (4)-(6) is that the
vector 1 be solenoidal:

div ¢ = 0. (7
The system written down is quite awkward, and Eqgs.

(1), (2) are coupled through the boundary conditions (4)-
(6). It is useful to introduce new variables

Ay My

A= ar oy ! (8)
Ny by

B= dx iy 9

The quantity A has the meaning of the z-component of the
divergence-free component of #. The variables 4 and B sa-
tisfy a homogeneous equation similar to (2):

_202(4, B) ,
2P A (4, B)=0.

(10)

In the variables ¢,4,¥,, and B the boundary conditions
(4)-(6) and condition (7) can be reduced to the form

) 1 o
_();(AJ.(P):(?C'T{ 'W"‘AJ_)As (11)
dA 1 82
=z A (12)
z=0, 4B 1 g2
5= 7w —41) s (13)
N, [ 1 o
Ay a; _‘(2ﬂ 322 AL)B (14)

The equations for these quantities remain independent.
Therefore the problem decomposes into two pairs of inde-
pendent equations for (¢,4) and (¥,,B), coupled in pairs
through the boundary conditions. Since Egs. (10) for ¢, and
B are homogeneous, then, obviously.

Y, =8B=0 (15)

(the initial conditions are, naturally, assumed to be homo-
geneous).

Thus, thermo-optic sound excitation in a homogen-
eous, isotropic, elastic half-space is described by two scalar
equations for ¢, Eq. (1), and for 4, Eq. (10), coupled by the
boundary conditions (11), (12). These equations describe
the excitation of both bulk and Rayleigh waves. Thermoelas-
tic stresses affect only the scalar potential ¢, while shear
stresses occur due to transverse inhomogeneities of the field
@ at the boundary of the medium. Therefore, in the absence
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of sharp gradients of ¢ at the surface (both transverse and
longitudinal) the excitation of shear, and, consequently,
Rayleigh waves occurs ineffectively.

The solution of problem (1), (10), (12) is conveniently
sought in spectral form. We introduce the Fourier transform
in time and in transverse coordinates r, = {x,y} (we denote
the transformed functions by the sign * ~* over them) and
the Laplace transform in z:

jv (('J, k_l.v P)
oo +o

— S dz S S S dt dr) exp [iot —i (kyry) —pz] ' (¢, 11, 2)
0

(16)
(thesign “A” denotes the total transform of a function), and
@ (w,k, ,p),A(w,k,,p) are the similar spectral components of
the fields ¢ (¢,r, ,2z) and A(#,r;,z). In this case Egs. (1) and
(10) reduce to algebraic equations:

4s?

A ~  dg ~ : i
(ki — K%+ p) o+ 52 | +polo= —io (1 — =) BT,

. N d;i ~
(k=K + 9 A+ S| +pdlo—0,

where k, = w/c,,k, = w/c,, while

+o0
a(m, k), z)= S SS dt dr exp liot —i(k r)}@ (2, ry, 2)
(similarlyforA4),and@ |,,d@ /dz|o,A |o,dA /dz|,aretheFour-
ier components of the corresponding functions at z = 0.

From the condition that ¢ and 4 tend to zero for
z— + « follows the absence of poles for the functions ¢ and
A in the right half-plane Rep > 0. Therefore, from the trans-
formed equations follow relations for thespectra |,and 4 |,
on the surface z = 0.

d7 2 12y
|, (B — kD Al=0, (n
Iy TN 7
|, e — R
452 A 2 2 1/2
= —io (1= ) BT (o, ki, (B KD (18)

The boundary conditions (11),(12) in the transformed co-
ordinates are

k2 dg ~
L | =k — k3 Al (19)
0
da .
A G A (20)

where k, = w/V2e,.

For SAW the potentials ¢ and A4 separately do not have
a physical meaning. Most of the interest for Rayleigh waves
is in the normal component of the vibrational velocity
w(t,r, ) at the surface of the medium z = 0. Its spectral com-
ponent iv(w,k, ) can be represented as follows in terms of the
potentials:

a((o, k)—d—(P +[|0.

+ dz 0

(21)
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Expressing the quantities in the right-hand side of Eq. (21)
by means of (17)-(20), the following expression can be ob-
tained:

~ : 452
w=—iwp (1 ‘T) R =R

X T (0, ky, (k% —kDY?), (22)

where k, is the absolute value of the vector k,. Equation
(22) provides the spectral component of the surface distur-
bance under the action of a nonstationary temperature field.

To the Rayleigh waves in solution (22) correspond the
poles

k,=F % =% kg,
corresponding to the roots of the Rayleigh determinant:
ek (sl — )72 (e — ) * — (o — )2 = 0.

