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APPLICATIONS OF SWEPT-FREQUENCY ACOUSTIC 
INTERFEROMETRY TECHNIQUE IN 

CHEMICAL DIAGNOSTICS 
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Electronic Materials & Devices Group, MS D429 
Los Alamos National Laboratory 

Los Alamos, NM 87545 

ABSTRACT 

Swept-Frequency Acoustic Interferometry (SFAI) is a noninvasive fluid 
characterization technique currently being developed for chemical weapons 
treaty verification. The SFAI technique determines sound speed and sound 
attenuation in a fluid over a wide frequency range completely noninvasively 
from outside a container (e.g., pipe, tank, reactor vessel, etc.,). These acoustic 
parameters, along with their frequency-dependence, can be used to identify 
various chemicals. This technique can be adapted for a range of chemical 
diagnostic applications, particularly, in process control where monitoring of 
acoustic properties of chemicals may provide appropriate feedback information. 
Both experimental data and theoretical modeling are presented. Examples of 
several novel applications of the SFAI technique are discussed. 

INTRODUCTION 

To meet the requirements of the Chemical Weapons Convention, the treaty that calls for 
eventual destruction of all chemical weapons [ 11, it is essential to have techniques that 
can be used to monitor compliance and destruction of existing stockpile in a verifiable 
way. In particular, the requirements are for nondestructive and noninvasive techniques 
that are fast and reliable. The Swept-Frequency Acoustic Interferometry (SFAI) 
technique, among several others, is being developed to meet such requirements. 

The SFAI technique is a general-purpose, noninvasive fluid physical property 
characterization technique that has many applications in industry beyond treaty 
verification. In this paper, we describe the underlying principles, capabilities, and several 
novel applications of the SFAI technique. 

The SFAI technique is a novel adaptation of the acoustic resonator interferometer 
technique developed several decades ago [2,3] for determining sound velocity and 
absorption in liquids and gases. In the original technique, and also in more recent 
modifications of the technique [4,5], the transducers (sensors) needed to be in direct 
contact with the fluid being tested. This requirement severely restricted the use of this 
technique to highly specialized laboratory characterization of fluids. In contrast, the SFAI 
technique extends the capabilities of the ultrasonic interferometry technique significantly 



and allows the determination of velocity and attenuation of sound in a fluid (liquid, gas, 
mixtures, emulsions, etc.,) inside sealed containers (e-g., pipe, tank, chemical reactor, 
etc.,) over a wide frequency range, completely noninvasively. In addition, if the container 
material properties (density and sound velocity) are known, the liquid density can also be 
determined using the SFAI technique. Our preliminary analysis shows that it may be 
possible to uniquely identify various chemical warfare compounds inside artillery shells 
and other chemical munitions based on these physical parameters (sound velocity, 
attenuation, frequency dependence of sound attenuation, and density). 

In the case of emulsions, the frequency-dependent sound attenuation information from 
this technique can be used to determine particle size distribution. The technique can also 
be adapted for direct fill level measurement in sealed containers as well. Interestingly, a 
minor modification of this technique allows noninvasive fluid flow measurements in 
pipes. Our objective in this paper is to point out some interesting applications of this 
general purpose technique. 

