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GENERATION OF ULTRASOUND BY SHORT LASER
PULSES AND ITS APPLICATION IN PHYSICS
AND NDE")

W. ARNOLD?), Saarbriicken

In this paper I review the generation of short ultrasonic pulses via the thermoelastic
effect in solids. Besides the basic physical principle of sound wave generation, I discuss
also its spectrum, the absolute magnitude of the sound amplitude, and the conversion
efficiency for longitudinal plane waves. Since the gradient of the temperature is at the
origin of ultrasound generation, focussed laser beams cause shear waves and surface
: waves. At least for surface waves there exists a certzin ratio of wavelength/laser-spot

diameter such as non-destructive grain-size determination in thin metal sheets, crack
depth determination by surface waves, and at large laser powers the exploitation of the
resulting short ultrasonic pulses for the measurement of the electric charge distribution in
polymers.

T'EHEPMPOBAHME YJILTPA3BYKA IIPH IOMOIH KOPOTKUX JA3EPHLIX
UMITY.JILCOB ¥ ErO MPUMEHEHHE B ®U3UKE M MPH OHEHKE
MATEPHAJIOB TIOCPEACTBOM AJECTPYKTHUBHBIX METOAOB

B paborte paercs 0030p (0 reHepauv¥ KOPOTKHX yALTPA3BYKOBLIX HMIYALCOB
B TBEPALIX TENAX NPH AOMOY TEPMOYNPYroro adpdexTa. Kpome 0CHOBHBIX PUIUIECKUX
YIPMHUMIOB N€HEPUPOBAHHS 3BYKOBBIX BOJH, 06CYXAAETCs TAKXKE HX CNEKTP, abComoT-
asi BETMYMHA aMILTHTY/bI 3BYKa H KOIDPHULMEHT NONE3HOTO AEeHCTBUA 1peodpa3oBanus
RS MPOOBHBIX NNOCKUX BONH. Tak KaK rPajueHT TEMIEPATYphl HAXONHTCH 8 TOYKE
reHEpHPOBAHHA YIBTPa3ByKa, ChoKyCHPOBaHHbIE NAa3ePHbIE MYHKH BLI3LIBAIOT nonepey-
Hbie ¥ TOBEPXHOCTHBIE BOAHBL ITo KpaiiHeil Mepe ANisi TOBEPXHOCTHBIX BOH CYUIECTBYET
ONpEEAEHHOE OTHOWEHME ANMHEI BOHBL K IMAMETPY Ja3€PHOTO NATHE, A KOTOpOro
CYIIECTBYET MaKCHMANLHBIH K03(pOHULMEHT NOAEIHOro AEHCTBUA. [puBoguTcs Takxke
0630p NpUMEHEHNH, TAKMX KK aleCTPYKTHBHOC ONPERENSHNE PAIMEPOB 3CpeH B TOHKHMX
METAUTHYECKHX TUIEHKaX, Onpefiefienye riyGHHbI TPELUMH NpH HOMOLLM TOBEPXHOCTHBIX
BOJIH M MCMOMLIOBAHHE PE3YALTHUPYHOUMX KOPOTKUX YNbTPa3BYKOBBIX HMIYNILCOB HPH
, 6OMbUIMX a3 PHBIX MOLHOCTHX U5 HIMEPEHMSA PACHPERETEHUA INEKTPHYECKOTO 3api-
_ :mw:O::ZnEx.
_
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L. INTRODUCTION

The generation of sound by thermoelasticity has been known for a century |1, 2,

3). However, at that time one could not explain the origin of the sound generated.

With the advent of lasers the effect gained new interest, and one of the first papers
which reappeared on this problem outlined the basic physical mechanism involved
[4]. The energy of a short laser or microwave pulse absorbed within the skin depth
of a solid or liquid surface is transformed into heat which diffuses a certain distance,
the so-called thermal skin depth into the solid or liquid. Due to rapid thermal
expansion ultrasonic pulses are generated. In this paper, 1 will restrict the
discussion to solids because this is most important in the nondestructive evaluation
(nde) of materials, although interesting phenomena occur in liquids as well [S—10].