Performing the inverse Fourier transform over frequency
and wave vectors, one obtains the coordinate and time de-
pendence of the surface vibrational velocity:

wit, ry)
92\ 45t e & w3
— (2n9-1Fp (1—25-) S do | ¢y i

-0 0

X exp{——iw [t——:—'};cos(e—w]}

Lo / — - 4/2
>\T((07 %, v, lo] (& —c?)'?,

(23)
where the dimensionless factor
Feg () 2= (5)]

Al (= (-0 o

is determined only by the elastic properties of the medium
(and is of the order of 0.1). Cylindrical coordinates were
used in Eq. (23) (see Fig. 10). The physical meaning of the
solution (23) is simple, it is the expansion of the SAW field
in traveling plane monochromatic waves. The spectral field
density is determined by the spectral component of the tem-
perature field at frequency o, its corresponding spatial fre-
quency /cg, and the SAW damping coefficient
|wl(CR—2 _ Cl—2)1/2.

The structure of the temperature field is determined by
the light intensity distribution over the beam cross section
and by the depth dependence of the light absorption coeffi-
cient. We assume that a laser beam with intensity

I=1I,F(,r)) (25)

is incident normally on the surface of the solid. The tempera-
ture increment is then described by the equation

ar 12 df
'U_t—xAT=-__pTF(t' r el (26)
where y is the temperature conductivity, c is the specific heat
capacity of the medium, b is the fraction of the light intensity

entering into the medium, the function
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z

f (z) =exp (— 5 a(z)dz)

0

(27)

describes the depth dependence of the light intensity, and
a(z) is the distribution of the light absorption coefficient.
The condition of absence of thermal flux at the boundary of
the medium is

A —o.

9z o

(28)

The solution of the problem (26),(28) is also conveniently
sought in the spectral form (16). Taking into account the
condition 7 (z— + « )—0, the solution is written in the
form

A

T (», ki, p)

(8 — ik V27 p) — o] (1 —~8HYE) g
(RS — k3373 (pP— k% +1k3) !

bI
pc; F o, k)

b=

where
-+ co

7 (0, k)= [Hexp liot—i(kor,)] F (¢, £1)]dedr,,

and Re(k? —ik2)"250, k3 = w/y is the square of the
wave vector of the thermal wave.

Expression (29) is quite cumbersome, but in many
practical cases it can be simplified. Table I shows the values
of kg ke, and (kg2 — k;2)'/? for several media. For fre-
quencies lower than 3 GHz (as well as for media with a small
thermal conductivity, and for higher frequencies) the ther-
mal wavelength remains smaller than the Rayleigh wave-
length. Therefore, in Eq. (29) it can be assumed that
kigk?, aswell ag’¢k?. Equation (29) correspondingly
reduces to the following:

P(o, ke, py=—— 2L F (o, ki) (p).

@ pc

(30)

In fact this is the approximation of a nonheatconducting
medium.
Equations (29) and (30) provide the solution of the

TABLE L Rayleigh k£ and thermal k; wave vectors, and the SAW

decrement coefficient p = (k% — k)2 (um) .
. . Melted | Lithium
Frequency | Aluminum | Copper | Silicon quartz | niobate
04 GHz | p, 0,2 0,26 0,10 0,16 0,16
km, 0,22 | 0,3 0,13 0,19 0,18
ke, 2,7 2,3 3,0 9,6 20
1 GHz p, 2,0 2,6 1,0 1,6 1,6
kgr, 2,2 3,0 1,3 1,9 1,8
kg, 8,6 7,4 9,4 30 63
10 GHz p, 20 26 10 16 16
kg, 22 30 23 19 18
ke, 27 23 30 96 198
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laser SAW excitation problem:

w(t, 1) =p (155 ) 2o
+oo 2x

X S dmgdy(—i :J:

0 R

)

X exp { —io [t—rc—; €oS (6—y)]'}

— a0

X F (0, )] (lo] ci2—cy'?) . (3D

cg 'Y/
The expression obtained is fundamental for the OAS prob-
lem of SAW, it relates the Rayleigh wave spectrum to the
spectra of light emission intensities and with intensity distri-
butions over depth. This makes it possible, in principle, to
determine the distribution of the absorption coefficient over
depth for known light intensity distributions over a cross
section, and inversely, to determine the distribution of ab-
sorption over the beam cross section from the known absorp-
tion distribution over depth.

It is useful to distinguish two cases, a resting and mov-
ing beam (the case of a resting beam correspond to velocities
of its motion, much lower than the velocity of the Rayleigh
wave). Since for problems of OAS based on SAW the scan-
ning regime with nearly sonic beam velocity is not of sub-
stantial interest, it will be assumed in what follows that the
SAW is excited by a resting (or slowly moving) beam. In this
case the spatial and temporal source spectra F(wk, ) are fac-
torized:

Fo, k) )=F; (o) F, (k,).
This makes it possible to introduce the concept of a transfer
function, in analogy with laser excitation of bulk waves.?%?’

