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CHARACTERiSTICS OF THERI1OOPTlCAL EXCITATICI,I OF SClUNI IN |IETALS

V. V. Krylov, E.. P. Ponomarev, and T. V. Shtentse'l

Vestni k Moskovskogo Uni vers'iteta. F j zi ka,
Vol . 41, l.lo. 6 , pp. 43-48, 1986

uDc 534.232

The process of excltlng sound in metals with absorption in them of
in:ensitv-noo.ulated iaser raoiatlon is analyzei. snalytical exores-
sions are glven ior the anrplltudes of the surface andvoiumetric acous-
tical waves excited by the laser beam. The directlvlty diagrams of
the volumetric waves are ldenti-fied and thel:' Cepenoence on the bean
width i-s investigated. The acqulred results are compa:'ed wiih the
e-tpe:i-nen:ai Ca:a.

Inc:'eased i-nterest has recenily been noteC rn l-ite:'ature in the problen of
exciting acoustlcal waves j-n solids with absorption in then of l-ntensl-ty-iltoou-
lated laser radiation [1-11]. At relaLively low lncldent l-1ght powers such
excltation is realized as a result of thermal expanslon of ihe fu'radi-aced sectos
of the solld. For thls reason, the cor:'esponilng excitaiion mechanism is ccmmonly
cal'l eC a ther.nqoptlcal- mechanl-sm. Thanks to a number of inii'insic advantages
nr.irnpnJ l:r thp absence ol mechanical contact wif,h the so1ld rneolun and the possi-
bility of wide adjustnent of the frequency of the exclted sound-th1s particular
excitaiicn n:ethod has been found tc be quite promi-sing lor nondestructive testing
equipmeni and equipment for experinentai physicaL studies oi solids. ''

The work analyzes certain cha:'acterist j-cs of therr,roopt:ca1 exciiai'i cn ci
souno i;r metals - soiids which are cnaracter':zed by hign llgnt absorption. ani
high he:t conoucti-viiy. Ii j-s noted tirat such an exani nai ion has praciical
:mport.ance, slnce one most frequently oeals wirirm.eial-s in the d.:-fie:'ent tecnnical
applica*"ions oi this partlcular method (see, icr instance, ihe review t3.l ). In
preseniing the cited i-ssues the authors wilL iol-low a technique proposed in works
[6,7] wi:ich is based on the use of Green's dynamic tensor for an elastj-c seml-
€ti^a r,ri!h a snaa harrnriarrz T'l ?lJ r'-) '

- -,,-^ &L-rrs;urire urrcit an intenslty-modulated, two-d:-mensional- lase:' beam 1s perpendic-
ul-arr y i ncldent to the sr-rrface of a metal (f :-a. f ) which, f or the sake of si-npli-
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city, will be assuraeC to be lsotroplc wlth respect to iis e1ast1-c prope:'t1es.The components of the vector of shlits of the excited accustical w-aves u. mustln this case satisfy the mechanlcal equation of movernent i
. pii_sir,1, ( 1)

where o*.. are the eomnonents of the tensor of stresses, whlre p ls the densltyrJ
of lhe rnedlum, and the llnearlzed equatlon of state wlth ccnslderatlon of thetemperatu:e effeccs [13,14]

otr:2*',|rLum-tK(T-70)]6,i. ( 2 )

Here, u;1:(12)(ui,t*ur,i) a:'e the components of the llnearized tensor ofoefornation, yls the therrnal expansion coefflcient, tr and g are the i-sothermal elastic Lameconstants, K:)'t2vl3 i s the modulus of all-round compression, and TO is the initia'i
temperature. The lrnearlzed equatlon of ther:nal balanee, ln whlch the authorsignore the effect oi vlscoslty, should be added to equati-ons (1) and (2):

Nvi -xT.u + tM*,: - *tE @) f (4exp (- az)l. (3)

In this equation crr ls lhe thermal capacity wlth a constani volume, r is the heat
conduetlviiy coefficlent, o is the light absorption coefficient in the med.ium, Bj-s ihe coef iieienl of light radlation passage in the sol.j-o meoium, I (x) is ti:espatlal distribution of the lntenslty of the incldent rad.j aiion: and f (t) de-scrlbes the lntensi-ty modulatlon law. ' Below, not 1funltlng thenielves to ccrn-nu-nality, the authors wil-1 assurne the modulation law to be [arnonic, i.e ., l(t):t ++ rncosof., where m S 1. The f ield of excited acoustlcal waves, moreover, mustsaiisfy the boundary conditlons for the free surface of the sotiO -.

q.Jnl-I,,. ( 4 )

where n. a:'e the comoonents of the vector of the unique perpendicular to the
J

surfaee and the conditions of raClation to inflnity. The temperature fllel-d atz = 0 must satisfy a conditi-on of contlnulty of the thermar stream of 3T/Az = A.

