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INVESTIGATION OF THE ACOUSTIC FIELD DISTRIBUTION IN PIEZOELECTRIC
TRANSDUCERS BY THE BRAGG DIFFRACTION METHOD

ZYGMUNT KLESZCZEWSKI

Institute of Physics of Silesian Technical University (44-100 Gliwice)

In the paper the possibility of using the light, diffracted by acoustic
waves, for the investigation of the distribution of acoustic fields in solids is
presented, and the results obtained are described. Quartz and LiIO, trans-
ducers with a fundamental frequency of 200-400 MHz were the sources of
a longitudinal acoustic wave. The transducer length was several mm, and the
transducer width was about 1 mm. Fused and crystalline quartzes were used
as media. The acoustic field was probed with a narrow laser beam, and the
angular distribution of the diffracted light intensity was measured. The experi-
mental results obtained were compared with theoretical calculations.

1. Introduction

One of possible uses of the interaction of an acoustic wave and a laser
beam is the determination of the intensity distribution in acoustic fields in
solids.

In practical applications transducers of very small dimensions (2-5 mm?)
are very often used, particularly for frequencies above 100 MHz. The appli-
cation of a laser beam to investigate such transducers is very useful because
it can be narrowly collimated. At the same time, the knowledge of the acoustic
beam geometry in such transducers is sometimes very important, particularly
in acousto-optical devices. The investigation of the field distribution by the
Bragg diffraction method is performed by the measurement of the diffracted
light intensity distributions or, as mentioned above, by probing the field with
a suitably narrow laser beam [2, 4, 6].

The objectives of this paper are a brief theoretical discussion of the problem
and a description of the experimental results obtained.
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2. Theoretical basis. Apgular distribution of the diffracted light intensity

Let us assume that an acoustic wave with a frequeney £ and a wave vector
q propagates in a medium (Fig. 1). Its passage causes a change in the electrical
permeability of the medium,
e = &9+ Ae(y)sin(gz — Qt), (1)
where & is the electrical permeability of the undisturbed medium, and
Ae(y) — the electrical permeability variation amplitude.

o
S

_8rs

— z
e Fig. 1. The Bragg diffraction geometry
acoustic wave 7 k — the incident light wave vector, k, — the undulatory light vector after
L4

diffraction, g — the undulatory vector of the light wave

If a laser beam also travels in the medium, then for the geometry shown
in Fig. 1 the electrical field intensity of the light wave may be expressed in

the form
B, = V,exp {i(kysin — kzcos 0 — wi)}, (2)

where V,, k, ® are the amplitude, wave vector and frequency of the incident
light wave, respectively.

In the present case of light diffraction by acoustic waves of high frequency
(above 200 MHz), only lines of the first order appear in the spectrum of the
diffracted light. Thus, the electrical field of the diffracted light wave may be
expressed in the form

B, = V,(y)exp {i[kysin 0+ (kcos 0+ ¢)z — (o + 2)t]} +
+ V_,(y)exp {i[ksin 6 4 (kcos 0 — q)z — (w + 2)t]1},

where V,(y) and V_,(y) are the amplitudes of the diffracted light wave for the
first order lines.
Using the wave equation

1 o

(3)

and equations (1)-(3), one can show [8] that the diffracted light amplitude
may be expressed by the formula

Yy
Vi =e¢" [ aV,e™ ay’, (5)
v
where :
Ae(y) k : ’
— = 0,—sinb
* = Zzcos6’ P cosf e rd 1L

and 0y is the Bragg angle.
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The integration limits are defined by the area of the interaction of the light
and acoustic waves. An analogous equation can be obtained for the line of
order —1.

A practical calculation of V, from equation (5) requires a knowledge of
Ae(y). We shall consider the simplest cases of the relation Ae(y), assuming
at the same time that the variation in the electrical permeability of the medium
is proportional to the acoustic wave amplitude.

1. @ = a, in the area -L/2 <y < L/2 (a flat transducer with a uniform
amplitude distribution).

Then from formula (5) we have

¥y igyao SN (qLA6/2)

g s e o7 KA | ity 6
VU auLB qLAG/2 H ( &)
I, |Vif ., sin*qL40[2)

1, |7, | =% ez Ao

where I,/I, is the ratio of the diffracted and the incident light intensities.
Furthermore, if 0 = 65 and the diffracted light intensity is small, the ratio
I,/1, is proportional to the acoustic beam intensity [8].

