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An apparatus for time-resolved measurements of the biretiingence induced in a particle suspension 
by an acoustic wave pulse is described. Efficient acoustic coupling is obtained by operating near the 
transducer resonant frequency and by matching the acoustic impedances of the cell constituents. An 
almost-overdamped acoustic configuration can alternatively be employed whenever a faster 
response is needed. Careful design of the optical setup and of the detection unit minimize diffraction 
and stress-birefringence parasitic effects and yields a good responsivity at fairly low acoustic 
intensities. A test of the apparatus on a colloidal suspension of PTFE rodlike particles is presented 
and discussed. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

Colloidal dispersions of nonspherical particles can be 
made birefringent by orienting the particles. Orientation can 
be obtained by application of a magnetic field (Cotton- 
Mouton effect, or magnetic birefringence), an electric field 
(Kerr effect, or electric birefringence), or by placing the par- 
ticles in a velocity gradient (Maxwell effect, or flow birefrin- 
gence). 

While the amplitude of these effects yields information 
about the strength of the specific coupling mechanisms, the 
dynamics of the orientation process, which can be studied, 
for example, by applying a field pulse, is related to the rota- 
tional diffusion of the suspended particles. Due to the strong 
size dependence of the rotational diffusion constant, which 
for spheroids scales as the cube of the particle radius, tran- 
sient induced birefringence measurements are particularly 
promising for accurate particle sizing. We notice, however, 
that this latter possibility can be hardly exploited by using 
magnetic fields due to the very limited bandwidth of high 
inductance circuits, while the time-dependence of flow bire- 
fringence can be only indirectly found by analyzing the fre- 
quency dependence of the Maxwell constant. This is one of 
the major reasons why electric birefringence has been up till 
now the most popular birefringence technique.’ Furthermore, 
the Kerr effect in aqueous colloidal suspensions is generally 
large due to the marked dielectric mismatch between par- 
ticles and solvent which enhances the strength of the cou- 
pling. Last but not least, Kerr effect measurements require a 
much simpler and cheaper setup than magnetic or flow bire- 
fringence. Electric birefringence, however, can be safely 
used only for weakly conducting samples to avoid the occur- 
rence of excessive sample heating and of electrokinetic- 
electrochemical processes which can distort the measure- 
ments and lead to sample degradation. 

An alternative method which does not suffer from the 
above limitation, at the same time allowing one to probe 
birefringence transients, relies on studying the orientation of 
suspended particles induced by ultrasonic waves.aS3 We de- 
scribe in this paper an apparatus for the measurement of such 
an effect, known as acoustic birefringence, which exploits 
experimental techniques directly mutuated from time- 

resolved electric birefringence. The literature in acoustic bi- 
refringence is rather limited, and the orientation mechanism 
is only partially understood. The availability of a simple and 
reliable apparatus can stimulate a theoretical study of the 
potentiality of acoustic birefringence. 

The basic experimental method consists in placing the 
sample in a cell which allows a good coupling with the 
acoustic field. Birefringence is monitored by observing the 
polarization changes of a laser beam linearly polarized at 45” 
to the acoustic wave front and propagating through the cell 
perpendicularly to the acoustic wave. The field is applied and 
the induced birefringence An is allowed to reach a steady- 
state value Ano. The field is then switched off and the bire- 
fringence decay transient is measured. As for the other 
induced-birefringence techniques, An,, gives quantitative in- 
formation on the coupling mechanism between the field and 
the particles, while the field-free relaxation transient yields 
the particle rotational diffusion constant. In this paper we 
show that, by proper design of the sample cell and detection 
system, the acoustic intensity necessary to obtain a detect- 
able birefringence can be reduced to levels which are obtain- 
able by standard low-cost laboratory equipment, being quite 
lower than those supplied by the high-power rf amplifiers 
commonly employed in the past. 

