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FREQUENCY SPECTRUM OF LASER-GENERATED ULTRASONIC WAVES

B. Betz and W. Arnold

Praunhofer-Institute for Non-Destructive Testing, Bldg. 37, University,
6600 Saarbrilcken, F.R.G.

Résumé - Le spectre des ondes ultrasonores produites grace & 1'effet
thermoelastique par de courtes impulsions laser a &té mesuré dans
1'aluminium polycristallin et dans la ceramique SigNg. Le spectre est
maximum & 1/2nt si 1a forme de 1'impulsion en fonction du temps est
gaussienne (2T est 1a largeur de 1'impuision). Pour les fréquences infé-
rieures 3 1/2nt le spectre est determiné par 1'épaisseur de peau thermique
et la Jongeur d'onde ultrasonore alors que pour les hautes fréquences i1l
est 1imité par les composantes de Fourier de 1'enveloppe des impulsions
du laser. Les valeurs absolues des amplitudes de vibration &lastique sont
de 1'ord£e de 1'Angstrom pour des intensités optiques de 1'ordre de

10 MW/cm?.

Abstract - The frequency spectrum of ultrasonic waves generated by short laser
puTses due to the thermoelastic effect has been measured in polycrystalline
aluminum and in the ceramic material silicon nitride. The spectrum exhibits

a maximum at 1/2wt if the temporal laser profile is gaussian (2t is the
pulse width). For freguencies smaller than 1/2mr , the ratio of the thermal
skin depth to the sound wavelength determines the frequency spectrum, whereas
at high frequencies the spectrum is limited by the Fourier components of the
laser pulse envelope. The absolute magnitudes of the sound amplitudes are of
the order of A for optical intensities of =10 MW/cm2.

Because of thermal expansion a periodic heat input at a solid or 1iquid interface

is accompanied by the generation of sound waves. This is called the thermo-elastic
effect ‘and it has first been described extensively by White /1/. Experimentally this
effect has been verified by various groups /2-5/. Whereas quite large optical
intensities are necessary to produce significant sound amplitudes in solids, thermo-
elasticity is more effective at liquid interfaces /6-9/ mainly due to the large
thermal expansion of liquids. However, for practical applications such as in non-
destructive testing, the generation of sound waves in solids is of greater impor-
tance. As a heat source laser pulses or chopped electron beams are used in most
cases. In order to exploit thermoelasticity efficiently, it is necessary to under-
stand the generation mechanism on the basis of a physical model and to verify its
consequences experimentally. Early experiments were restricted to show the feasi-
bility of thermo-elastic sound generation /2,3,4/. Later on the importance of
mechanically constraint or unconstraint surfaces has been demonstrated /5/. Further-
more, first experiments were carried out in which the diffraction pattern of such
sound sources has been examined /10/. There is Tittle knowledge about the frequency
components of thermo-elastic sound sources although this information is necessary
for practical applications. We have therefore undertaken such measurements in
aluminum and in the ceramic material silicon nitride as typical representatives

of good and poor thermal conductors, respectively.

The experimental set-up is shown in Fig. 1. As a laser source we used a Q-switched
ruby laser. The temporal profile of the pulses were gaussian with a half-width

Article published online by EDP_Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983609



http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:1983609

C6-62 JOURNAL. DE PHYSIQUE

1= 25 ns. The laser pulse intensity impinging on the surface could be varied by
inserting filters of known optical density into the optical path. We measured the
power of the pulses with a calibrated photodiode. The beam with a diameter of 5 mm
was not focused onto the sample. In this way we obtained optical intensities up to
300 MW/cm2. The laser intensity was relatively homogeneous over a width of 3 mm.
This was checked by measuring the lateral profile with a small s1it of 21 pm width.
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] Fig.l: Schematic experi-
mental set-up. The piezo-
DISPLAY DIGITIZER electric transducer has a
Q center frequency of 60 MHz
TRIGGER A| 8- and a 6 dB bandwidth of
CHANNEL 80 MHz.

The samples were rectangular cubes with typical dimensions of 3 x 3 x 3 cm3. On one
face of the sample a piezoelectric transducer was glued on. The receiving trans-
ducer, either sensitive to the Tongitudinal or transverse polarization, was always
aligned along the optical axis. Its output was fed into one channel of a fast
digitizer whose sample width was 5 ns. The data were then handled by a computer.

In this way we obtained accurate Fourier transforms of any echo desired out of the
echo sequence. A typical pulse-echo train generated in silicon nitride is shown

in Fig. 2. In this case a transducer for longitudinal waves was used and the
absorbed optical intensity was =50 MW/cm2.

Fig.2: Pulse-echo train obtained in
ceramic silicon nitride (lower trace).
The predominant polarization is longi-
tudinal. The upper trace shows the out-
put of the photodiode, and hence re-
presents the shape of the laser pulse.