DESCRIPTION OF SFAI TECHNIQUE 

The underlying principle is simply the setting up of standing waves in a resonator cavity 
using external excitation and its simultaneous detection. This is described in Fig. 1 where 
a swept sine-wave voltage excitation, a sine-wave gradually increasing in frequency with 
time (see top frame), is applied to a disk-shaped piezoelectric transducer (transmitter) that 
forms one wall of an enclosure. A second identical and parallel transducer (receiver) on 
the opposite side of the enclosure detects the standing wave signal. The space between 
the two transducers is filled with a fluid. The transmitter transducer converts the sine- 
wave voltage signal to sound waves that propagate through the liquid and are detected by 
the receiver transducer as an electric signal. As the excitation signal is swept in 
fiequency, there are regular instances when an integral multiple of half wavelengths of 
the sound waves fit exactly within the enclosure cavity formed by the two transducers. 
At any such instance, standing waves inside the liquid set up and the resulting response 
detected by the receiver transducer shows a pronounced peak (see bottom frame, Fig. 1). 
A series of equally spaced (in frequency) peaks result from such a frequency sweep 
measurement and these are called the interference peaks. The spacing between any two 
consecutive interference peaks Af, = f, - f,., is related to the path length d (separation 
between the two opposing transducers) and the sound velocity c, in the liquid at 
frequency f, as c, = 2 ed OAf,. Here, n simply indicates the n-th peak. The sound velocity 
in a liquid is not constant at all frequencies but increases with frequency at high 
frequencies (typically above 10 MHz) because of various relaxation mechanisms 
involved in the liquid. Consequently, the peak spacing also changes with frequency but 
this effect is negligibly small at frequencies less than 10 MHZ for most liquids. 
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Figure 1. Principle of the swept-frequency interferometry technique. As the 
frequency applied to one transducer is swept from low to a high value (see top 
frame), the detected signal from the second transducer shows the characteristic 
interference pattern (see bottom frame) that develops in the liquid in the 
resonator cavity 

The width of the peaks Sf, contain valuable information about sound attenuation a, in a 
liquid. These two parameters are related as an = n.Sf,/c,. Attenuation is also a 
frequency-dependent parameter that depends on the particular characteristics of a liquid 
or emulsion. In pure liquids, the fiequency dependence of attenuation (at high 
frequencies) provides information about molecular relaxation mechanisms in the liquid 
[ 5 ] .  In emulsions, fiequency dependence observed at somewhat lower frequencies (< 5 
MHz) can be related to the particle size distribution [6].  The SFAI technique thus 
provides both sound velocity and attenuation information as a function of frequency in a 
single sweep measurement. 

The frequency-dependent information is obtained in real-time and one does not need to 
manipulate the measured data through any kind of Fourier Transform as would be 
necessary for the pulse-echo technique. Because this technique relies on resonance 
characteristics of the cavity, very little power is required for any measurement. The 
cavity provides a mechanical gain for the resonance signal and this gain depends on the 
cavity Q (quality factor). For an artillery shell this Q-factor is between 50 and 100. The 
SFAI technique also provides very high (- 90 dB) signal-to-noise ratio in the data. For 



example, the data shown in Fig. 1 (bottom frame) is the raw data from a single sweep 
measurement without any averaging or data smoothing. This technique provides 
excellent quality frequency-dependent acoustic measurements. The frequency resolution 
can be as high as 1 Hz at 10 MHz (1 part in 10 million) and, thus, the sound speed 
measurement can have correspondingly high resolution. The real advantage comes from 
the fact that , following the measurement, the Af (frequency peak spacing) and 6f (peak 
width) values can be averaged over a large number of peaks to improve the sound 
velocity and attenuation determination even further. It is diScult to match the accuracy 
and resolution of the measurement capabilities of the SFAI technique by any other 
acoustic methods (e.g., pulse-echo). 

The above discussion relates to situations where the transducers are directly in contact 
with the liquid being studied. Often, in practical industrial applications, measurements 
need to be made from outside a container. This does not pose any serious problems to 
this technique although it introduces additional features in the observed spectrum. Any 
container has a certain wall thickness. When the liquid contents of a container is excited 
by a transducer attached to the wall from outside, the resulting interference spectrum is a 
superimposition of both the interference pattern in the liquid and that in the wall. The 
peaks in the liquid are easily distinguishable from those of the wall. 

Note that for the SFAI technique, it is not necessary to have the transmitter and receiver 
transducers on opposite sides of each other as described above. We have found that 
custom-built dual-element transducers, that have two transducer elements side by side but 
are electrically and acoustically isolated from each other, can also be used for these 
applications requiring access from one side only. 

NOVEL APPLICATIONS 

We now describe several novel applications of the SFAI technique. The first application 
is concerned with noninvasively detecting the presence of a nominal concentration 0.4% 
(approximately 200 pg/mg) of an active ingredient (medicine) in metered dose inhalers 
(MDI). The active ingredient is in a suspension form with the carrier being a mixture of 
ethanol, a halon propellant, and a surfactant. The requirement was to distinguish MDIs 
with active ingredients from placebo MDIs that do not have an active ingredient without 
removing a sample Erom the container. The actual amount of material that distinguishes 
an active MDI from placebo is very small and it is difficult to identify them by simple 
weighing when one considers the variation from one sample to the other due to 
manufacturing tolerances. 