_Y21p2
2. @ = age” " '®, We have

v 1y
1 _ g0y g Re-@40Rs (7a)
0
while
Il I‘ V] s 9 2
il s iy oy R2e—(@AOR)[2, 7
7, 'Vo ag; R2e (7b)
3. X
ay for —}(WH+IL)<y< —HW-IL)
= and }(W—-L)<y<$W+1L),
0  outside this area,
then ¥V, ; sin(qLA46/2) qWw A0
PRI, re L igL A0 S
V. 2aqLe LA02 e08—5— (8a)
1 sin%(qLA40/2) qWw a0
— = 4q,I? x : 8b
T, - e arAepy O 2 iy

It follows from (6)-(8) that the ratio V,/V, is the Fourier transform of
the function a. From measurements of the angular distribution of the diffracted
light intensity, we can draw conclusions about the vibration amplitude distri-
bution on the transducer surface. It should be stressed, however, that the
measurement of I,/I, gives only the ratio |V,/V,| and that the calculation of
the inverse Fourier transform from the experimental curve is quite compli-
cated. In the experimental part we shall show that, however, these measu-
rements give much information about the transducer oscillations.
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3. Acoustic field in flat and cylindrical transducers

In addition to the angular distributions discussed above, application of
Bragg diffraction permits the acoustic field to be probed with a suitably narrow
laser beam. From these measurements it is possible to determine directly the
relative intensity of the acoustic field in a crystal, at the point of the interaction
of the acoustic wave and light.

The acoustic field amplitude at any point of the field can be calculated,
using the well-known [7] diffraction formula

i 2l _
Sz, y,2) = %ff‘g(mor Yo, O)Fe " dz, dy,, (9)
A

where 8(z,, ¥,, 0) is the vibration amplitude and (z,, y,) are the coordinates
of a point in the plane of the transducer.

For an anisotropic medium the case is more complicated because the velo-
city of acoustic wave propagation is different in different crystallographic
directions. This is accounted for numerically by the so-called anisotropy para-
meter expressed by the elastic constants of shape. A detailed discussion of the
problem for an anisotropic medium can be found in paper [1].

Figure 2 shows the position of the transducer in the coordinate system
assumed for the calculations. The transducer dimensions and the direction
of the laser light propagation are also marked there. In the measurement

Fig. 2. Transducer dimensions and position in
the coordinate system assumed for caleculation

method, used for the results reported here, the laser beam interacted with the
acoustic wave along the whole cross-section of the ultrasonic wave. Therefore,
an additional integration along the direction Y should be carried out in expres-
sion (9) (Fig. 2). In consequence, taking into account the elastic anisotropy
of the medium and the attenuation of the acoustic wave, for the acoustic field
amplitude 8(z, 2), related to the total path of the interaction of the light and
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the acoustic wave, we get

ige— o dz a2
8(z,2) = m Pl _d‘L 8 (@05 Yo, 0) X
; @ —,)* + (4 — Yo)*
X eXp {zq[z+ ( 2;)( 1-—gb) Yo) ]}dyd:oodyo, (10)

where a is the attenuation coefficient for the acoustic wave and b — the aniso-
tropy parameter.

Values of the anisotropy parameter for some crystallographic systems
are given in paper [5]. For the present case of the acoustic wave propagation
along the Z axis of crystals of the trigonal system we have

(O — O13— 2Cus) (U5 + Os)
2053(03s— Cua)
where C;; are components of the tensor of elastic constants.

If a flat transducer with a uniform amplitude distribution is the source
of the field, then

b= ’ (11)

Nk d<m<dand d'< <d'
RRE S e g -y T —_——= ey
S(we,yn,0)=‘ - R e M)
0 outside this area.
Substituting (12) into (10), after an elementary integration we obtain
dj2
d? . (2—m,)® } A
S(@, ) = Mo —— f o PP i 2 F 13
(oot = 8867 | | exp|—ig 5oy ldey s (13

where 4 is the acoustic wavelength.

The field intensity distribution according to (13) was calculated, using
a digital computer. Figure 3 shows an example of the theoretical intensity
distribution of an acoustic field at a frequency of 215 MHz in crystalline quartz
for a propagation direction along the Z axis. It was assumed that ' = 5 mm,
d =1 mm, and that the parameter b — calculated from expression (11) — is
in the present equal to —0.232.

If, however, a cylindrical transducer with a uniform amplitude distribution
is the source of the field, then

iga d d a’ da’
Soem“m for —— << — and ——— <Y<,
8(@gy Yo, 0) = - 2 2 < (14)
0 outside this area.
Substituting (14) into (10) we obtain
18(z, 2)|* =
a 3 iqua iquy [ 1 1 d
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The results of measurements of the field intensity distribution at a fre-
quency of 340 MHz are presented in Fig. 4. It has been assumed that B = 5 mm,
d =4 mm, @ =6mm, b = —0.232. It should be noted that the distance
from the acoustic beam focus in anisotropic media is different from R, and is
R’ = E[(1—2b). In the present case R’ = 3.41 mm.