The signal-to-noise ratio of the first echo is about 40 dB. For weaker signals the
output of the transducers was first amplified by a broadband amplifier. The echo
train of Fig. 2 consists mainly of longitudinal waves. The transverse polarization
is suppressed at Jeast by 25 dB even after taking into account the reduced sensi-
tivity of the transducer for the transverse polarization. This also holds for
aluminum. Figure 3 shows the frequency spectrum of the first echo in the silicon
nitride sample. The spectrum was corrected by the inverse insertion Toss I1( @)
of the transducer and by the attenuation a ( w) of the sample /12/. As can be

seen from Fig. 3, the spectrum first increases, passes through a maximum and then
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decreases rapidly. A similar behavior can be observed for all successive echoes
as well as in aluminum.

SILICON NITRIDE .
Fig.3: Freguency components of the

— EXPERIMENT strain pulse in silicon nitride ob-
tained experimentally (solid line) and
theoretically (dashed line). As can be
clearly seen there is a maximum at
1/2nt . The optical input power was
sufficiently small so that only thermo-
elastic sound generation played a role.
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Our experimental findings can be explained qualitatively quite simply. The thermal
expansion is confined to a small layer at the surface of the sample. The extension
of this layer, also called thermal skin depth, depends on the thermal properties
of the material under consideration and on the frequency /2w of the periodic
heat input /1/:

2 x (1)

Here, « is the thermal diffusivity «=K/pC, K is the thermal conductivity,

o 1is the density, and C is the specific heat. Typical magpitudes of & are 1.8 ym
for silicon nitride and 4.4 ym for aluminum at w/2vw = 10/ Hz. This is much smaller
than the corresponding sound wavelengths A . Thus the situation is similar to
driving piezoelectric transducers not in resonance which reduces their effectivity
considerably. For wy = vi/& a maximum in the efficjency should occur (v is the
Tongitudinal sound velocity). Since wy = 7-1010 s-1 for aluminum and = 1012 -1
for silicon nitride, the laser envelope contains no Fourier components of such

high freguencies. Hence this maximum remains unobservable at our experimental
conditions. Therefore we are left with the explanation that the maximum originates
from two competing processes: the increase of the efficiency of the thermoelastic
effect because the ratio &/ A increases with increasing frequency, and the decrease
of the Fourier components due to the finite width of the laser pulse. This can be
written in a more quantitative way:

w2y T

S(w)= S0t 4 V2 BO,(w) - = exp (- w?12/4) dw (2)

In this equation B is the thermal expansion coefficient and @, is the initial
temperature increase at the surface ( ®,= P, Vk/KYw ). The second factor in Eq.(2)
is the Fourier transform of the laser pulse envelope, whereas the first factor
corresponds to the original expression derived by White for thermoelastic sound
generation at unconstrained surfaces /1/. Inserting the proper parameters for
silicon nitride, we obtain the dashed 1ine shown in Fig. 3. It reproduces the
maximum and the frequency spectrum at high frequencies quite reasonably. The Tow
frequency part of the spectrum, however, varies theoretically as «vwo whereas the

experiment yields rather « w. At present we do not have an explanation for this
behavior.
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It s straightforward to derive from Eq. (2) the frequency at which a maximum
should occur. One obtains w= 1/t independent of material parameters

provided - w<< vE/ZK . At Teast for the two materials examined, this could be veri-
fied experimentally. It should be noted that it is difficult to calculate the ab-
solute magnitude of the strain curve versus frequency because S{w ) contains the
absolute power density P, absorbed at the surface. Since we only could estimate
this quantity, we can say at present that the experimental absolute magnitudes

( =R for =10 MW/cmz absorbed optical intensity) are roughly a factor of 5 smaller
than the theoretical ones. We will discuss this point in a forthcoming publication
in more detail /12/. It is obvious that a one-dimensional description Teading to
Eq. (2) can only explain the generation of longitudinal waves because shear waves
are caused by Tateral thermal expansion at the surface. Apparently, if the laser
beam is not focused onto the surface, longitudinal waves are predominantly generated.

A new feature appears when the laser power is increased so that ablation of surface
material sets in ( =50 MW/cm2). Then the strain levels become so large that second
harmonic generation caused by lattice anharmonicity /13/ becomes noticeable.

A typical strain curve versus frequency obtained under such conditions is shown in
Fig. 4. At twice the frequency of the maximum in S{ ®) a shoulder appears. Further-
more, lattice anharmonicity Teads to a distant dependent build-up of the harmonic
wave So, because the fundamental strain wave Si{x) is attenuated by absorption as
well as by the nonlinear process. We can explain this build-up quantitatively by
solving two coupled differential equations for Si(x) and Sp(x) which takes this
into account /12/. The main parameters in these equations are ¢3 and cp which are
the appropriate third-order and second-order elastic constants, respectively.
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Fig.4: Frequency components of
the strain pulse in silicon ni-
tride at large optical inten-
sities at which the longitudinal
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/// mechanism caused by ablation of
surface material. A shoulder
appears at twice the freguency
of the maximum of $,( w). Lattice
0 £ 50 70 %0 anharmonicity is at” the origin
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Summarizing, we should 1ike to point out that thermoelastic sound generation ex-
hibits a pronounced frequency spectrum determined by the Fourier components of

the laser pulse envelope, and by the frequency-dependent thermal penetration depth.
Avoiding too high lateral thermal expansion at the surface, only longitudinal

waves are generated. At least in the overall behavior their frequency spectrum

and absolute magnitude can be. explained by a simple one-dimensional theoretical
description.
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