Figure 2 shows the interference spectra obtained for two types of MDIs: with active 
ingredient and without any active ingredient (placebo). The MDIs are in the shape of 
cylinders 5 cm in height and 2.2 cm in diameter. The SFAI measurements were made 
using two transducers on opposite sides of the cylinder. 
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Figure 2. Comparison of interference spectra in metered dose inhalers. The presence of 
active ingredient scatters sound effectively and this results in wider peak width. 

As can be seen in Fig. 2, the active ingredient suspended in the halon carrier scatter sound 
effectively and this produces wider peak widths as compared to the placebo that has no 
suspended material. The measurement takes only 10 seconds per item. 

The next example shows how to noninvasively and nondestructively test a chicken egg 
for bacterial contamination. It has been previously shown [7] that Salmonella 
contamination in eggs significantly affect the medium (primarily the yolk) inside the egg 
that modifies the resonance characteristics of the eggshell. The SFAI technique can 
provide a direct measurement of the ultrasonic properties of the egg medium (yolk and 
the white). Figure 3 shows a typical ultrasonic interference spectrum taken on a normal 
egg brought fiom a grocery store. Two piezoelectric transducers were placed on opposite 
sides of the egg 
as shown in the inset of Fig. 3. 

The average interference peak spacing is < A B  is 17.2 kHz and the sound velocity is 1496 
d s .  This measured sound velocity is in excellent agreement with literature data [SI 
where the sound velocity in egg yolk and egg white were measured in the conventional 
way by breaking the egg and testing the contents in a special cell. Various conditions 
inside the egg, including Salmonella contamination can be tested using this technique. 
Both sound speed and attenuation measurements may be used for nondestructive 
Salmonella detection. 
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Figure 3. Ultrasonic interference pattern in a chicken egg. The inset shows the 
experimental arrangement. The peak spacing and peak widths provide sound 
velocity and attenuation measurements, respectively. 

Among other application examples, we have successfully used the SFAI technique for 
noninvasive determination of spoiled milk in sealed milk containers (e.g., paper cartons, 
plastic bottles, and Tetra Pak pouches). The technique has also been adapted for the 
characterization of single liquid drop. It can also determine thin deposition of materials 
on thick plates from the opposite side of the plate completely noninvasively. 

In summary, the SFAI technique is highly adaptable and versatile. It has excellent 
resolution in detecting minute changes in liquid characteristics. Although developed for 
chemical weapons verification, the technique has applications in many areas of industry. 

We are grateful to the US Defense Nuclear Agency for funding this development 
work. 

REFERENCES 

1. Frank Barnaby, “The Destruction of Chemical Warfare Agents”, Interdisciplinary 
Science Reviews, 19(3), 190, (1994). 

2. 3. C. Hubbard, “The Acoustic Resonator Interferometer: I. The Acoustic System and 
its Equivalent Electric Network”, Phys. Rev., 38, 101 1, (1931). 



,t 

I 

3. Francis Fox, “Ultrasonic Interferometry for Liquid Media”, Phys. Rev., 52,973, ( 
1937). 

4. R. A. Pethrick, “The swept frequency acoustic resonant interferometer: measurement 
of acoustic dispersion parameters in the low megahertz frequency range”, Journal of 
Phys. E, 5,571, (1972). 

5. F. Eggers and Th. Funck, “Ultrasonic relaxation spectroscopy in liquids”, 
Naturwissenschapen, 63,280, (1976). 

6. David J. McClements, “Ultrasonic characterization of emulsions and suspensions”, 
Adv. Coll. Int. Sci., 37,33, (1991). 

7. Dipen N. Sinha, Roger G. Johnston, W. Kevin Grace, and Cheryl L. Lemanski, 
“Acoustic Resonances in Chicken Eggs”, Biotechnol. Prog., 8,240, (1 992). 