IL BASIC THEORETICAL CONSIDERATIONS

Figure 1 displays the principle of pulsed thermoelastic sound generation. A short

pulse of radiation such as a pulsed electron beam, a laser or a microwave pulse -

Thermoelastic Sound Generation

Sample to be tested

At = 20ns

e ) I

Al=v-At

Temperature Increase
—= Thermal Expansion
—=Sound Wave

Fig. 1. Principle of thermoelastic sound generation using a laser pulse.

impinges onto the surface of a solid. In most practical cases the absorption length is
quite small. For example in metals, the optical skin depth at wavelengths in the
visible region is of the order of a few hundred A. In contrast, the energy
transformed into heat diffuses much further into the solid. It is possible to treat the
problem in a simplified one-dimensional way provided the diameter of the electron
or laser beam is large enough, and the solid is homogeneous within the diffusion
length. The one-dimensional heat-diffusion equation describes the spatial and
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temporal dependence of the temperature rise of the solid due to the incident
radiation [11}:

FT(x, 1) 13T(x,t) _ A(x, 1), (1)
dx? ® At K

Here, T(x, t) is the temperature rise above equilibrium ﬁg.sconm::m,.ﬁ is the
thermal conductivity, x is the thermal diffusivity, and A(x, t) is the heat imput per
unit volume and per unit time. Let us assume now that we use laser pulses whose
temporal shapes are gaussian. The only relevant frequency components of the
problem are then the Fourier components of the o=<n._nnn. of .H:o _mmo.ﬂ nc_mn.m
because at the optical frequency the return to thermal SE_._@::B is s0 rapid that it
is of no concern here. The solution of Eq.(1) for a sinusoidal heat input A(w) of
angular frequency is well known:

T(x, {)=(Po/K) Vx/w exp (i (wt— kx)) exp (—kx) . )
d=1k=V2xlw

Here, P, is the optical intensity absorbed on the mclwnn .o* the material under
consideration. Eq. (2) describes a temperature wave ir._nr is amavoa.. Its attenua-
tion length & — also called thermal skin depth or a_:cm_oﬁ.. length — is oa:.m_ to its
inverse wave-vector k. Typical values of thermal diffusion ._n=m9m are listed in
Table 1. Within & the solids expands, and the rate at which this expansion occurs 15
closely related to the frequency components of the laser pulse envelope.

Table 1
Thermal parameter of selected materials relevant to thermoelastic sound generation (from [36])

Thermal
Thermal . Thermal
Ml diffusivity (cm?/sec) QM_MUMMW—“ %ﬂﬁw@ expansion (107%/K)
e 0.04 035 148
copper 0.95 1.7 16.8
sitver 1.70 24 19.7
aliminium 0.98 1.8 23.8
Si;N, ceramic 0.16 0.7 3.2

The source term for the ultrasoundis the thermal expansion. In order to account for
this. one considers Hook’s law including the stress 0., caused by the temperature
rise T(x, ), and the equation of motion:



du_1030._1
mmlcﬂlmAﬁwlnmﬂAx, ). 3)
I.mzr m is the H:m.:dm_ expansion, c is the appropriate elastic modulus, § is the
28.5, @ is the density, and u is the displacement. This equation can been solved
taking into account the boundary conditions (uniform material for xz0):
i) for mechanically free surfaces:

Oe(x=0)=0 (42)
i) for mechanically clamped surfaces::
u(x=0)=0. (4b)
The resulting stress as a function of sound frequency is then given by [4]:
ol ov? BP.Vx Vo (5a)
K w+v%2x
Pyv 1
QMN” Mm ot/ .
TR W F v 2x (5b)

. aﬂwnm, %. 1s the mozmmf&zm_ sound velocity. These equations allow one to make
2 ﬁm_ ed comparison with experiments. The limitations due to the one-dimensio-
reatment of the problem can be considered in actual experiments.

1. EXPERIMENTAL RESULTS ON PULSED THERMOELASTIC
SOUND GENERATION

?.E:w experiments have been reported of thermoelastic sound generation. It is
ocSo:m.?oB Eq. (3) that the spatial gradient of the temperature nwcmn.m the
ultrasonic strain. Consequently, focusing the laser beam causes shear stresses and
:o:om. mramm waves and surface waves [12, 13] (although not included in the
o.so-a_EoE,.:w:m_ treatment). In this respect thermoelasticity is analogous to
piezoelectricity where the gradient of the electrical field is also at the origin of
sound mmw:m_,maon [14]. However, piezoelectric sound generation is an always linear
wmaﬁ with the ultrasonic strain proportional to the electric field strength N\,&namm
ws ﬁrozcon_mm.a.omﬁ the strain is proportional to the optical intensity (Egq. vav. This
! Mm cnw: <.oa~aa by moa.\o:: groups :m, H.m_, and a typical experimental resultis

