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Resolution Enhancement of Scanning Tomographic
Acoustic Microscope System

Daesik Ko*

ABSTRACT

We proposed to use shear waves instead of lengitudinal waves in a STAM (scanning tomographic acoustic
microscope system) in which the specimens are solid. For any spccimen with a shear modulus, mode conver-
sion will take place at the water-solid Interface. Some of the energy ol the insonifying longitudinal waves in the
waler will convert to shear wave energy within the specimen. The shear wave energy is delectable and can be
used for tomographic reconstruction.

The resolution limitation of STAM depends on the avallable angular view and the acoustic wavelength. While
wave lransmission In most solld specimens is limited te about 20° for longitudinal waves, we show that it is
about twice that high for shear waves. Since the wavelength of the shear wave is shorter than that of the longi-
tudinal wave, we are able to achieve the high resolution.

In order to compare the operation of a shearwave STAM with that of the conventional longitudinal-wive
STAM we have simulaled tomographic reconstruction for each. Our simulatlion resuilts with aluminum speci-
men and back-and-forth propagation algorithm showed the resolution of a shear-wave STAM is betfer than that

of a longitudinal-wave STAM.

1. Introduction

The STAM [scanning tomographic acoustic micro-
scope) has been proposed as a methed to overcome
the limitations of the SLAM {scanning laser acoustic
microzeope). The SLAM operates in the transmission-
mode and is designed for high resolution, real time
imaging of thin specimens close (o the coverslip. At
an operating frequency of 100 MHz the SLAM has a
lateral resolution of 25 microns. However, the SLAM
produces only shadowgraphs and therefore has no
axial resolution, To achieve lomograms, the STAM
uses several projections and the BFP {back-and-forth
propagation) algorithm. The BFP is an efficient
method for tomographic reconstruction when the
layers of interest in the specimen are planar (1, 2, 3}.

As the acoustic wave {ravels from the water bath
of the STAM inlo the solid specimen there will be
mode conversion from longitudinal to shear waves.
This phenomenon is a function of the propagalion
direction of the insonifylng acoustic waves in the
STAM and has an imporiant bearing on the quality

of the tomograms that can be reconstructed.
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Three modes of acoustic wave propagation exist in
a solid specimen:longitudinal, shear (transverse),
and surface acoustic wave. Typically, the wavelengths
of both shear and surface waves are shorter than
those of longitudinal waves [4]). Therefore, we can
expect the use of shear waves in STAM to provide
higher resolution.

As the incident angle of the insonifying acouslic
wave is increased, the power in the mode-converted
shear wave is increased. For normal incidence the
displacement of the shear wave s almost parallel Lo
the surface of the specimen, and it is difficull to
detect by a knife-cdge detector. However a conven-
tional STAM uses oblique incidence and the shear
waves can be detccted. In all the STAM waork pre-
viously reported in the literature. enly longitudinal
waves were used and the primary emphasis was on
detection of these waves (5],

To compare the effectiveness of a shear-wave
STAM with that of a conventional STAM, wc have
analyzed the reflection and transmission of acouslic
waves as a function of incident angle at the water-
solid interface. We have determined the suitable
projection angles for several different materials.
Finally, we have simulated tomographic recons.

tructions using the BFP algorithm to investigaie the
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effectiveness of the use of shear waves and compared
the quality of images produced by a shear-wave
STAM with that of a longitudinal-wave STAM.

II. Tomographic reconstruction of the STAM
system

The STAM system is illustrated in Fig. 1. A number
of projections can be obtained by rotating the
acoustic transducer or the specimen [1, 2.

As shown In the figure, the acoustic plane waves
insonify a planar structure described by the trans-
mission functon {(x, y. 2z). The incident wave is
modulated by the object function, and the resuling
wavefield produces a dynamic ripple at z,. A laser
beam scans over the surface of the coverslip and is
reflected to a knifeedge photo detector which
converts the angular modulation of the light beam
into an electrical signal related to the wavefield dis-
tribution over the coverslip [6].
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Fig. 1. Schematic diagram of STAM system

The assumed object is homegeneous except for an
infinitely thin layer at z, that contains elements of
different elastic composition. The wavefield at 2z, is #,
{x, ). The wave travels through the object and the
wavefield just below plane 2, s #,(x. ¥). The relation
between #,{x. ¥) and #,(x, ¥) can be expressed, using
Ralyleigh-Sommerfeld diffraction formula, as [6. 7).

