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A Quantitative Acoustic Microscope with Multiple
Detection Modes

JONATHAN M. R. WEAVER, CHRISTOPHER M. W. DAFT, anp G. A. D. BRIGGS

Abstract—An acoustic microscope that permits operation with both
toneburst and impulse excitation of the lens has been developed. Either
mode may be switched-selected and combined with mechanical scan-
ning in any direction. In impulse-excited mode, the specular and Ray-
leigh signals from the sample are resolved in time, and analysis is per-
formed to obtain surface wave propagation parameters. The power of
the simultaneous application of these techniques is illustrated by mea-
surements on specimens of intact and fractured glass and duralumin-
ium. Reflection and transmission coefficients for a crack are measured,
and conclusions are drawn about V(z) processing. These results are
significant because the images of cracks produced by the conventional
toneburst SAM tend to be complex. Previous work has, therefore, cen-
tered on crack detection, rather than characterization. Lastly,
diffraction from the tips of cracks has been observed in the micro-
scope.

I. INTRODUCTION

N A typical high frequency reflection SAM the lens is

excited by a narrow-band toneburst. The various signals
from the sample interfere in the receiver filter. After de-
modulation and peak detection, the variations in phase be-
tween the components produce the characteristic oscilla-
tions in the V(z) response [1]. An alternative approach is
to excite the lens with a voltage spike to provide the short-
est possible acoustic signal from the lens. This approach
is common at low frequencies (up to 100 MHz) [2], and
the resolution of such systems has been predicted [3]. In
our experiment a lens with center frequency 250 MHz and
useable output from 100 to 500 MHz was employed.

Two research groups have recently published work
based around similar techniques. Gilmore er al. [4] at
General Electric are using acoustic microscopy from 10
to 100 MHz for the support of automated manufacture.
They demonstrated time-gated surface wave images which
are useful for detecting cracks. Resolution and depth-of-
field calculations were presented to evaluate the potential
of the machine for volume inspection. Images of the in-
teriors of solid objects, using the aspheric lenses of Pino
et al. [5], provided information on the integrity of bonds
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between silicon wafers. This work reported here differs
from that of Gilmore et al. in the frequency range used,
and the focus of the work (crack characterization rather
than crack detection, volume inspection and interior im-
aging).

Nikoonahad et al. [6] of University College, London,
have addressed the problem of the large reflection at the
surface/water interface, which complicates subsurface
imaging in opaque objects. They applied the solution (pi-
oneered in radar work) of supplying the lens with an ex-
panded chirp pulse, which is then recompressed at the re-
ceiver. A 13-dB processing gain was achieved at a center
frequency of 750 MHz, resulting in an improved capacity
for broad-band interior imaging. Results were shown from
semiconductors, and various types of debonded speci-
mens.

Pulse compression was considered for the experiments
in this paper. A problem with this approach is the signal-
to-sidelobe ratio of suitable SAW filters. The value of this
parameter for commercially available devices is typically
30 dB, which would cause severe problems in this appli-
cation, due to the large dynamic range of the signals de-
tected from our samples. Our substantially simpler system
can also produce sufficient signal-to-noise ratio (SNR) for
these measurements, due largely to the efficiency of the
transducer. An equivalent data set could be obtained using
the frequency domain techniques of Faridian and Somekh
[7]. However, the rejection of spurious signals described
in Section II would be harder to achieve.

II. THE INSTRUMENTATION

Fig. 1. shows the arrangement of the impulse excited
RF system. A step recovery diode (SRD) was used to pro-
duce a 5-V pulse with its width adjusted to be 1 ns, cor-
responding to a half cycle at the highest lens operating
frequency. Since the signal to noise ratio is proportional
to the integrated power of the transmit signal, using a
faster pulse with the same peak voltage would degrade the
noise performance. The acoustic lens was connected via
a broadband single pole double throw p-i-n switch to a
limiting amplifier. The amplifier’s limiting level was ad-
justed so that the signals of interest were amplified with-
out distortion, whilst the switching transients were
clipped. All radio frequency (RF) components were se-
lected to have a wider bandwidth than that of the signal,
and to have a good impulse response. The output was fed
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Fig. 1. Diagram of broad-band scanning acoustic microscope.

into a sampling oscilloscope, so the undemodulated RF
signal from the lens could then be viewed. The time scan
was driven by a DAC interfaced to a computer, and the
output of the oscilloscope was collected by a 12-bit ADC.
The system was configured with coaxial relays to permit
instant selection of toneburst or impulse mode.