own in Fig. 2 [16]. It displays the longitudinal ultrasonic strain S generated in the
ceramic material Si;N, as a function of absorbed optical intensity usin
a Q-switched ruby laser with a total pulsewidth of 50 nsec. It can be clearl mmmm
that for low optical intensity the strain increases linearly. At optical woioammnmom
than ~20 é\oau this dependence becomes stronger than linear. At this optical
power ablation of the surface of the solid sets in, and also non-linear effects in the
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optical absorption of the solid may play a role. This critical intensity is different for
different materials. It has been shown experimentally that the momentum transfer
due to ablation enhances the longitudinal strain components :w_./

Eqs. (5) also predict that the ratio of the strain levels for clamped and unclamped
mechanical surfaces differ by almost a factor of 300 corresponding to ~50 dB.
This was indeed observed experimentally [17] (see Fig. 3). It originates from the
fact that on a mechanical clamped surface the backward travelling wave generated
within the thermal skin depth is reflected without a phase jump, and therefore adds
constructively to the forward travelling part.
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=
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=
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& L
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Fig. 2. Ultrasonic strain versus absorbed optical  Fig. 3. Ultrasonic signals received by a piezoeiec-
intensity in the ceramic material Si:N.. At low tric transducer. The signals were generated by
optical power P, and in the thermoelastic regime  a laser impinging on a constrained surface (a) and

the strain is linearly proportional to P, whereas

for large P, ablation of the surface sets in and

momentum transfer dominantes the sound
generation.

on a free surface (b). There is ~40 dB difference

in efficiency between the two. The energy of the

laser pulse was rather small in the experiment
(from [17]).

Only a few experiments related to the spectrum of the ultrasound generated have
been reported. Mostly, this question was dealt with indirectly by observing the
temporal shape of the ultrasonic signals. It is of importance, however, to know the
spectrum exactly because it enables one to determine the minimal bandwidth of the
detection systems applied. In particular using optical interferometers, it is desirable
to limit the bandwidth as much as possible in order to increase their sensitivity. We

9



have therefore concentrated on this question. A backwall-echo sequence was
generated for example in a Si,N, sample of approximately 3 cm thickness. The
echotrain was received by a piezoelectric transducer with a large bandwidth. Its
output was amplified and digitized and the data were handled by a computer.
Details of the experimental set-up can be found elsewhere [18].

The Fourier transform of any received backwall-echo can be written as:

Gi(w)=S(w)IL(w) exp (— a(w)x,) (6)

Here, S(w)is the frequency spectrum of the strain. IL(w) is the insertion less of the
) transducer, a(w) is the absorption as a function of angular frequency, and x; is the
corresponding path length. IL(w) can be accurately measured by using the
reciprocity principle [19] and a(w) by the standard pulse echo-method. By
Fourier transformation of a given backwall echo and deconvoluting it, it is
therefore possible to determine experimentally the ultrasonic strain per frequen-
cy-band S(w) as a function of frequency using Eq. (6). A typical experimental
result is shown in Fig. 4 for Si;N,. S(w) first increases, passes through a maximum
and then decreases rapidly as a function of frequency. Quite similar curves can be
observed in polycrystalline aluminium [16], although its thermal skin depth differs

by a factor of 2.5 from that of Si;N, at the same thermal frequency. This behaviour -

can be understood quite easily. Since Eqs. (5) describe the ultrasonic strain at
a given thermal frequency component, they only have to be multiplied by the
Fourier transform of the laser pulse envelope:

" _BPo Vi Vo T _ !
Si(w) K orai2xve exp ( — w?t?/4) (7a)
__BPou 1 T

=(w)=
(@) K o+v2% Vg

One obtain from Eq. (7a) the dashed line in Fig. 4 which reproduces the shape of
the experimental curve quite accurately. It is more problematic to reproduce its
absolute magnitude because this requires the accurate determination of the optical
intensity P, absorbed, which is rather difficult.

