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Conditions for anomalous acousto-optical diffraction by backward propagating acoustic waves
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Experimental evidence is given of acoustic plate waves, whose group velocity is contradirected with respect
to the phase velocity, through a determination of the acoustic wavelength dependence on frequency, in a
limited range of frequencies. The dependedegd()>0 between wavelength and frequency is experimen-
tally verified, as the required condition for acousto-optical diffraction, where higher frequency components
would scatter light into smaller diffraction angles.
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Few cases of acoustic wave propagation exist where diswith plus and minus signs for symmetric and antisymmetric
persion relations cause the Poynting vector to reverse its dimodes, respectively, and whekg,=(Q/v¢)?>—K? and K3
rection with respect to the wave vector direction: guided=((/y,)?—K? are the transverse wave numbers for shear
acoustic waves in plates is one among a few examples, anghd longitudinal waves, respectively. Some modes may show

backward propagating modes can be produced in a very limgn anomalous behavior @f(Q2), within a specific range of
ited number of cases, materials, and frequency ranges. Exrequencies, such that

perimental evidence of backward propagating acoustic
modes was given by few authors in the past, first by Meitzler
[1] in thin wires and strips, then by Negisf2] and Wolf dA/dQ >0, 3)
et al.[3], who used a Schlieren technique to visualize waves
propagating in a direction opposite to that of normal propa-
gation.

. . which causes a group of adjacent frequency waves to inter-
In the present paper, the dispersion curve ofShéamb group : d y

\ : ) 1 ; fere constructively while progressing into directions opposite
mode is experimentally tracked in an alum_lnum plate in th o the propagation direction of each single component wave,
frequency range where backward propagation exists, througfp, ,s giving rise to the phenomenon of backward propagation,
an acousto-optical determination of the acoustic wavelength, \ore the energy flow is contradirected with respect to the

As p.“?pe“y described, this is experimgntal _evide_nce of th(?/vave vector. This is the case for ti8 symmetrical Lamb
condition of an anomalous acousto-optical diffraction effect,mode in aluminum plates in a frequency range below the

vyherg high frequency acoustic components would diffrac o=v,/2b frequency that corresponds =0, as first
light into smaller angles than the lower components an Eown by Tolstoy and Usdifi5]. Little experimental evi-
spectral _deggneracy would be produced, because OPUCHLce was successively produced, and few uses of such phe-
beams with different frequency components would be scats ymenon were proposed and exploited in the pag. It is

tered m_the same directions. . . . shown here that this effect is a prerequisite for anomalous
Elastic energy propagates in thin plates as guided mOd%Q‘cousto—optical diffraction

which expand freely into directions parallel to the plate sur- We suppose, indeed, that a plane light wave front

fgces, while_ sa_tisfying transverse resonance boundary condfi:-(Z t) = Eq expi(kz+ wt) of amplitudeE,, angular frequency
tions. Polarization of the displacement vector may occur par- "’ )

allel to the surfacesshear or Love mode®r on the sagittal ©, and wave numbek impinges normally on the surface
plane normal to the surfacélsamb modes in the first case, where an acoustic wave pulsa(x,t)=Ja({)cogK(@)x

. , -7 . . —Qt]dQ) is propagating along a directioq then it is re-
dispersion curves in isotropic materials do follow an €qUaacted back with a spatial phase modulation as
tion, deduced by geometrical considerations,

2_ 2_ 2
K= (Q/vs)*— (nm/2b)*, oY) E(X,Z,t):Eoe|(kz—wt)e2|a(x,t)k

whereK=27x/A is the propagation wave vector, with the

acoustic wavelengtht) is the angular frequencys is the =Eqe'(kz- o
shear velocity in the medium of the plateb 2s the plate

thickness, and is an integer 1=1,2,...). In thecase of

Lamb modes, the coupling between shear and longitudinal X cogK(Q)x—Qt]dQ+ - - } (4)
components on the surface boundaries leads to the following

dispersion relations, that can be solved numeridatly

1+2|kf a[Q(K)]

2 *1 In the usual case wheie<A, terms higher than first order
tanKsb AKKs Ky : _ .
Kb~ > > (2 can be dropped in the above expression and the Fourier
tanKy (Ks—K9) transform of the optical field with respect xobecomes
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FIG. 1. Dispersion curvéa) of the S; mode in aluminum plates
and asymptotic linegb) K==*Q/vg, around the region of back-
ward propagation, in adimensional units.

E(&,2,t)=Eqe' @ Y| 5(&)+21k
Xf a[Q(K){K(Q)— e "™

+O[K(Q)+£let' |, (5)

This is the undiffracted zeroth order, that corresponds to th
(&) term, plus the first, right, and left diffracted orders, that
correspond to the other terms, in directions

|

each bearing a Doppler frequency shift with respect to th

K

+—

k

6. =tan !

(6)

optical angular frequency of the undiffracted beam equal td!