Ana'l rr<i< nf J-].ra errci.an af nann^a!^zl a^rrati^-- /1\ /-\ i- !L^ 
-^--..^rB1r4!Jor> of the system of connected equations (1)-(3) j-n ihe general case is

an extremely conplex problem. One oi tbe tradi-tional si:nplif ications, whi-ch
allows lts analytical- solution, lies ln lgnorlng the srnall dll-atlon mernber in
equation (3) tfi+3 responslbl-e for the so-called thermoelastic absorption of light.in this case equatlon (3) w111 not contain the varlables u. and nay be solved
independently of the other equatlons of the system. It is easy to show that thl-s
approxlmation is ec-uaL to ignoring lhe difference between the isothermal and
adia.batic values.of the elastlc constants tr.and p.

For further ana]ysls, lt 1s sufflclent to examlne solutlon of equatlon (3)
Ln two maxlmal cases of the relatlon of the llght penetration depth lnto the
neial- 2ir/c. anc tne iengih of ihe the:nal wave ir:%rlkrZ%tl (apcvl2x)t/2, ormore preciseiy:
2nls,bl'r and 2rr/c(l'r. The f lrst case corresponds to high frec-uencles of the excited _sound ur, wh1le the second corresponds to 1ow frequencles. The quallty 2xle:1"7 f cr
metals occurs at frequencles on the order of hundreds of megahettz. At 2:ria)l.r the
heat conductivlty may be lgnored in equatlon (3). Then, .siumlng for the sake ofdeflnlteness that m = lr lt 1s found that:

7 - lopl (x) lpcvl exp (-cz-iort) .

"r/

(5)



In the case of 2xla,4h equatlon (3) is. also easily solved; in thls case, with
conslderatlon of ihe boundary condition 3T/32 = 0, lt ls found that:

f : [ ( l-t) I'p I (x) | pcv)exp l- (1-i) krz-iat] - (5)

As ls easy to see, expresslon (6) ls qulte simj-lar to (5) and may be acqulred
i:'om lt through formal replacement of s wj-th (1 - i)kT. It is natural that the
expresslons for.exclted acoustlcal waves wr'lI drffer just as llttIe in each ol
these cases: 1n'order to shlft from a.hlgh frequency mode to a low frequency,
it 1s sufficlent to replace c! with (1 - j-)kn. For this reason, only the case
Z'rlallr 1s analyzed below

of a medfum u- throushI-
i'-dql0x-6$ldz and i:, =
co f l-nd two ecuai ions

Expressing the vj-bratlonal velp cLt,/ of the particles
the scalar Lame potentlals 0 and V t14l through formulas
= dgldz+dpldx, from equations (1), (2), and (5), lt is easy
for q and rf (the factor exp(-tot) .is dropped):

Aq+lrce - lp | ()'+ 2ilU (;r) exp (-az) : P (x, z),

' AQ+'r&!-0,

where ht;-alcu are the wave numbers of the longltudi-na1 and
waves , ct-[(t"+Zp]tplt/l ano 11-(plp)ttz. aTe the j-r phase veloclties
from relation (4) there are two boundary conditl-ons

(r + 2p) Ae_2p (#_#) : r' o',,

(7\

/Q\Io,

irlrcrrorca raarrcii ar'l

, and p-aprlKlpcv, whj-1e

(9)

( IU,)

and (10) one can shifi to.uni-for:n

(r-1)

fr?)

Usrng equatlons (7) ano (8)
boundai'y condl-ilons of

u[to*s1 & 
-a$\l:'L \Artz Az'lJ

, from condltions (9)

h?q-r2

0.

which w111 be used beLow.