Eq. (5a) reflects the fact that at low frequencies the efficiency of sound
generation is low because of the small ratio of the thermal skin depth to the
ultrasonic wavelength. With increasing ultrasonic frequency, this ratio increases as
can be easily seen from Eq. (5a). It would be maximal at w = v%/2x corresponding
to frequencies at least of the order of 100 GHz. The pulse width of the laser pulse,
however, is far too large to contain any appreciable amount of power at these
frequencies. From this argument it is obvious that only its absolute value but not
the shape of the spectrum depends on the material under consideration. We have
verified this by comparing the spectrum obtained in Si;N, (low thermal diffusivity)

exp (—w?t¥/4).
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and aluminium (high thermal diffusivity). As mentioned above the same spectrum
was obtained in the two materials. As can be easily seen from Eq. (7a) the
maximum occurs at @ = 1/t where 27t is the laser pulse width (1/e points of the
intensity).

For constrained surfaces we have not measured the spectrum up to now. In
principle, there should be no increase of S(w) as can be seen from Eq. (7b) in
comparison with Eq. (7a) resulting in that only a pressure pulse should be
generated.

SILICON NITRIDE
—— EXPERIMENT

-~-- THEORY

Fig. 4. Spectrum of the ultrasonic strain generated

by a laser pulse on the free surface of Si:N.

sample. The laser beam was not focused so that

predominantly  longitudinal = waves  were

generated. There is a maximum at @ = 1/t where
2t is the total pulsewidth.

STRAIN (10™/Hz]

+ v

10!
FREQUENCY (MHz}

It should be mentioned that Eqgs. (7) are valid provided A <L for all wavelengths
where L is the length of the sample. If A ~ L, then the boundary conditions have to
be modified [20].

For interferometric detection it is also of great importance to know the absolute
amplitudes u, obtained. We have estimated this quantity by carrying out
a comparison experiment. At the frequency where the maximum in S(w) as shown
in Fig. 4 is observed, we generated normal ultrasonic backwall echoes using
a ri-transmitter. The power P,; of the transmitter was adjusted so that the first echo
displayed the same absolute amplitudeon the crt as that onethermoelastically obtain-
ed at a certain P,. By measuring P, and knowing IL(w) it is straightforward to
estimate Yo using the reciprocity principle [19]. At an optical power just at the onset
of ablation such as ~20 MW/cm? in SisN, and at ~5 MW/cm?® in aluminium one
obtains an amplitude of ~5 A and ~3 A, respectively. Considering the large
optical powers involved, this leads to a very low conversion coefficiency of the
order of — 90 dB [16]. As noted earlier, thermoelasticity is a non-linear effect, and
hence the conversion efficiency itself depends on the optical power and renders the
application of this quantity in this context less meaningful. Additionally, the large
optical powers readily available with Q-switched lasers still result in appreciable
signal/noise ratios of the ultrasonic signals.
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As pointed out above, focusing the laser beam causes lateral thermal expansion
and hence shear stresses. By focusing the laser diameter down to a diffraction
limited spot one eventually ends up with an ultrasonic point source radiating all
polarizations: longitudinal, shear and surface waves. This has been verified
experimentally in detail [21, 22]. Due to the elastic boundary conditions and
diffraction effects, it leads to a peculiar angular radiation pattern which can be

T Y T Y T T v

.\.:NAQ* ALUMINUM
L SURFACE WAVES 1
LASER PULSEWIDTH: 50 nsec

SOUND INTENSITY [ARB. UNITS ]

't s n

01 02 03 0%
DIAMETER OF LASER SPOT [mm]
Fig. 5. Ultrasonic intensity (arbr. units) of surface waves generated on a aluminium sample as a function

of laser spot diameter. As can be seen clearly, a pronounced maximum in the efficiency occurs at
a certain diameter d.,..

explained physically quite reasonably. On the theoretical side, there have been only
a few attempts to extend the mathematical description beyond the one-dimensional
theory [23]. ’ ,