The main problem addressed by this RF system is the
presence of many spurious signals. The p-i-n switch pro-
duces switching transients that not only feed directly into
the amplifier, but also excite the lens transducer. These
signals reverberate in the sapphire buffer rod and may be
reflected from the specimen, mimicking the SRD-excited
pulses. Since the system will detect signals considerably
below the one-shot noise level, there are a large number
of low-amplitude spurii that need to be separated from the
desired signal.

Some form of background subtraction method was nec-
essary (as in [2]) to remove from the final output all sig-
nals unconnected with the SRD pulse. The SPDT switch,
gate and oscilloscope are triggered at 25 kHz, whilst the
pulse generator is fired on every other clock pulse, i.e.,
at 12.5 kHz. The oscilloscope output is connected to a
lock-in amplifier tuned to 12.5 kHz. This ensures that the
ADC is oversampling, removes the background signal
from the p-i-n switch, and also integrates over several
pulses, reducing the detected noise level.

Reverberations due to the impedance mismatch at the
transducer were minimized by connecting the lens to the
SPDT switch with a very short piece of cable. Reflections
due to other mismatches were separated from the desired
signal by using 3-m cable runs from the other connections
to the SPDT, and by resistive matching, where appropri-
ate.

These procedures do not eliminate unwanted echoes de-
rived from the transmit pulse. The reverberations from the
previous transmit pulse were reduced by operating the mi-
croscope at a relatively low pulse-repetition frequency
(PRF) (12.5 kHz). If higher accuracy is required, a back-
ground trace can be taken after moving the lens away from
the specimen. This may then be subtracted in software.

A lens with 50 dB of insertion loss at its center fre-
quency was used in the experiments. The one-shot signal
to noise ratio in 500 MHz bandwidth, with the lens fo-
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Fig. 2. Impulse response of system using glass slide reflector.

cused on a glass slide, is 43 dB. In the data given below,
this figure is increased by signal averaging to provide ac-
curate data when the microscope is operated at a substan-
tial defocus, where the signals are smaller. Fig. 2 shows
the impulse response of the system, measured at focus
using a glass slide reflector. This system has been used to
make measurements of the elastic properties of biological
tissues 8], [9].

III. SEPARATION OF THE RAYLEIGH WAVE AND
SPECULARLY REFLECTED SIGNALS FROM
A GLASS SLIDE

When the acoustic microscope is used to image mate-
rials of high elastic modulus, leaky surface waves play an
important role in the observed contrast. A convenient
specimen is a glass microscope slide; this approximates
to an isotropic half space. The Fourier optical formulation
of the image contrast [10], [11] can be used to predict the
microscope response for a given reflectance function.
However, the ray model of Bertoni [1], gives a clearer
intuitive understanding of the situation.

Fig. 3(a) shows the acoustic lens positioned at a nega-
tive defocus. The most significant rays that contribute to
the SAM contrast are the specularly reflected ray [(a) in
Fig. 4(a)] and the ray incident at the Rayleigh angle (b),
which excites a leaky surface wave. Comparison of the
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Fig. 4. The two components of V(z) as determined from wide-band measurements.

path lengths reveals that the phase difference between the  where k is the wavenumber, z the defocus, and g the Ray-
two rays is leigh angle for glass. This corresponds to a time differ-
ence of ¢ /w, (where w is the angular frequency) which

¢ =2kz(1 —cosbp) + 7 (1) is approximately proportional to defocus.



WEAVER et al.: QUANTITATIVE ACOUSTIC MICROSCOPE WITH MULTIPLE DETECTION MODES 557

Fig. 3(b) shows pictorially the time resolved signal from
the SAM as the defocus is varied from 0 um (the top of
the picture) to — 150 pum (the bottom). The horizontal axis
is time, with a field of view of 200 ns. Picture brightness
is proportional to detected voltage, so the no-signal level
is grey, and received signals appear as a succession of
black and white stripes.

As the defocus increases, the specular and Rayleigh
pulses separate; the Rayleigh signal is further to the right,
due to its greater delay. The separation of the pulses in
time is consistent with (1). A cable reverberation, caused
by mismatches at the lens and the first amplifier, is also
visible. It is separated in time from the signals of interest
by the inclusion of 3 m of coaxial cable between the SPDT
switch and the first amplifier.