Consider initially the one-dimensional source distribu-
tion:

Fp(ry) = Fp (2)

(the beam represents a band extended along the y-axis).

Their spatial spectrum is then F,(k,) = 2#8(k,siny)

x F, (k, cosy). Retaining in the solution (31) only the wave

traveling toward increasing x, we find for the surface dis-

placement velocity:

w (T =t— %)
-+ co

=S (1=) 52 et ()

X f (lo] (it — i)' Fy (0) do.
(32)
Expression (32) can be obtained from the solutions in Ref.
17. The function
w

(o) =i Fr (22) T (o] (@ —e)™

c

(33)

can be called the transfer function of laser SAW sources in
plane geometry, since it relates the spectrum of a traveling
Rayleigh wave with the temporal light intensity spectrum.
Therefore, for effective SAW excitation at some frequency it
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is necessary that the spectral component of the intensity dis-
tribution not be small; in other words, that the beam satisfy
the condition k g a S 1. Besides, the light absorption coeffi-
cient must be quite large: a R k i (the width of the absorbing
layer must be smaller than the Rayleigh wavelength). We
note that the source transfer function, determined by the
mask geometry, was, in fact, measured in Ref. 12 (see Fig.
2).

The result (32) is in qualitative agreement with experi-
ments. '8 Indeed, for a short laser pulse and surface absorp-
tion the SAW pulse is proportional to the derivative of the
intensity envelope. This is also observed experimentally (see
Fig. 7). Besides, an increase in spot size leads to a propor-
tional increase in the duration of SAW pulse, as observed
experimentally.®® It is necessary, however, to take into ac-
count that the restricted nature of the transformer band-
width affected the pulse shape, therefore quantitative com-
parison with available experimental data is difficult.

The transfer function of laser SAW sources can also be
introduced in the more general case. For this it is necessary
to separate out only the propagating wave in the solution
(31). It is formed outside the heat release region, therefore
for wr, /cg > 1 and in the far wave zone Eq. (31) reduces to
w(t, ry, 0)

00

o ; 4s?y bl ‘ »? CR 1/2
*Fﬁ(l_— 3) 2npec E(W)

Xexp[—im (t—rc—;)—i%]

x Ty (4 0) F(l0] (et —ei®) ') Fi(0) do. (34)
Equation (34) provides an expansion of SAW in diverging
plane waves in the far wave zone. As could be expected, the
angular dependence of the SAW is determined only by the
light intensity distribution over the spot cross section. In
particular, for an axially symmetric laser beam the SAW will
also be axially symmetric. Its amplitude decreases with dis-
tance as #~ !/2, asin the case for a cylindrical wave. This is in
qualitative agreement with experimental results.”>
The function

Ky (0, 0) =10 F, (2=, 0)  (lo] (¢ =)' (35)
can also be called a transfer function. However, unlike the
case of a plane wave, it contains a dependence on the obser-
vation angle & (the same also occurs in the case of excitation
of bulk waves®’). Equation (35) canbe used to analyze opto-
acoustic spectrograms on SAW.

We determine the amplitude of the vibrational velocity
of the surface. For monochromatic modulation of light in-
tensity of a narrow beam wa/cy =1 and strong absorption
®/cg Sa it becomes

e 2 (1~ 52

3 0cCR

for a plane wave, and

bW w? ' ¢R )1/2
pc ¢k ( nor

wy ~ Fp (1—5-)
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in the cylindrically symmetric case ( W'is the laser radiation
intensity). For aluminum, for example, it amounts to

wy ~ 3.8:-10- cm®J  (b],),

and is(a/r, )!/? times lower in the second case. These esti-
mates give for the transformation effectiveness Ig,vw /
I,~6-10"2 cm®/W(bl,).

The SAW amplitude, excited thermo-optically, is di-
rectly proprotional to the laser radiation intensity. Corre-
spondingly, the effectiveness of energy transformation is
also directly proportional to the light intensity. These laws
are common for the thermo-optic excitation mechanism of
any type of acoustic waves.

If the thermo-optic SAW excitation is carried out by
short, cg 7, €a laser pulses in a strongly light-absorbing me-
dium, the pulse shape of the Rayleigh wave will be deter-
mined by the light intensity distribution over the spot cross
section. The amplitude of the surface displacement velocity
can be determined by the equation

2

v 2 (155 e
in the plane case and will be lower by the factor (a/r, )'/2 for
cylindrical beam geometry, where E,, is the surface density of
the incident energy. For aluminum these estimates give in
planar geometry

w, ~ (lcm/s) (if—" cm’/J )

If the light penetration depth is large: acg 7, €1 and
aa<l, then the SAW shape is determined only by the light
absorption distribution over depth. The spectral representa-
tion is in this case most convenient for analysis.