'Thus, the examined problern about excltation of sound by laser raClation is
recuced to solutlon of the boundary problem (7), (8), (11), and (12). Forrnal
sol-uilon of thls problem, wrltten uslng the correspondlng conponents of ihe
Green tensor functlon lTrtZJ, has ihe following appearance:

g (;r, :)
(13)

_ 8ff a*dd_")+4(:_r,)f 

"r 
, 4 dx,dz,dh,

{ (:' z): (rll

iier.e ,t;1:(E-h211)'tt, F(h)-(2ht-h11,-4f+v,r, is the Raytelgh discri.inlnator, lniegration in
serniinf 1nlte Llml-ts i.s perforned j-n ieln:rs of the coordlnate z',

4B

I dta dqb \l+--J-l:ll
\a* afrzJ

: -* f f i [t */-'l- e-.,t42'\,nT'' 'r'-
<<0

h',,b-2f+L ryl:0,\ d.rdr Az2 )

i i 
rq:4t e4!/-,t.+.b'') p(x,,2,)dz,dz,dh.
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'',^Iheri acoustlcal fleld in the wave zcne Ls the only concern, i.€., o"t k41r*1,
wherd r ls the distance from the center of the lrradlation i'ield to the obse:'va-ti-on polnt, then i-ntegratlon ln terms of k ln (13) and (ft+1 is perforn:ed by anasymptotic method of contour lntegratlon l-n the complex plane k. The poles ofthe subintegral exDressj-ons desc:'lbe in thj-s case the Raylei-gh surface wavesexclted by the laser b_e?* 17l (when wrltlng the expressroni (15) and (16), theimprecislon i-n work t7] was eorrected. Thls lmpreclslon was the presence of
excess components on the orcler of cr)

*fs
exp (:t thaxLgz),

ip@ (h")
9R- -.r-t-fr (r*2p)(e*c) f'rq\

\ !) /

(15)

the value of the
q:1h2a-h2r)tP , ano

\!t /

tFa:
2j.^o(Dlk-l ot2 A

-$p 

\= btuNe-*),(l + 2p) (cs + e)
f', (rR)

where k* ls the wave number of the Raylelgh r.r", F,(k*) 1-s

arbltrary Raylelgh discrimlnator taken at the point k = kn,

s-l0lA-titP, o(t^): / (.r) exp (-ih6.r) dx,

while the saddle po3-nts are the flelds of the longiiudlnai and transverse vol-u-metric waves (the potentials rir and rf , respectively).. In a polar system of coor-
dinates of r and 0 the expressions for the amplltudes of the shlfts of the ha;.-
monlc longitudinal u- and transverse uU volumetrlc waves couDled with the poren-
tials by the asynptotl-c relatlons ir,--(l/cr)g and ac: (l/cr)$ assr,rne the appearance:

f

a, (r, o): - ,, 4(f,'i!? I E'?'e -, (L+W)y'2t&fq I ar;{cosrg
r . zr.i srn.B il! 20 ftrr/j,): - :i:r_9t 'p 

J op ti (h,,r _n/4)1,
, (c-ifucos8)F(ftysin0) 

_ J

ua,ir.0\:@*' (r+\t)2y' 2tr\rcg

+

( t_8 )
lf sin a0

exp [i (Aor-nla)].
[c f l1 (sinr 0- 4t4l wlF (11 sin 0)

The authors analyze forrnulas (17) and (,18) for dlfferent relations of the
charaeterlstic wldth of the laser beam a and r,.ravelengths of the exctted sound
\q;:2trlhct. In thj-s case it is assumed that the inequallties altr.ri hrbfu,t are al-
most always valid for metals. When ii is recalled ihat p - e', h, it is easy
to see that the expression for the exclted t.ransverse waves (18) ln the maj-n
approxlmatlon ls not a function of a, kT, while 1n the fornula for the longltu-
d1nal waves (I7) on1-y the flrsl component whlch, ls much less than the second. atg / 0, ls a functlon of a ana \. In the case ol qulte nari'ow laser beams
thl-s leads to the fact that the radlatlon of longltudlnal waves perpendlcular to
the surface is negllglbly smallas compared wlth .thelr radlatlon ln btner dlrec-
tlons (f'fg. 2a). Accordlng to the structure of expresslon (13), the cause of thj-s
is that the fleld of longltudlnal waves. observed in the depth of the solid made
up of waves dlrectly radlated by the heated fle1d and the waves reflected frorn
the free surface of the metaI. The angular relatlon of the correspondlng re-
fl-ection coefficient ls such that ln a perpendlcular dlrectlon there 1s mutual-