Upon focusing the laser beam one expects the efficiency of shear and surface
waves generation to increase because the lateral thermal stresses also increase. This
has been verified quite recently [24]. Fig. 5 shows the ultrasonic intensity of surface
waves on aluminium as a function of the laser spot diameter. The intensity of the
surface wave was measured by a piezoelectric transducer using a wedge. Its position
was kept constant on the surface of the sample and in addition its band-width was
large enough to be sensitive to the whole spectrum. Fig. 5 clearly shows that the
intensity first increases with the decreasing laser spot diameter d (but at constant
optical intensity). It passes through a maximum and then decreases rapidly. The
maximum occurs approximately when A, ~d where A,, is the wavelength of the
maximum in the spectrum of the ultrasonic pulses. This effect can be understood at
least qualitatively: From each angular ring of the laser spot a surface wave is
launched. The overall integrated intensity radiated from the spot depends on the
relative phase of each radial component, and must therefore exhibit a maximum
when for most of them constructive interference occurs.
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At very large laser powers beyond the thermoelastic regime one can clearly
observe the spectrum of the ultrasonic pulses broaden [18]. It is not yet clear in
detail what causes this effect, and it might as well be the neveral factors contribute :
momentum transfer by the material evaporated, enhanced optical absorption to
plasma formation, increasing thermal expansion with increasing temperature, and
eventually generation of higher harmonics by nonlinear elasticity.
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Fig. 6. Principle of the technique to estimate the depth of a crack by thermoelastically produced surface
waves. The crack acts as low-pass filter on the spectrum of the surface waves which can be observed by
the detection system in this case an interferometer (from [26]).

IV. APPLICATIONS

Together with optical detection, thermoelastic sound generation allows remote
non-destructive testing of components particularly at high temperatures where
conventional transducers would be destroyed [25]. Additionally, it is quite easy to
scan optical beams over the surface of a component to be inspected. Besides this
application there are several others which exploit the broad frequency spectrum of
the ultrasound generated. Recently, a method has been proposed to estimate the
depth of a crack extending from the surface into a material [26]. As can be seen
from Fig. 6 a laser beam focused with a cylindrical lens launches a surface wave.
A crack possibly present acts as a low-pass filter because of the finite penetration
depth of the surface waves. With a interferometric detection system one observes
the change of the spectrum received relative to other scan positions on the surface.
This allows one not only to detect but also to estimate its depth.

In thin polycrystalline metal sheets it is interesting to know the average size d of
the grains. It is well known that by exploiting the Rayleigh-scattering one can
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determine the grain size nondestructively [27]. However, for components thinner
than a few millimeters conventional ultrasound becomes increasingly difficult to
apply because of lack of axial resolution. In contrast, by using the short ultrasonic
pulses obtained by thermoelastic sound generation on can overcome this problem
[28]. By a short laser pulse one generates a backwall-echo sequence in the metal
sheet to be examined. Then with a transducer one observes the change in spectrum
of any two subsequent echoes. For the spectrum of these echoes Eq. (6) holds. In
this case the total attenuation a(w) is caused by two attenuation mechanisms. The
inelastic part is caused by various effects such as thermal conduction loss;
dislocation and magnetic losses, and varies approximately linearly with frequency
in technical materials [27]. The elastic part is due to scattering by the ensemble of
grains. Provided A >d, one can therefore write for a(w):

a(w)=aw + bd*w* . 9)

Here a is a constant and b is the so-called scattering parameter. At least b is
generally known for polycrystalline metals [28]. By comparing the experimentally
obtained a(w) to Eq. (9) it is then straightforward to obtain d by a least square fit.
We have verified this technique for polycrystalline metal sheets whose grain sizes
extended from ~ 10 um to ~ 100 um. For the best accuracy one has to adjust the
laser pulse and hence the spectrum in order to obtain an appreciable amount of
scattering within the limits given by the available signal/noise ratio of the detection
system used.

In the so-called plasma regime when ablation of the surface sets in an interesting
application in solid state physics has been reported [29, 30]. Depending on the
experimental conditions almost step-like ultrasonic signals are generated whose
rise-time can be of order of one nsec. Applied to polymers this would correspond to
a spatial extent of the sound pulse of the order of a few um. By placing a polymer
foil in a condenser and generating such a step-wave on one of its faces, one can
study the spatial distribution of electrical changes and dipole moments within the
foil. Due to their presence the density variation accompanying the step-wave
causes an opposite charge at the condenser electrodes which can be displayed on an
oscilloscope. Knowing the sound velocity it is then possible to deduce deviations
from homogeneity of the electrical charges present with um resolution. In this way,
for example, it has been possible to shed more light on the nature of piezoelectricity
in PVDF induced by static electrical polarization [31].

There are other interesting applications and modifications of ultrasonic genera-
tion by thermoelasticity as well as by ablation which I shall not discuss here due to
lack of space (see, eg. [32, 33, 34, 35])

Summarizing I should like to point out that sound generation by short laser
pulses is an interesting technique both from a physical and practical point of view.
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