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process of exciting sound in metals with absorption in them of
ensity-modulated laser radiation is analyzed. Analytical expres-
ns are given for the amplitudes of thesurface andvolumetric acous-
al waves excited by the laser beam. The directivity diagrams of
volumetric waves are identified and thelr dependence on the beam
width is investigated. The acquired results are compared with the

xnerlmen a2l data.
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Increased interest has recently been noted in literature in the problem of
exciting acoustical waves in solids with absorption in them of intensity-modu-
lated laser radiation [1-11]. At relatively low incident light powers such
excitation 1s realized as a result of thermal expansiocn of the irradiated sector
of the solid. For this reason, the corresponding excitation mechanism is commonly
called & thermqoptical mecha nism. Thanks to a number of Intrinsic advantages -
primarily the absence of mechanical contact with the solid medium and the possi-
bility of wide adjustment of the frequency of the excited sound - this particular
excitation method has been found to be quite promising for nondestructive testing
equipment and equipment for experimental physical studies of solids. 4

The work analyzes certain characteristics of thermooptical excitaticn of
sound in metals - solids which are characterized by high light absorption and
high heat conductivity. It is noted that such an examination has practical
importance, since one most frequently deals withmetals in the different technical
applications of this particular method (see, for instance, the review [3J). In
presenting the cited issues the authors will follow a technique proposed in works
(6,7] which is based on the use of Green's dynamic tensor for an elastic semi-
space with a free boundary [12]. d

Assume that an intensity-modulated, two-dimensional laser beam 1s perpendic-
ularly incident to the surface of a metal (Fig. 1) which, for the sake of simpli-
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Fig. 1. The geometry of the problem of thermo-
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optical excitation of sound.
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city, will be assumed to be isotropic with respect to its =lastic properties.
The components of the vector of shifts of the excited acoustical waves u, must
in-this case satisfy the mechanical equation of movement L

pai=aij, , (1)

where Uij are the components of the tensor of stresses, while p is the density
of the medium, and the linearized equation of state with consideration of the
temperature effects [13,14]

o1y = 2uttyy + [Ater—yK(T—T0) ] 8i1. (2)

Here, u~—(Um(wJ+um)a re the components of the linearized tensor ofdef formation, Y
is the thermal expansion coefficient, X and u are the isothermal elastic Lame
constants, K=A+2p@ is the modulus of all-roumd compression, and ﬁO is the initial

temperature The linearized equation of thermal balance, in which the authors
ignore the effect of viscosity, should be added to equat¢ons (1) and (2):

pey T —xT.ic + YKT gy = — ——[B/ (x) } () exp (— a)]. (3)

In this equation Csr is the thermal capacity with a constant volume, k is the heat

conductivity coefficient, a 1s the light aoso”otwon coefficient in the medium, R
is the coefficient of llcnt radiation passage in the solid medium, I(x) is the
spatial distribution of the intensity of the incident radiation, and £(t) de-
scribes the intensity modulation law. - Below, not limiting “hemselvcs to commu-
nality, the authors will assume the moduTatlon law to be harmonic, i.e., f()=1+
+ mcoswt, where m ¢ 1. The field of excited acoustical Navcs moreover, must
satisfy the bounda‘y conditions for the free surface of the solid:

ouynj=0, - (L)
where n‘j are the components of the vector of the unique perpendicular to the
surface and the conditions of radiation to infinity. The temperature field at
z = 0 must satisfy a condition of continuity of the thermal stream of 3T/3z = 0.

Analysis of the system of connected equations (1)-(3) in the general case is
an extremely complex problem. One of the traditional simplifications, which
allows 1ts analytical solution, lies in ignoring the small dilation member in
equation (3) [14] responsible for the so-called thermoelastic absorption of light.
In this case equation (3) will not contain the variables u, and may be solved

independently of the other equations of the system. It is easy to show that this
approximation is equzal to ignoring the difference between the isothermal and
adiabatic values of the elastic constants A and u. .