4. Measurement system

The measurement system used is shown in Fig. 5. Quartz and LiIO, trans-
ducers working at fundamental frequencies between 200-400 MHz were the
sources of longitudinal acoustic waves. The transducers were excited form gene-
rators G3-20 and G4-37A, modulated by rectangular pulses with a duration
of 0.1 ps and a repetition frequency of 1 kHz. Crystals, in which the distribu-
tions of acoustic fields were investigated, had lengths from 40 to 60 mm and
transverse dimensions 10 X10 mm. In the investigation of the distribution of
acoustic fields, created by flat transducers, the back wall of the crystal
was ground at an angle of several degrees to the acoustic wave front.
This prevented diffraction of light by the reflected wave or the occurrence
of a stationary wave. In the investigation of the acoustic field distribution
of the focussed diffracted wave, however, the back wall of the crystal had
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Fig. 4. Theoretical distribution of the acoustic field produced by a eylindrical transducer
f=340 MHz, ¢’ =6 mm, d = 4 mm, R =5 mm, b = —0.232, R’ = R/(1—2b) = 3.41 mm

frequency I nanaml'tmrtzr[
generator
Y
Fig. 5. Block diagram of the experimental
apparatus ’;ﬁ:g ascilloscope | [pon recorder

a cylindrical surface, the passage time of the acoustic wave was considerably
longer than the duration of the acoustic pulse but at the same time considerably
shorter than the pulse repetition time. The crystals were placed on a gonio-
metrical table, which ensured precise turning and moving of the sample.

A 5-mW He-Ne laser was the light source. Diffracted light was registered
by a photomultiplier from which a signal was shown on nanovoltmeter and
a pen recorder.

Angular distributions of the diffracted light intensity were measured with
the crystal being rotated in the diffraction plane. The angle 46 was measured
with an accuracy of 1'.
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In the probing of the acoustic field, however, the crystal was moved
vertically in the X ¥-plane. Narrowed by an optical system, the laser beam
had a diameter of about 15 pm over a path of 1 cm. The beam fell at the Bragg
angle to the acoustic wave front.

5. Presentation and discussion of results

Measurements of angular distributions of diffracted light intensity. Figure
6 shows the distribution of diffracted light intensity in crystalline quartz
obtained for acoustic wave propagation along the Z-axis. A LiIO, transducer

Alv(a8)* [relative units]
7

Fig. 6. Angular distribution of the diffracted light
intensity in erystalline quartz
= 216 MHz, experimental curve, — — — — — theore-
a3s5°® a70" 105° pe tical curve

P A AT
=105* —070° —-Q35° ¢

with a fundamental frequency of 216 MHz was the source of the acoustic wave.
The agreement with the experimental curve is not very good. Using relation
(4), from the experimentally determined behaviour of I(46), the amplitude
distribution at the transducer surface was estimated. As was mentioned in
Section 2, the ratio V,/V, is the Fourier transform of the function a(y). Cal-
culating the inverse Fourier transform, we obtain a(y) if we know |V,/V,|.

It should be noted, however, that we obtain only V,/V, measurements
and we do not know the analytical form of the relation V,46/V,. Therefore,
to calculate the inverse transform we used the trapezoidal method of appro-
ximation. The results of the calculation are shown in Fig. 7 (for one half of
the transducer). The dashed line shows the vibration amplitude distribution
at the transducer, obtained by the method discussed, while the full line repre-
sents the vibration amplitude distribution on an ideal transducer. The experi-
mentally obtained distribution differs from the uniform distribution assumed.

It appears that the above method, although it is approximate and slightly
troublesome in caleulation, can be successfully used for determination of the
vibration amplitude in piezoelectric transducers.
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Figure 8 shows an example of the angular intensity distribution of the
diffracted light by an acoustic wave produced by two transducers (dashed line).
The length of transducers was 1.5 mm, the separation distance — 5 mm, and
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Fig. 7. Vibration amplitude on Fig. 8. Angular distribution of the
the transducer surface studied acoustic field intensity produced by
one and two transducers
f =285 MHz, — — — — — two transducers,

one transducer

the frequency — 285 MHz. Fused quartz was used as the medium in this case.
For comparison, the behaviour in the case of only one transducer working
(full line) is also presented. The relations obtained confirm theoretical calcu-
lations performed in point two.