=+ i
Aw.y ==, The frequency spectrum of the acoustic waved? reference signal. Experimer(see Fig. 2 were performed

is then reproduced in the spatial spectrum of the diffracte

light, according to the one to one correspondence betweel)

angle and wave number given by

K(Q)
k
Within the angular spread 6 corresponding to the fre-

quency spread Q) of the acoustic pulse, the distribution of
the optical frequency shift follows the law

e

If 9A/9Q0>0, anomalous acusto-optical diffraction would

+

0.,=tan !

()

—2m JA
kA2 Q0

90 1 K(Q)

0k

Q) ®
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FIG. 2. Sketch of the experimental setup: the phase of acoustic
plate wavegLamb wave}, generated by a mode conversion of the
bulk wave, is optically measured.

plotted vs the normalized angular frequendy® 7v in the
symmetrical space of positive and negative valueK.ofhe
curve asymptotically follows th&==Q/v axes at high
values of(}, and is not defined in real space fOr values
below Q,in<Qg. In the range),,i,<Q<Qgq, the group
velocity vy=d(/dK is contradirected with respect to the
phase velocity ,= Q/K.

As previously stated, the representation would be strictly
followed by the acousto-optical diffraction spectrum of the
wave where a one to one correspondence is present between
the acoustic wave numbéf and the positiorx of the dif-
fracted light spot. From the undiffracted light position
=0, that corresponds to a frequen€y, up to one corre-
sponding to the valuél,,;,, anomalous diffraction exists,
consisting of a decrease of the scattered light frequency at
?arger diffraction angles, or light spot positions. Maximum
diffraction resolution occurs & = Qy andQ=Q ;,, Where
dK/dQ—o, while minimum diffraction corresponds to
minimum group velocity or maximum negative value
(dQ/dK) max-

The experiments follow the dispersion law of ti&

é’node, as given in Fig. 1, through the(Q)) curve determi-

ation, obtained by means of the phase lag evaluation of the
acoustic wave at a given point and frequency with respect to

n a b=2 mm thick, carefully polished aluminum plate,
where a wedgdvariable anglg transducer generates sinu-
soidal Lamb waves by mode conversion, through a proper
choice of both wedge angle and backward-wave region. The
acoustic field is then probed by a laser beam impinging or-
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occur, where higher acoustic frequency waves would diffract T T T T
light into smaller angles than lower components. This is the

case for backward propagating modes, which are possible in 0 5 10 15
Lamb acoustic waves.

20

Figure 1 reports a slightly modified version of the well
known branch of th&; mode dispersion curve in aluminum
plates: the normalized propagation vector amplitud 2s

Propagation distance (mm)

FIG. 3. Phase gain of an acoustic plate wave along the propa-
gation distance.
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FIG. 4. Differential phase gain of acoustic plate waves at differ- o )
ent frequencies: higher frequencies do propagate with larger wave- FIG. 5. Theoreticalline) and experimental dat@ots of the S;
lengths, thus causing a reversal of the energy propagation directiofliSPersion curve.

different frequenciesf,=1.45 MHz and f;=1.51 MHz,

thogonally on the plate surface, that allows one, through aghich are 30 kHz below and above the reference frequency
interferometric technique, to measure the surface vibration,. It can be seen that by increasing the frequency, the slope
down to subnanometer amplitude values. It is then possiblef the lines, and then the wave numberdecreases, and the
to detect the phase of the plate oscillation, by using lasewavelength increases, which is the condition for a backward
light heterodyne detection with a Bragg frequency shiftedwave to propagate.
reference beam. The resolution is noise limited and depends Figure 5 shows experimental data for the phase velocity
upon the surface optical quality; it typically lies between carried out at different frequencies in a range from 1.45 to
0.25 and 2 nm. 1.51 MHz at steps of 10 kHz, together with the theoretical

Short pulses of acoustics waves 25 long were sent dispersion curve of the Lamb mod®. There is a good
along the plate, and the central part of the pulse was moniagreement between experimental and theoretical data in most
tored on an oscilloscope screen, as detected at any givesf the backward-wave region, down €= Q,;,,, where the
point, thus allowing the phase relation to be measured witlyroup velocity reverses its sign, and the signal goes rapidly
respect to the reference signal. Figure 3 shows the phasiwn to very low amplitudes, as already reported by Wolf
changed vs the laser beam position at increasing distancest al. [3].
from the transducer along the acoustic beam path, at a fre- In conclusion, the determination of the acoustic wave-
quencyf;=1.48 MHz: the wavelengttphase change equal length of theS; mode in an isotropic plate of aluminum is
to 27) is 16 mm, corresponding t§=392.7 m! andv, done through optically probing the propagation surface, in
=23680 m/s. The negative slope indicates that the phasthe frequency range where backward propagation condition
advances, as the probe is moved away from the transducesf the group velocity holds. ConditiotiA/dQ >0 is experi-
as expected for backward wave propagation, since the energgentally verified, which gives rise to anomalous diffraction,
is flowing away from the transducer, while the phase wavewhere larger diffraction angles correspond to lower acoustic
moves toward it. Figure 4 also reports results obtained afrequencies.
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