For further analysis, it is sufficient to examine solution of equation (3)
in two maximal cases of the relation of the light penetration depth into the
metal 2m/a and the length of the thermal wave lr=2nMr=2ﬂHmp6d2xV“ ormore precisely:
2n/a>ir. and 2x/akAr. The first case corresponds to high frequencies of the excited
sound w, while the second corresponds to low frequencies. The quality 2n/a=Air for
metals occurs at frequencies on the order of hundreds of megzahertz. At 2a/a>Ar the
heat conductivity may be ignored in eguation (3). Then, assuming for the sake of
definiteness that m = 1, it is found that:

7= [aBl (x) focv]exp (—az—iat). (5)
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In the case of 2n/akAir equation (3) is, also easily solved; in £his case, with
consideration of the boundary condition 8T/%z = 0, it is found that:

T=[ (1—i) koBl () [pcv] exp [— (1—i) krz—iot]. | (6)

>

As 1s easy to see, expression (6) is quite similar to (5) and may be acguired
from 1t through formel replacement of o with (1 - i)kT. It 1s natural that the

expressions for excited acoustical waves will differ just as little in each of
these cases: in' order to shift from a . high Lpequency mode to a low frequency,
it is sufficient to replace o with (1 - 1)k For this reason, only the case
2z/a>»ir 1s analyzed below.
/ - .

Expressing the vibrational velpcity of the particles of a medium u, through
e scalar Lame potentials ¢ and ¢ [14] through formulas dr.=0d¢/dx—0¢/0z and &, =
Op/dz+0¢/dx, from equations (1), (2), and (5), 1t is easy to find two eguations
or ¢ and ¥ (the factor exp(-iwt) is dropped):

h
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+

P

Ag+kip=[p/(A+2p) ]I (x)exp(—az) =P(x, 2), (7)
Ap+kRAp=0, (8)
where Ri=wofc, are thé wave numbers of the longitudinal and transverse acoustical

waves, c=[(A+2p)/p]¥? and ce=(u/p)/? are their phase velocities, and p=afyK/pcy, while
from relation (4) there are two boundary conditions -

(A + 2u) Ap—2u (—g——-%>=ﬂ () / (9)
[Axp +2(%—%” =0. (10)

Using equations (7) and (8), from conditions (9) and (10) one can shift to uniform
boundary conditions of

/e?é-.uz(j’j %)=o, (11)
k%¢—2( gz‘ -{:;-E-) =0, (12)

which will be used below.

* Thus, the examined problem about excitation of sound by laser radiation is

reduced to solution of the boundary problem (7), (8), (11), and (12). Formal
SOlJulOH of this problem, written using the corresponding components of tThe
Gree

n tensor function ([7,12], has the following appearance:

P (x, 2) = —Tl; f j‘ Y [(edvllz—z'.l_ e—"tu‘*'")) ei‘“fr.’ ‘V;—l

(15}
-8 0 e""l“"'"""““—“’} P (¢, ') dx'dz'dR, = -
F (k) : f‘\
{ - O 7 ol k%) —-'vlzl-"t"*'w-") ;oo ’ /‘ )
wx,z)——;j { == o P (<, 2)dx'dz'dk. (1%)

— —= 0

Here wvii=(k1—ki;)"?, F (k)= (2k*—k)?—4k™v, is the Rayleigh discriminator, integration in
seml'nfinite limits is performed in terms of the coordinate z'
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Wherl acoustical field in the wave zone is the only concern, l.e., at kur>»l,
wheré r is the distance from the center of the irradiaticn 1er to the observa-
tion point, then integration in terms of k in (13) and (1%4) is performed by an
asymptotic method of conuou” integrat*on in the complex plane k. The poles of
the subintegral expressions describe in this case the Rayleigh surface waves
excited by the laser beam [7] (when writing the expressions (15) and (16), the
imprecision in work [7] was corrected. This imprecision was the presence of
excess components on the order of a) : ;

' - N SN - (15)
_ PR A+ 2m)(a+09) = ’
2%.0® (k) 282 — k2 . : '
Vo= —F R exp (& ikpr—s2), (16)

R A+ (z+9)

where ko 1s the wave number of the Rayleigh wave, F'(kq) is the value of the
arbitrary Rayleigh discriminator, taken at the point k = kR’ qg= @m—k)w and
s=(E—#) ", (k)= [ I(x)exp (—ikex) dx,