49



li?.^.?: -Norn:alizeC 
characteristics of the directi-vj-ty of longliudinal

( a) anc :ransvef se (b ) acous;icaI waveg e.rn i reri hr, 2 na,,ow i i".--'.-,_ =.!urveu uuv c. rr:*llOW laSg:, bga::.
trin alumlnr-m (", = 5.40.LC) em,/sec and c- = 3.O3.tO) cmlsec) : the curves

lndicate the theory and the poi-nts ihe expe'iment from tiSl .

Fig. 3- Nor:nalizec eharacter'lstics of the directivlty oi longitud.inalacoustical waves exciieo by a laser beam ol flnite wi-b.tn a in alurainum
al: fna^r= !-;J;enc;; ci i:qiz: a) a =._:u:, b) a = 3 r:rn; at .l:ts freouenc;..
kT = .+.r.=:3 

"r-i, kL = *.9.t0 
"*Il---:.r-,a t. = lo.u.ro "*]I, ;;;-;;;;:=

are the theory and the points are from the experi-nent rn t2l .

ccmpensatj-on oi ihese ccmponents of the radiaiion and ihj-s conpensation i s moleccmpiete the sha1lower ihe denth ol loca'] izatlon of the the:nai source cr.eaiedcy lrghi. Somehow thr s ooes not occur 1n the case of metals. For t:'ansver.se
.wave: (f ig. 2b ) iire absence of radiation in a perpendlcula:' d1:.eci1on is caused
:r" th9 symmetry of the problem and is not a f':ncf,ion of the ".i"""-;f ;;" sot-id.T::e ci-ted characieristibs of radiation of sound by a narrow'raser bearn we:,e e:(-pe:'imental ly obsel'vec f oi aluminum in vror.k t15l (iee Fig . 2) . sinliar o.tt"rr,='v.Iere a'lso obseI.red in ine three d.imensionaL case of incioence or tta"",.t*--2-. -..-ha-hi 

^^r : ^-^- 
.^^^- Tl -: 'rc- - vw, Gi->J'ir-

--._J__uG: rc)E_. ij=c-;i L:t:.

In ihe case of blcad laser beams (frr.ra)l) the f lrst compcnent in (1T) , Ce-spiie iis smal-'l ness, begins to pJ-ay a substanri-ve role, si-nce the effect ci thesecono member oi ;he sun(17), and expressions ( f-A) ln inis case is red.ucec thanks19 ihe o(ir,rsin0) factors. In ihe lrnit &t hq$+e this refiects ihe known facttnat in the one-d:-menslonal case in a solld, just as ln a lio-uid, only 1ongrtu-c:nai accustical- waves, r,^1hi_ch are propagateo 1p a peroend.i-cuia:'d.i:ection io thesurlace, a3e excitec [4,5-8] . rt is notea rn thLs re!pect, that the fj-rsi conponent1n expresslon (17) desc:'1bes ihar ilerd rnto wirich the fteld (iZ)-";a aiti issnifted in the case of a maxlmal shift. from a solid to a llquld, i.e., ai u + g.

Er{ r',ra ? r-^- ^n- - !r.^ ^v- ^s{ 1 ^r- ---r i6q = r presents ihe exper'lmental characteristlcs of the dlreeiivlty oflongrtudlnal waves exclied by a laser beam of fl-nlle width a wiih even olstrib'-trcn of ihe intenslty t2l . The flgure. also presents the cori'espondlng tneoreticarrelations calculated using fornula (17). As ls easy io see, there is quire goodagreement between the -theory and lhe exoeriment. Tire small d.J-vergence'in ihecase of a broad bearn (flg. 3b).may be ex-llarned by the lrreguJ-a:'iiy of the shaneof the actual laser bea.n used tn ine exoerj-menrs in work [2i ano ris cyLindli-cal-
='rnn al- n"rvYrrurr! er J .
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