Acoustic field probing. In the measurements performed, attention was
paid to direct measurement of the acoustic field intensity and the effect of
focussing on the field distribution. The measurements were made by probing
the acoustic field with a laser beam. The measurements were restricted to the
Fresnel zone which in the present case was several centimetres long.

Figs. 9a, 9b and 9¢ show the intensity distributions of acoustic fields in
the fused quartz obtained at distances of 2, 3 and 7 mm from a LiI0, transducer
whose dimensions were d’ = 8 mm, d = 1.5 mm, and whose frequency was
200 MHz. It follows from a comparison of the experimental and theoretical
behaviour that the agreement is not very good close to the transducer, while
further away the experimental and theoretical behaviours were practically
the same. It seems that the fact that it does not vibrate in a piston mode, which
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Fig. 9. Distribution of the acoustic field intensity in fused quartz at various distances from
the transducer
J =200 MHz, &’ = 8 mm, d = 1.5 mm, (a)z = 2 mm, )z = 3 mm, (¢)z = 7 mm,
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was also shown by measurement of angular distributions, is the main reason
for this difference close to the transducer. Inadequate narrowing of the laser
beam had a great effect on the results obtained.

It is difficult, however, to obtain a narrowing to several um over a path
of 1 cm.

Figures 10a and 10b represent the intensity distributions of acoustic
fields in crystalline quartz obtained at a frequency of 216 MHz (the same
transducer whose angular distribution was discussed). In this case, also the
difference between the experimental and theoretical curves is smaller at longer
distances from the transducer.
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Fig. 10. Intensity distribution of the acoustic field in crystalline quartz at various distances
from the transducer
f =216 MHz,d’ = 5§ mm,d = 1.5 mm, (a)z = 2mm, (b) z = 15 mm, ——— experimental curve, — — — — —
theoretical curve
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The investigation of focussing was performed in the system shown in
Fig. 11. The reflection of the acoustic beam from the back, cylindrical wall
of the buffer was used here. The use of such an acoustic focussing mirror was

transducer

E Fig. 11. Focussing acoustic mirror

necessary because it was found impossible to produce cylindrical transducers
by the manual grinding. Fig. 12 shows the acoustic field intensity distribution
in crystalline quartz for the reflected wave at the focus (eurve I). For the
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Fig. 12. Intensity distribution of the acoustic field in focus
I — reflected beam, focussed, 2 — incident beam, 8 — theoretical curve

radius of curvature of the back, equal to 2R = 10 mm, the focal length was
3.41 mm (R/(1—2b)). The direction of wave propagation coincided with the
Z-axis, b = —0.232, and the frequency was 340 MHz. Curve 2 shows the field
intensity distribution for the incident wave, unfocussed, and the theoretical
field distribution at the focus, measured from (15). The focussing effect is
dist inct in these curves, although it occurs to a lesser extent than predicted
theoretically. The difference can be accounted for mainly by the large diameter
of the laser beam probing the field. It is noteworthy that theoretical focussing
should occur up to 4 y, while the diameter of the beam used was 15 i

Figure 13 shows the field intensities measured at the focus and 1 mm
before and after the focus.

It follows from the measurements taken that the method can be succes-
sfully used for the investigation of acoustic field distributions in crystals.
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Fig. 13. Intensity distribution of the acoustic field in the focussing system

As regards the transducers examined, the experimentally determined field
distribution differs, sometimes even quite considerably, from the theoretical
distributions. It is difficult to obtain polished transducers with thicknesses
of several p and precisely equal surface thicknesses. The glue layer coupling
the transducers with the buffer has also a large effect on transducer performance.
The “Cyjanopan B” glue, which we used, permitted a layer of several p to be
obtained which at high frequencies adversely affected the transducer per-
formance and, first of all, caused primarily a considerable loss in the electric
power supplied. It may be added that at present transducers adhesively
coupled with the base are being built at the Institute of Physics of Silesian
Technical University. It is expected that it will be possible to obtain a consi-
derably better agreement with the theoretical calculations with these trans-
ducers, and also a better repeatability of the parameters of the transducers
made.

The precision of the method used is a separate problem in the analysis
of the experimental results obtained. This involves many factors, e.g. the
diameter of a narrowed laser beam and its collimation in the area investigated,
the stability of the laser performance during the measurements, and the recor-
ding system stability. It is also important to cnsure orientation precision for
the samples examined. Quantitative evaluation of these factors is a very com-
plicated matter.

A knowledge of all the above-mentioned acoustic field distributions is
very important for the caleulation of the parameters of many acousto-optical
devices and it is this point of view that has stimulated the measurements de-
geribed in this paper.
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