—c

while the saddle points are the fields of the longitudinal and transverse volu-
metric waves (the potentials ¢ and U, rasoectlvely) In a polar system of coor-

dinates of r and 6 the expressions fo“ the amp itudes of the shifts of the har

monic longitudinal u_ and transverse Ug volumetric waves coupled with the poten-

tials by the asymptotic relations ur=—(l/c;)¢ and us=(l/c)$ assume the appearance:
u(r é)= —_PO(sing) krcos§

‘ (& +2u) ¥ 28yr g at 4 k2 cos? 8

I+ 2%% sin 8 sin 20 {(ky/k))? — sin? 6] /2 N
(@ — iRy cos 8) F (k;sin 9)

(17)

} exp [i (&,r—n/4)],
ipd (k4 sin 0)

(n+2u) 2y ke

K sin 4 '

% exp [i (2r —mx/4)].
(@ -+ & (sinze—k‘}/k_%) 12| F (k4 sin 0) pli ks )

Uy (r, 8)=
(18)

The authors analyze formulas (17) and (18) for different relations of the
characteristic width of the laser beam a and wavelengths of the excited sound
Mi=2xf/kiy. In this case 1t is assumed that the inequalities akuy Er >k are 2l-
most always valid for metals. When it is recalled that p ~ o, k., it is easy

to see that the expression for the excited transverse waves (18) in the main
approximation is not a function of «a, kT’ while in the formula for the longitu-

dinal waves (17) only the first component which, is much less than the second at
8 # 0, is a function of a and kT In the case of gquite narrow laser beams

this leads to the fact that the radlation of longitudinal waves perpendicular to
the surface is negligibly smallas compared with their radiation in other direc-
tions (Fig. 2a). According to the structure of expression (13), the cause of this
is that the field of longitudinal waves observed in the depth of the solid made
up of waves directly radiated by the heated field and the waves reflected from
the free surface of the metal. The angular relation of the corresponding re-
flection coefficient 1s such that in a perpendicular direction there is mutuel
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Fig. 2. Normalized characteristics of the directivity of longitudinal
(2) and transverse (b) acoustical waves excited by a narrow laser bezam

in aluminum (ct = 6.40'105 cm/sec and c, = 3.035105 cm/sec): the curves

indicate the theory and the points the experiment from [15].

[15]

Fig. 3. Normalized characteristics of the directivity of longit

acoustical waves excited by a laser beam of finite width « in al

at a frequency of 5 MHz: a) a=1lmm, b) ¢ = 3 mm; at thi freq
2 21

kn = 4.3.10° cm

are the theory and the points are from the experiment in [2].
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compensation of these components of the radiation and this compensation is morse
complete the shallower the depth of localization of the thermal source created
by light. Somehow this does not ocecur in the case of metals. For transverse
waves (Fig. 2b) the absence of radiation in a perpendicular direction is caused
Cy the symmetry of the problem and is not a function of the nature of the solid.
The cited characteristics of radiation of sound by & narrow lzser beam were ex-
cerimentally observed for aluminum in work [15] (see Fig. 2). Similar patterns
were also observed in the three dimensional case of incidence of narrow, axisym-
metrical laser beam [11].

In the case of broad laser beams (k:a>1) the first compenent in (17), da-
its smallness, begins to play a substantive role, since the effect of the
d member of the sum(l7), and expressions (18) in this case is reduced thanks
e @(k,sing) factors. In the limit at kpa—ow this reflects the known fact
in the one-dimensional case in a solid, just as in a liguid, only longitu-
acoustical waves, which are propagated in a perpendicular direction to the
> are excited [4,6-8]. It isnotedin thisrespect, thatthe first component
ession (17) describes that field into which the field (17) and (18) is
in the case of a maximal shift, from a solid to a liquid, i.e., at u - 0.
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Flgure 3 presents the experimental characteristics of the directivity of
longitudinal waves excited by a laser beam of finite width a witt even distrib.-

tion of the intensity [2]. The figure also presents the corresponding theoretical
relations calculated using formula (17). As is easy to see, there is quite good -

agreement between the theory and the experiment. The small ivergence in the
case of a broad beam (Fig. 3b) may be explained by the irregularity of the shape

the actual laser beam used in the experiments in work [2] and its cylindrical
rmmetry.
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