4. POSSIBILITIES OF OPTO-ACOUSTIC SPECTROSCOPY
USING RAYLEIGH WAVES AND ITS POTENTIAL
APPLICATIONS

The advantages and possible uses of OAS using SAW
can be brought out by comparison with traditional OAS
methods for a solid using bulk waves. First it is necessary to
note that, as in the case of OAS using bulk waves, in OAS
using SAW a serious difficulty in the wideband regime is
related to recording of acoustic videopulses. Therefore,
more satisfactory is the use of periodic or pulse-periodic in-
tensity modulation of laser radiation. This makes it advis-
able to use as light sources dye lasers with mode synchroni-
zation. The pulse-periodic regime is more effective from an
energy point of view (the transformation effectiveness is
proportional to the power or to the light intensity). On the
whole OAS using SAW retains the main advantages of OAS
using bulk waves; in particular, only the absorbed part of the
energy is recorded by its means.

The spectral characteristics of SAW during thermo-op-
tic excitation are formed by the frequency and spatial spectra
of the light intensity distribution. The main difference from
thermo-optic excitation of bulk waves consists of the follow-
ing: the SAW spectrum is proportional to the Laplace com-
ponent of the intensity distribution over depth, while the
spectrum of bulk waves is proportional to the Fourier com-
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ponent of this distribution. Therefore, OAS using SAW can
be particularly useful for studies of properties of near-sur-
face layers with sizes of the order of the Rayleigh wave-
length; the energy absorbed at large depths practically does
not affect SAW excitation. This has already been verified by
the first experiments.'®

The presence of single-valued connection (32) or (34)
of the SAW spectrum with the spectrum of the light intensity
distribution over depth makes it possible to reconstruct ade-
quately the distribution of the light absorption coefficient. In
this case the spot dimensions must be smaller than the pene-
tration depth of light (otherwise the SAW spectrum will be
determined by the transverse intensity distribution), there-
fore the diagnostics is naturally local. In this case the main
fraction of energy of acoustic distrubances is associated with
the Rayleigh wave,'” therefore this method is more effective
than OAS using bulk waves. For these reasons the determin-
ation of the transverse distribution of the light absorption
coefficient of OAS using SAW can have several advantages
over OAS using bulk waves. The definite technical advan-
tage of OAS using SAW is the possibility of contactless opti-
cal wave recording on the same plane on which it is excited.

Equations (32), (34) make it possible to estimate the
resolving capability of the method. To find the spectral com-
ponent of f( p) over the SAW spectrum it is necessary that
the spectral component of the transverse intensity distribu-
tion F, (p/[1 — (c&/c})]"* and the component at the mo-
dulation frequency F,(pcg/[1— (ck/c))]"?) not be
small. The first restriction is the stronger one. The size of the
light spot can be of the order of the light wave length A.
Correspondingly, the spatial resolution of the OAS method
using SAW is restricted to a level of the order of
A/2[1 — (ck/c})]"*~0.3-1 pm. This corresponds the
modulation frequencies v ~cg /mA ~ 1-3 GHz. As seen from
Table 1, in this region the approximation of a nonheatcon-
ducting medium is still valid. It is also obvious that resolu-
tion in depth and in the transverse direction are practically
equivalent. The required frequency modulations are
achieved in lasers with mode synchronization (as harmonics
of the pulse repetition frequency). To enhance the resolving
power it is entirely possible to use other kinds of penetrating
radiation, which produce sharper beam focusing.

The OAS method using SAW appears to be quite prom-
ising as a control means of technological processes in micro-
electronics, as a method of surface diagnostics. The discus-
sion of other possibilities of the method described, such as
local measurements of elastic constants, is premature due to
shortage of experimental data. Besides, the thermo-optic
method is extremely convenient and flexible for excitation of
intense, high-frequency Rayleigh waves (for example, for
light intensities I,~10° W/cm? the achievable Mach
numbers of the wave are ~ 10~*). It can be useful in many
problems of acousto-electronics. Its various advantages and
features have been discussed above (see Section 2).

On the whole it can be repeated that OAS using SAW,
possessing distinct advantages over OAS using bulk waves
(being contactless, localized, highly sensitive to the ab-
sorbed energy) can be most useful in investigating near-sur-
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face layers of different media. It is precisely this feature
which determines the possibilities of its applications.

In conclusions the author is deeply grateful to S. A.
Akhmanov for discussing the plan of this review, as well as
to V. G. Andreev, V. I. Emel’yanov, and O. V. Rudenko for
useful discussions.
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