The most significant conclusion to be drawn from these
results is related to the relative amplitudes of the two
components. In Fig. 4, the amplitudes are plotted as a
function of defocus for polycrystalline dural, a material
with similar acoustic properties to glass. At the small neg-
ative values of defocus at which the lens is typically op-
erated, the Rayleigh signal in dural can be seen to be larger
than the specular component. This has important conse-
quences for the processing of toneburst V' (z) curves mea-
sured with spherical lenses. With cylindrical lenses, the
effect of the Rayleigh wave signal is often treated as a
perturbation [12]. Impulse excited measurements provide
a useful check on the validity of this assumption.

IV. CHARACTERIZATION OF SURFACE BREAKING CRACKS

The acoustic microscope has been found to be ex-
tremely sensitive to the presence of surface breaking
cracks [2] due to the fact that such cracks are able to
strongly scatter surface acoustic waves even when the
width of the crack is small relative to an acoustic wave-
length. While this has resulted in a relatively widespread
use of the acoustic microscope in the detection of such
cracks, the microscope has not generally been used to
characterize them, due to the complex nature of the im-
ages produced [13].

There are expected to be four significant contributions
to the measured signal (Fig. 5). First, there is the Ray-
leigh wave component transmitted through the crack (Fig.
(a)). Next, there are two components reflected from the
crack (Fig. (b) and (c)). There is also the specular com-
ponent (Fig. (d)).

The temporal variation of specular and transmitted
Rayleigh components with the defocus z is exactly as de-
scribed above for an uncracked halfspace (1). This situ-
ation corresponds, in effect, to a crack with reflection and
transmission coefficients for surface waves of 0 and 1,
respectively. If the displacement of the crack from the
lens axis is dx, the reflected components (Figs. (b) and
(c)) will be detected at times +28x/vy relative to the
transmitted Rayleigh signal. (v is the Rayleigh wave ve-
locity. )

Fig. 6(a) shows the result of scanning the lens across a
crack at a negative defocus. As before, time is the hori-
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Fig. 5. Illustrating four most significant contributions to acoustic signal
detected when wide-angle acoustic lens is scanned over surface-breaking
crack. (a) Transmitted Rayleigh wave. (b) and (c) Reflected Rayleigh
wave. (d) Specularly reflected component.

(a)
§x Unperzurbed
Specular Rayieigh
h component compongnt
} Transrutted
-z tanB Rayleigh
component
O.
z tanbp
R Tirre
Reflectec
Rayleigh
components

(b)

Fig. 6. (a) V(x, 1) plot over a crack in glass substrate. Center frequency,
250 MHz, z = —100 um; water temperature = 52.5°C. Width of time
scan = 100 ns; vertical scan size = 225 um. (b) Schematic of (a). iden-
tifying four contributions to received signal.

zontal axis, displacement (éx) is the vertical axis and the
received signal is mapped to brightness, with zero signal
being mid-grey. The signal is shown schematically in
Figure 6(b).
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To compute numerical values for the transmission and
reflection coefficients for surface waves (respectively, T
and R,), we must first consider the paths followed by the
reflected surface waves before detection (Fig. 7).

As surface waves are attenuated by reradiation, we need
to ensure that the path lengths followed by both the trans-
mitted and reflected waves are the same. Secondly, we
must make certain that no wave is detected which has not
either been reflected off or transmitted through the crack.
Lastly, it is necessary that the detection of both transmit-
ted and reflected Rayleigh waves be made with equal sen-
sitivity. For all these reasons, the amplitude of transmit-
ted and reflected Rayleigh wave amplitudes should be
made by extrapolation to éx = 0.

In Fig. 8 the voltages are plotted as a function of éx, at
times corresponding to the maximum and minimum ex-
cursions of the unperturbed transmitted Rayleigh signal.
As the graph shows, for |8x | greater than almost 50 pm
the transmitted Rayleigh wave amplitude is approxi-
mately constant. In this case (| 6x| > —ztan 6z) the crack
falls outside the Rayleigh wave excitation annulus, so that
no perturbation of the transmitted Rayleigh wave pulse is
found to occur. For | 8x| < —ztan fg, an increasing pro-
portion of the Rayleigh wave signal arises from waves
transmitted through the crack, with the signal at dx= 0
resulting only from Rayleigh waves which have interacted
with the crack.

