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Lamb waves generated by laser
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Chinese Academy of Sciences, Changchun 130022, China)

Abstract: A modulated continuous wave argon ion laser has been used to get lamb waves in silicon membrane. In this
report, the basic principles of conversion from optics to thermal then acoustic waves are deduced. The experimental set
- up, the analysis of the results and the possible way to ohtain a given mode of lamb wave are described.
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1 Introduction

Since 1980s, a modulated laser combined with a
sensitive detection technique has been widely used to
generate waves at a specific point on the surface of a
sample, such as silicon, metal and paper, etc.
Attractive features of such a source include the non -
contact nature of the source with repeatability and the
capability to generate a variety of acoustic modes.

A unique feature of the FPW (flexure plate wave)
is that its phase velocity is lower than that of most
liquids, and when FPW devices contacts such a liquid,
a slow mode of propagation exists in which there is no
radiation from the plate. Moreover, for an ideal liquid
(no viscosity ), energy of lamb waves can only be
coupled into the liquid through the z component of
displacement at the plate surface.

In our studies, we focused on the way to get
stable zero mode lamb waves in silicon membrane
which is sensitive enough to measure the change of a

little mount of liquid on it.

2 Thermal — lamb wave principle
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Fig.1 Results of a sample surface that exposed by light source

Thermunplastic waves

The results from the expaosure of a sample surface
to a localized periodically modulated light source is
shown in figure 1. It can be seen that in addition to a
change in temperature of the sample, the following
secondary effects are also produced:

* modulated infrared emission from the surface.

* modulated thermal expansion resulting a
distortion of the surface.

% generation and propagation of an acoustic
wave.

* modulation of the optical properties of the

surface such as the reflectivity.
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* modulated refractive index gradient in any gas
or other transparent medium in contact with the heated
surface . _

Based on the conversion of absorbed optical
energy, the thermal waves generated by laser were
eventually converted into thermal energy. The excited
electronic states in atoms or molecules will loose their
excitations that result in a general heating of the

materials.

Fig.2 A silicon sample with membrane

The silicon sample with membrane is shown as
Figure 2. The size of membrane is 3x8mm. The
thickness is 15pm. Suppose:

% the silicon membrane is isotropic.

* the intensity distribution of the laser beam is
Gaussian.

* the membrane got more freedom in x direction
than in y direction.

So it can be assumed as a semi - infinite one -
dimensional system. If the plane is harmonically heated

by laser in form of Lz
r

subject to the boundary condition that the periodic
thermal energy applied to the surface is dissipated by

conduction into the solid, the heat flow rate equation of

(1 + coset) in these conditions,

conduction will be:

I
— k% = —29[1 +cos(wt)] =

Rel22(1 4 exp(jur))] X < 0,6 >0 (1)

If the heated surface is taken to occupy the y — z plane
at x=0, the temperature distribution within membrane
can be obtained by solving one — dimensional heat

diffusion equation (2) in x and t
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Separate variables of equation (2) as
T(x,t) = p(x)¢(t) (3)

And substitution (3) to (2), we get

d¢(t)
Vio(x) __dt 2 (4)
(%)

= ap(t) T°
Where the left part depends on position and the right
part depends on time , there should be a common
constant ¢ . From equation (5), we get
Vo> -0’0 =0 —=¢ = Aexp(- ox) + Bexp(ox)

%“‘f-ao'Z(ﬁ =0 =>¢r(t) = e'”2l

Where A and B are arbitrary constants. When x tends
to infinity, T(x) must be finite, therefore the constant
B is zero. The expression for A is evaluated by
applying the flux continuity boundary condition at the

sample surface, x=0. Where Re(o) = ;1: =4/ i .

The parameter u is called the thermal diffusion length,
which is a quantity analogous to the electromagnetic
skin depth. The full solution is:

10 . 10
T(x,t) = (— + Jjwt) = S .
2 ) =

exp( - x\/—zz—a)expj(wt - x\/;w; —~ %) (5)

The thermal elastic equation is

du, Pu,
(20 + 2p0) 92 " Pap "

aT
(320 + 2u0)a 5. = 0 (6)
Combined with equation (5), we obtain the wave
equation as
3
i, ( /‘0 + 2#0)010 =i (7)

= 2kalpw? - (Ao + 2p0)0%)°
It shows the relationship among amplitude, sample
characters and the energy of light source. If the waves

can be written as harmonic oscillation,
A(x) = Asin(2x Ai) + Bcos(2x Al)
For a given system, we have
Af = vo=mm‘ (8)

When the thickness of membrane — 0, from
VIKTOROV and ROYER we can get
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3 Experimental Set-up

3.1 The laser generation and detection system

The main components of a photothermal system in-
cluding an excitation source, a modulator, a detector,
a signal processing and displacement system are shown
in Figure 3. The power of the excitation laser is <
1W, and its diameter and wavelength are 1.5mm and
532nm, respectively. Using this system, the changes of
reflectivity and the distortion of the surface were detect-
ed.