II. DESCRIPTION OF THE METHOD 

A. General considerations 

Though observed and analyzed by Lucas4 as early as 
1938,- acoustic birefringence has been the subject of rela- 
tively few experimental and theoretical papers when com- 
pared to other birefringence effects. A review of the main 
theoretical aspects can be found in Ref. 2. While acoustically 
induced birefringence can be observed both in simple fluids 
and in suspensions of colloidal particles, the origin of the 
effect is definitely different in the two cases. 

An ultrasonic wave induces optical anisotropy in a 
simple fluid by mechanisms similar to those responsible of 
the Maxwell effect. On’the contrary, the orienting torque on 
suspended colloidal particles is probably due to pressure dif- 
ferences which are generated on the surface of a particle in 
relative motion with respect to the fluid, a fact noticed as 
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early as 1882 by Lord Rayleigh for the specific case of a 
large disk. In other words, the presence of a solid obstacle 
modmes the streamlines and the angular momentum associ- 
ated with the flow pattern, and this will in turn generate a 
reaction torque on the particle. The motion of a suspended 
particle will lag behind the fluid flow because of hydrody- 
namic inertia, so that the relative velocity between the par- 
ticle and the fluid will be strongly dependent both on the 
particle size and on its density difference with respect to the 
solvent. Density mismatch very presumably plays the same 
role in acoustic birefringence as dielectric constant mismatch 
in the Kerr effect. As a consequence, it is likely that acoustic 
birefringence will prove more interesting for inorganic col- 
loids rather than polymers or biological macromolecules. 

A further complication in acoustic birefringence mea- 
surements is that the induced optical anisotropy can be easily 
masked by a much more intense acousto-optic effect. It is 
indeed well known that an acoustic wave induces in a fluid a 
refractive index modulation, which diffracts part of a light 
beam out of the original propagation direction. A careful ex- 
perimental setup should then distinguish between the polar- 
ization change of the transmitted beam due to induced bire- 
fringence, which is seen as an intensity change after a 
polarizer, and the severe intensity reduction due to diffrac- 
tion. Moreover, as we will see, the necessity of monitoring 
the transmitted intensity causes difficulties in observing the 
signal, since a weak optical signal must be detected in pres- 
ence of a large constant background, and calls for a special 
design of the detection optics and electronics. 

Finally, acoustic propagation presents a distinctive prop- 
erty which can limit the performance of an experimental 
setup for time-resolved measurements, namely the wide 
range of variation of acoustic impedances in different mate- 
rials. The choice and design of all components of the appa- 
ratus must then be carefully made to ensure a good propaga- 
tion pattern of the acoustic wave, avoiding the occurrence of 
reflection and refractions at any discontinuity. 

Efficient acoustic coupling, impedance matching, decon- 
volution of spurious optical effects, and detection efficiency 
have then been the guidelines along which the experimental 
setup we describe has been designed. 

B. Cell structure 

The heart of the apparatus is the acousto-optical cell, in 
which the acoustic field is applied to the sample. The cell 
must allow a good control of the acoustic field in the sample 
region, where it crosses the light beam used to detect the 
birefringence. 

In order to do so, two factors must be taken into account. 
First of all, at the typical acoustic frequencies used for this 
type of measurements, the acoustic wavelength is on the or- 
der of 0.5 mm. To estimate the acoustic wave front emitted 
by a reasonably sized emitter, diffraction effects must there- 
fore be taken into account. The cell must then allow a proper 
positioning of the acoustic emitter with respect to the 
sample. Acoustic discontinuities, which would cause reflec- 
tions and refractions of the acoustic wave with consequent 
standing waves and unpredictable power distribution in the 
sample region, must be avoided. 
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FIG. 1. The cell: (f) sample cell; (g), (‘jj optical windows; (d), (p) acoustic 
windows on mounting rings; (b), (s) coupling tubes; (a) emitter assembly; (t) 
absorbing cone; (c), (e), (h), (k), (nj, (r) O-rings. The full line indicates the 
acoustic axis, the dashed line the optical axis. 