Close to 6x = 0, the delay between transmitted and re-
flected waves becomes small, and zero at 6x = 0. The
fast oscillations in signal near 6x = O correspond to these
reflected waves. By extrapolating the transmitted signal
to 8x = 0, and dividing its amplitude by the size of the
signal far from the crack, we find that T5 = 0.25 + 0.03.
If we equate the peak-to-peak excursion around éx = O
(again normalized by the signal far from the crack) with
Ts + Rg, we find that Ry = 0.54 £ 0.06 for this crack.
The sound which is neither reflected by, nor transmitted
through, the crack is presumed to have undergone a mode
conversion into bulk waves. Variations in both of these
parameters have been observed from O to 1 with different
cracks, suggesting that correlation with properties such as
crack width and crack closure should be useful.

A particularly useful feature of pulse-excited measure-
ments is that departures of the signal from the form pre-
dicted for simple cases is readily observed. In another
measurement on the same specimen used in Fig. 6, a large
asymmetry between the two reflected components was ob-
served (Fig. 9). This corresponded to a crack which in-
tersected with the surface at an angle other than 90°.

As a final example, the diffraction of surface waves
about a crack tip have been observed using this system.
This is an effect that has been studied extensively at lower
frequencies (e.g., [14]). Fig. 10 shows a conventional
toneburst SAM image of the tip of a crack, which exhibits
the circular fringe pattern characteristic of crack tip dif-
fraction effects. This fringe pattern arises from the inter-
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Fig. 7. Illustrating paths traced out, prior to detection, of surface waves
in presence of a crack. Note that rays reflected from crack follow paths
equivalent to transmitted and unperturbed rays only for éx = 0. (a) Def-
initions. (b) Reflected ray, dx = 2(z tan 8z) /3. (c) éx = (z tan 6z) /3.
(d) dx = 0.
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Fig. 10. Acoustic micrograph of indent in gl‘ass'shbstrate. Field of view
= 110 pm, z = — 100 um, frequency == 250 MHz, using water coupling
at 52°C.

Fig. L1. V(x, 1) plot over specimen shown here. Width of time scan =
100 ns; vertical scan size = 220 um. Note appearance of curved com-
ponent, at time previous to reflected signals, corresponding to waves
diffracted from tip of crack.

ference between Rayleigh waves scattered from the end
of the crack and the other components described above.
Due to their small amplitude, however, diffracted waves
cannot be readily distinguished in the presence of the par-
allel fringes produced by the reflection of Rayleigh waves
by the crack.

By making a measurement using impulse excitation, the
diffracted wave may be readily distinguished by its char-
acteristic curved form as the lens is scanned over the crack
tip (Fig. 11). The tip of the crack scatters the Rayleigh
waves from the lens, and behaves as a point source of
sound. The diffracted wave is detected at the excitation
annulus. Stationary phase arguments can be used to dem-
onstrate that the received signal is dominated by the con-
tribution from wavefronts parallel to the excitation annu-
lus. When the crack is at the center of the annulus, the
rate of change of the time position of the diffracted signal
with éx is zero. This corresponds to the center of Fig. 9.
In Fig. 11 we may also observe signals due to the trans-

mitted and reflected Rayleigh components, and the spec-
ularly reflected component. Use of this technique may
prove to be useful in the characterization of porous spec-
imens, or those containing shallow cracks.

V. CONCLUSION

An acoustic microscope which permits rapid switching
between toneburst and impulse excited modes has been
described, and applied to the investigation of elastic dis-
continuities. Cracks are an obvious specimen for study in
the SAM, due to their large influence on the detected sig-
nal. The use of impulse excitation greatly facilitates the
interpretation of images and the quantitative character-
ization of these and other reflective features. However,
the SNR is poorer because of the lower total energy in the
signal exciting the lens, and the increased receiver band-
width. This means that signal averaging is usually nec-
essary, although a qualitative assessment of a region of
the sample can be obtained in 20 s. By combining the
diagnostic power of impulse excitation with the ability of
a toneburst excited SAM to rapidly survey a specimen,
and accurately measure velocity and attenuation, the char-
acterization of complex specimens (e.g., dental enamel or
soft tissue [15]) is greatly facilitated.
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