The change in reflectance in sample surface by
temperature is

AR 1 dR

Ro = Ry d1”T (10)
Where (1/Ry) dR /dT is the coefficient of thermal re-

flectance of the sample. For most solids this coefficient

ranges from 10™* to 107 ¢ per degree.
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Fig.3 Optical bench for the membrane test

In the beam deflectance scheme, the modulated
displacement of a probe beam reflected from the ex-
panding and contracting heated region depends on the
local slope of the displacement. The deflection signal at
the position sensor is given by

d
S = x[(2D f + 2u,rgsind ] + smaller terms

(11)
Where D is the distance of the sample to the position
sensor, u, is surface displacement, ¢ is the angle of in-

cidence of the probe beam and X is the position sensor’

s sensitivity. To gain a good approximation, the deflec-
tion signal is proportional to the displacement slope du,
7dr.
3.2 Experimental set — up and results

Three kinds of experiments have been done with
this membrane :

* laser heat membrane directly or through a big
gap(more than 500pm)

* laser heat membrane through a silicon grating
with equal gap of 200um
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Fig.5(a) Laser heat membrane through a Si grating with

equal gap of 200um
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Fig.5(b) Laser heat membrane through a Si grating with
equal gap of 200pm

Figure 4 and Figure 5 are photothermal
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and thremalelastic signals, which we obtained from all
of the experiments above respectively. We found that
there were a lot of oscillations when the modulated
frequency of laser is lower than 300kHz. From equation
(9) we got the velocity of the waves V = 572m/s. So in
figure 4 the wavelengths are from 44mm to 6.5mm. In
Figure 5.1land 5.2 the wavelengths are from 57mm to
2mm. When the period of silicon grating changed, it
seems that the thennalelastic and photothermal signals
haven’t changed very much. There aren’t any signals
when the frequency is over 300KHz. So even with the
equal gap grating of 400pm period, we couldn’t find
the wave with wavelength of 400um.

3.3 Analysis

It seems when the laser modulation frequency is
lower than 300kHz, the heat absorbed by membrane
during one period of grating is big enough to generate
harmonic waves. So it’s hard to get only one lamb wave
in low frequency in this way.

From equation (5) we can see that the amplitude
of temperature in membrane is proportional to the energy
of laser and reversed proportional to vw. The heat
diffusion length in this system with different modulation
frequencies is shown in table 1 . When the exciting
frequency is over 300kHz, the diffusion length is less
than 10pm. Besides, when the frequency increases to
more than 300kHz, AT becomes very small. From
(10), (1),

reflectance and displacement on the local surface of

equation (7), we know that the

heating are not big enough to measure.

Table 1 Diffusion length changes

with modulation frequency
f  100Hz 1kHz 100KHz 300kHz 500kHz 1MHz
p(pm) 533 168.5 17.49 9.7 7.54 534

Perhaps it is possible to generate one given mode
of lamb wave in high frequency with a grating whose
period is less than 400pm if we increase the power of
laser beam and decrease the thickness of membrane to

several micrometers.

4 Discussions

a) The upper oscillation limit of frequency in
membrane depends on the energy, the diameter, the
modulation frequency and the characters of membrane
itself. When the sample is given, the phase velocity is
given as equation (9 ). The relationship amony
wavelength, velocity and the frequency of thermal -
lamb wave is shown in equation (10). In order to avoid
the damage of sample surface, the pawer of the laser
couldn’ t be too high. So choosing wavelength and
thickness of the membrane correctly is very important for
generating a given mode of lamb wave. Besides, the
uniformity and the diameter of the laser beam are the
main factors to be sure that there are several periods of
grating work in the same time.

b) The grating used to given wavelength should be
assured that there is no high reflection on its surface.

c) In order to get high frequency waves, the
diffusion length should be more than 10/m.
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Symbols and abbreviations

T(w) Periodic

angular frequency w

k  Thermal conductivity

P Power of the laser beam

r  radius of the laser beam

@  modulation angular frequency

a Thermal diffusivity

Iy Optical intensity

Re  Real part of

¢  Thermal wave number

temperature at modulation

o Density
¢ specific heat
p# Thermal diffusion length
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Ao Lame constant d Thickness of membrane
o Lame constant dg Poisson’ ratio
u Surface displacement Rq Interface thermal wave reflection coefficient
Ao Wavelength X Position sensor sensitivity
f Frequency of waves D Distance of the sample to the position sensor
vg  Velocity of phase 0 Angle of incidence of the probe beam
E  Yang's module R(A) Optical reflectivity at wavelength X
K Wave number
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