Moreover, a time-resolved measurement is desired. The 
acoustic field must then be switched on and off very rapidIy, 
any standing wave in the sample region would excessively 
slow down the field transients. The cell must then be de- 
signed to allow the application of a purely traveling acoustic 
wave. 

-Our cell is represented in Fig. 1. It consists of a 
stainless-steel container with two low birefringence optical 
windows and two thin polyethylene acoustic windows. The 
sample volume required is about 20 ml. The ultrasonic wave 
is coupled to the cell through a tube filled with a liquid 
whose acoustic impedance matches the acoustic impedance 
of the sample. The ultrasonic emitter (a PZT ceramic disk) is 
fixed on a pistonlike structure which can be moved into the 
coupling tube. This allows the sample to be positioned any- 
where in the acoustic Fresnel diffraction region of the emit- 
ter. An acoustic Fresnel number N=a’/(hd), where a is the 
source diameter, X the acoustic wavelength, and d the dis- 
tance from the emitter, can be defined. 

To work at very high N, the emitter can be inserted 
directly in the sample region of the cell; in fact, this is the 
working condition which gives the best wave front and the 
smallest sensitivity to misalignments. 

The acoustic wave exiting the sample is absorbed by a 
PVC cone, connected to the cell by a coupling tube similar to 
the emitter coupler. 

The absence of reelections from the acoustic windows 
and the absorbing cone can be verified using the PZT emitter 
as a standard echographic probe. To detect standing waves in 
the sample cell, though, a frequency resolved technique 
gives a much higher sensitivity. The technique is based on 
the fact that to any variation in the acoustic field in the cell is 
associated a variation in the acoustic field on the emitter 
surface, which can be detected as a variation of the electrical 
impedance of the emitter. In presence of standing waves, a 
measurement of the emitter impedance as a function of’the 
acoustic frequency will then show a series of evenly spaced 
peaks or dips; their frequency separation will also give an 
accurate measurement of the distance of the two acoustic 
discontinuities which cause the standing wave. 

C. Ultrasonic pulse generation 

The ultrasonic pulse is generated by driving a PZT ce 
ramic disk at a frequency corresponding to a low-order odd 
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FIG. 2. Steel-backed PZT mounting: (a) BNC connector and spring contact, 
(b) case closure, (c) O-ring, (d) steel backing, (e) PZT disc, (f) aluminum- 
coated O-ring, (g) insulating sleeve, (h) outer case, and (j) side O-ring. 

resonance. The use of a resonant emitter enables one to reach 
sufficiently high acoustic intensities with low driving volt- 
ages. Any resonant structure, though, presents a transient re- 
sponse which will be slower as the bandwidth of the reso- 
nance is decreased. At the same time, damping the resonance 
to increase the bandwidth will decrease the amplitude. A 
tradeoff between amplitude and speed must then be found. In 
our apparatus two kinds of mountings have been employed, 
in order to exploit different working conditions. 

In the first mounting, represented in Fig. 2, a 25 mm 
diameter and 2 mm thick Hoechst Sonox P8 disk (1 MHz 
nominal, 1.1 MHz actual fundamental thickness resonance) 
has been mounted on a massive steel backing. An aluminum- 
coated O-ring applied on the rim of the emitting surface seals 
the mounting and acts as a ground contact. The effective 
radiating surface is limited by an opening in the mounting to 
a 20 mm diameter circle. 

PIG. 3. Echographic probe mounting. Using the echographic probe (a) the 
optical beam (dashed line) can pass very close to the radiating surface. 

smaller than the amplitude emitted by the steel-backed disk. 
In order to couple to the sample a reasonable acoustic inten- 
sity, the disk surface emits into a quarter-wave coupling layer 
(which works on the same principle as optical antireflection 
layers). Even so, the power coupled into the cell is lower 
than the power which can be obtained using the first mount- 
ing, as it will be discussed in the following section. 

D. Acoustic power estimation 

In order to use the apparatus for quantitative measure- 
ments it is necessary to know the acoustic power applied to 
the sample. 

This kind of mounting, having low mounting losses, 
does not significantly damp the resonance peaks of the ce- 
ramic disk. The emitter can therefore be driven with narrow 
bandwidth on the fundamental frequency or on the first two 
odd resonances (3.3 and 5.5 MHz). Of course, the narrow 
resonance peaks require an adequate frequency stabilization 
of the oscillator used to drive the disk. In our apparatus an 
HP33120A direct digital synthesis signal generator has been 
employed. The output of the generator is buffered using a 
commercial high-power integrated high-speed analog buffer/ 
line driver (Elantec EL 2008C). The buffer output is then 
sent directly to the ceramic disk {with this kind of buffer, no 
strict 2 matching of the disk to the buffer output is possible). 
The setup can provide peak currents up to 1.5 A at peak-to- 
peak voltages up to 20 V. 

It is, in fact, simple to determine relative powers, since 
the electric field applied to the ceramic disk is sufficiently 
small to assume that the emitting surface displacement is 
proportional to the applied voltage. In this situation, neglect- 
ing hysteresis and nonlinear losses, we can assume that the 
emitted power is proportional to the square of the applied 
voltage.6 This assumption will be discussed in the experi- 
mental section of this paper. 

The absolute evaluation of the power is a much more 
challenging task. The unavailability of suitable reference 
standards (at least for the low acoustic powers employed in 
this apparatus) does not allow a standard-related calibration. 

In order to obtain a wider bandwidth, a commercial 
echographic probe (Casoni, Milan), which is optimized in 
speed, can also be employed. A second mounting, which al- 
lows a 20 mm diameter 3.5 MHz probe to be inserted into 
the coupling tube or directly into the sample cell, has there- 
fore been constructed. With this probe, the frequency can be 
continuously varied from 2 to 5 MHz, with a peak efficiency 
around the nominal frequency. Another advantage exhibited 
by such a probe is that the radiating surface is flush with the 
mounting, thus allowing the optical beam to pass very close 
to it (Fig. 3). 

A technique which has been proposed7 is based on the 
analysis of the diffraction pattern of the optical beam from 
the phase grating induced in the sample by the acoustic 
wave. The main problems arising from this technique are the 
limited width of the optical beam compared to the grating 
spacing and the unknown effective grating thickness, which 
do not permit the use of a standard Raman-Nath grating 
theory;s the alignment of the acoustic beam direction with 
the optical beam seems also to be excessively critical. 

In echographic probes, though, the high bandwidth is 
typically obtained by backing the emitting disk with an ab- 
sorbing medium. Working on an (almost) overdamped reso- 
nance the amplitude of the acoustic wave emitted by the 
probe, if driven at the same conditions, is significantly 

Notwithstanding these problems, it is possible to have a 
good qualitative idea of the efficiency of the ultrasonic trans- 
ducer from the measurement of the diffraction pattern, thus 
allowing a correct selection of the operating frequency when 
using the narrow-bandwidth steel-backed emitter. The optical 
components necessary for this measurement have therefore 
been included in the apparatus. Any quantitative analysis will 
be postponed to future developments. 

In the meanwhile the acoustic intensity J coupled to the 
cell using the steel-backed transducer can be estimated from 

Rev. Sci. Instrum., Vol. 66, No. 2, Februaj 1995 Acoustic birefringence 1079 



the analysis of the acoustic and piezoelectric characteristics 
of the materials employed: 

i i 

2 

J=$pc -&v , 
i 33 

0) 

where p, c, and Z are the density and, respectively, the sound 
speed and the acoustic impedance of the coupling liquid, d,, 
the thickness piezoelectric charge coefficient of the ceramic 
disk, sf3 the short-circuit elastic compliance of the disk, h 
the disk thickness, and V the applied peak-to-peak voltage. 
The derivation of this ‘relation, which assumes a fully linear 
operation of the transducer, an infinite impedance of the steel 
backing, and the absence of losses both in the transducer 
material and towards the mounting, can be found in Ref. 9. 

Measurements of the ‘electric power dissipated by the 
transducer, which can be considered as an upper limit to the 
radiated power, are consistent with the given formula. 

The estimation of the power coupled by the commercial 
echographic probe cannot be made using the same technique, 
since the acoustic characteristics of the materials used in the 
probe construction are not given by the manufacturer. The 
measurement of the dissipated electric power grossly overes- 
timates the coupled acoustic power, since the probe contains 
a highly efficient ultrasonic absorber. The comparison of the 
optical diffraction pattern with the pattern generated by the 
steel-backed emitter indicates a significantly lower coupled 
power at the same driving conditions. 

E. Detection optics and electronics 

In order to detect the induced birefringence, we have 
employed with minor modifications the detection scheme tra- 
ditionally used for transient electric birefringence measure- 
ments. A schematic representation of the apparatus is shown 
in Fig. 4. 

A beam of monochromatic light emitted by a 10 mW 
He-Ne laser is polarized by a high-extinction-ratio Glan- 
Thompson prism. The light passes through the acousto- 
optical cell which contains the colloidal dispersion, where it 
crosses the acoustic beam, forming a 45” angle between the 
polarization direction and the acoustic propagation direction. 
In presence of induced birefringence, the light exiting the 
cell is elliptically polarized. The polarization component par- 
allel to the original polarization is extinguished by a second 
Glan-Thompson prism (analyzer); the transmitted light is 

r---+-h 

FIG. 4. Measurement setup: (a) laser, (b) polarizer, (c) cell, (p) oscillator, 
(d) quarter-wave plate, (e) analyzer, (f) beamsplitter, (g) detector, (k) detec- 
tor filter/amplifier, (m) digitizing oscilloscope, (h) mirror, (i) CCD camera, 
and (II) computer. 

detected by a photodiode; the signal is then digitized and 
sent to a personal computer for further analysis. In order to 
enhance the sensitivity and to compensate any residual stress 
birefringence in the cell windows,*‘- a quarter-wave plate is 
inserted between the sample cell and the analyzer, and’the 
angle between polarizer and analyzer is offset from the mini- 
mum transmittance position by an angle LY. In such condi- 
tions, the relation between the detected intensity I and the 
birefringence An is 

An=;{ arcsin[sin~u)g]-a), 

where X is the optical wavelength, d the geometrical path 
length, and I, the transmitted intensity in absence of hire 
fringence. During the acoustic pulse, part of the optical 
power is deviated from the optical axis by. diffraction effects. 
Employing a photodiode placed directly on the optical axis, 
the light spot on the photodiode active surface would then 
change in shape, and sensitivity inhomogeneities of the pho- 
todiode would cause a photocurrent fluctuation which would 
appear as a spurious signal. This signal is typically large 
enough to mask out any birefringence. In order to avoid such 
a problem, the photodiode is coupled to the cell by a wave- 
guide, which mixes the diffracted and transmitted beams 
back on the active surface, thus minimizing diffraction ef- 
fects. 

Ik 

FIG. 5. Detector circuit. R, compensates the first ac stage; Rf cancels the resulting signal injection in the dc path. All opamps are LF356. 
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FIG. 6. Birefringence transient examples taken at an estimated acoustic intensify of (a) 0.48 and (b) .5.7X10-’ W/cm2. 

In order to have access to the diffraction pattern, part of 
the beam is diverted from the optical axis by a beamsplitter. 
Since the first-order diffraction angle is very small (about 
1.25 mrad at 3 MHz in water) the diffraction pattern is sent 
to a CCD camera after propagation in a folded structure with 
an equivalent length of about 2 m. The image detected by the 
camera is acquired by a frame grabber for further analysis. 

With thisoptical setup the birefringence signal detected 
by the photodiode appears as a small pulse over a large dc 
background. The signal is therefore separated into dc and ac 
components with a crossover filter, the two components are 
sent to separate amplifiers. Our filter, represented in Fig. 5, 
has a crossover frequency of about 0.05 Hz. 

The dc and ac channels are then separately digitized by a 
digitizing oscilloscope, and averaged over 16-256 pulses to 
improve the signal-to-noise ratio. The averaged signal is then 
set to a personal computer, which re~constructs the birefrin- 
gence transient. 

III. APPARATUS PERFORMANCE 

The apparatus has been tested with a dispersion of flu- 
orinated polymer (.PTFE) particles in an aqueous solvent. 
From a TFM analysis, the particles can be described as poly- 
disperse elongated spheroids with 0.35 ,um average major 
axis and axial ratio around 0.5. The particles present an av- 
erage refractive index of 1.38; the sample turbidity can then 
be significantly reduced by employing a refractive index 
matched dispersing medium consisting of a.29% w/w solu- 
tion of urea in water. Furthermore, the particle internal struc- 
ture is partially crystalline; they present therefore an intrinsic 
optical anisotropy. The optical behavior is uniaxial, with the 
optical axis coincident with the elongation direction; the dif- 
ference between the ordinary and extraordinary refractive in- 
dex is 0.04. The intrinsic optical anisotropy and the elonga- 
tion makes the particles well suited for birefringence 
measurements; an extensive characterization of similar par- 
ticles by electric birefringence can be found in Ref. 11. 

The particles have been diluted to a volume fraction of 
1%. A small quantity of nonionic surfactant prevents aggre- 
gation of the sample. 

An example of the birefringence signal is reported in 
Fig. 6(a). The signal has been measured using the steel- 
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backed emitter, driven at the third resonance (3.3 MHz), 
working in the near field region (iV=Q50). The applied inten- 
sity, estimated using Eq. (l), is 0.48 W/cm’, corresponding to 
a peak-to-peak PZT driving voltage of 15.4 V. 

In order to extract an average rotational diffusion con- 
stant (D,,,), the decay transient can be fitted with a single- 
exponential field-free birefringence relaxation model:r’ 

An = Anoe-6(Dr.a)f, (3) 

yielding (D,,)=22.4 s-r. Such value can be compared with 
the rotational diffusion constant (D,,,)=29.8 s-l extracted 
from an electric birefringence decay transient on the same 
sample. The (relatively small) discrepancy between the two 
values can be explained by the fact that when an average 
diffusion coefficient of a polydisperse sample is extracted 
from a birefringence measurement, the result depends on the 
relative signal contribution of each particle species. While 
this weight function is well known for electric birefringence 
measurements, no extensive analytical treatment is available 
for acoustic birefringence by spheroidal particles; the two 
average diffusion constants cannot therefore be compared di- 
rectly. 

J (W/cm*) 

VPZT (v) 

FIG. 7. Amplitude of the detected birefringence Ano as a function of the 
peak-to-peak voltage VP, applied to the emitter and of the estimated acous- 
tic intensity J. The full line indicates a parabolic fit of the experimental data. 
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In Fig. 6(b) we show a signal measured at an acoustic 
intensity of 5.7X10-” W/cm2, corresponding to an emitter 
peak-to-peak driving voltage of 5.35 V. It can be seen that, 
even at such low powers, the signal is still sufficiently clean 
to allow a good transient analysis. 

The. dependence of the amplitude An, of the birefrin- 
gence signal from the voltage applied to the ultrasonic emit- 
ter has also been measured: the results are reported in Fig. 7. 
The dependence is quadratic, yielding a linear dependence 
on the applied acoustic intensity [again, estimated from Eq. 
(l)], in agreement with previous data which can be found in 
literature.13 This can be an indirect suggestion that the as- 
sumption that the emitting surface displacement is propor- 
tional to the applied voltage is correct, and that the relative 
calibration of the emitted power can be relied upon. 

It can be noted that, exploiting a resonant emitter, an 
accurate control of the acoustic Fresnel number, and an op- 
tical and electric detection scheme tailored on the kind of 
signals to be detected, this apparatus permits measurement of 
clean signals using an acoustic power at least two orders of 
magnitude lower than what required in literature for similar 
samples.14 
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