wus{x, M) =t {x, ¥rwkx, v, 2. 2;) )

with wiv. v, z,, 2,) = 222l 12747
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2
where 7={x?+ y?+ (2,—2z)?3'/2, k=—:—. A s the

wavelength, and+denotes convolution. In the Fourier
domain, Egs. (1) and (2) become

Uztfg. fy’zlhtf;. fy) W(f;. fy. Zy, 22) (3)
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where U\{f,, f) and U,lf, f,) are the Fourler
transforms of %,(x, ) and #,(x, ¥), respectively. The
values of the wavelield are sampled at N points in a
rectangular grid. Taking these values In a certain
order, we can rewrite Eq. (1) as

uy=u, Wiz,, z,) (5)

For the two dimensional case where there is no vari-
ation in the y direction, u_, and Z are 1 XN row
vectors of sampled values of the wavefields %, and #,,
respectively. W(z,, z,) 1s an N X N Toeplitz matrix,
representing forward propagation from 2, to 2,.

At plane 2,, w#,(x, ¥} is modifled by the transmit-
tancc assoctated with the layer. The wavelield tra-
nsmitted through the plane z, can be written as (7}

7

uy =1, T (6)

where 1,  is the row vector of the sampled values of
the wavefield #, and T is the transmittance marix at
2=z, which characterizes the relation between the
incident and the transmiited wavefields. I the
transmittance is angle-independent, T is a diagenal
matrix. If the transmittance is spatial-invariant, T is
a Toeplitz matrix. The modified wavelleld %, pro-
pagates to the receiver plane at z=z, and becomes #,.

%, = 13 Wiy z,) (7)

where #, is the row vector of the sampled values of
the wavefield «, and W(z,, z,) ts the forward propa-
gation matrix from 2z, Lo z,. The wavefleld detected at
the receiver plane will be different from #, because
of noise and scattering from other layers. We can

back propagate the received wavefield v, to zq.
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0=, W2, 2,) {8)

where v, and v, are row vectors of the sampled
values of the wavelields v, and v, and W™ (2, 2,) is
the back propagation matrix between 2, and Z,. Be-
cause ol noise, the wavefleld will not be the same as

uqlx. ¥). It can be written as
1)_2-=u2_'+17;=-w;-T+n (9)

whre 7 1s a 1 X N row veclor representing the noise
introduced by the system.

Now, consider M projections generated by plane
waves coming in from M different incident angles to

insonify the object. From these projections we will
obtain a set of equations

Uy m=Up T + M m=1, 2,.M 10

The row vectors In Eq. {10) can be combined to form
a matrix equation as foliows:

V=UT +N (11}

where V, U, and ¥ are M X N matrices consisting ol
M row vectors.

It is assumed that the noise-like undesired signal
components, #, which form the matrix N. will have
little correlation from prejection to projection. Then
an estimate of cach element of the transmittance T
can be made and is given by (1)

M T
Zm= 1Yhom Vem

=
k M T
Z:m-—- 1. m Yk

k=1,2,..N (12)

where 1, and v, are M X 1} column matrices, and=
denotes conjugation, the summation is carried oul
over all the different angles of incidence of the plane
wave.

Therefore, if the insonifying angles are greater
than the critical angle for longliudinal waves at the
interface of the water-specimen, we have to replace
the longitudinal waves with shear waves in Eq. (1).

. STAM system using shear waves

At mormal incidence, reflection and refraction

phenomena are relatively simple since therc is no

mode conversion betwcen longiludinal and shear
waves. However, cases of oblique incidence are more
complicated because of refraction. Al oblique inei-
dence, modc conversion of the insenilying acotestic
waves take place at the interface of watei «olid, as
shown in Fig. 2 [4].
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Fig. 2. Rellected and transmitted waves at the inlerface
helween water and solid(Al). [a)Meode conversion (b)
Reflection and transmission coeflicients as a func-
uvon of incident angle (L:longitudinal. S:shear
wave, R:reflection, T:iransmission coeflicient).

Since both the shear and longitudinal wave
velocities in most solids are larger than the longi-
tudinal wave velocity in water, there are two critical
angles for each transmiited wave. The critical angle
for longitudinal and shear waves is obtained by sub-
stituting for the angle of refraction in Snell’s law.

The transmission and reflection of ihe acoustic
waves at an inlerface belween two media can be
oblained by Eqgs. (13), (14) and (15) [8, 91.

R .=
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cos a—a¥ cos 01 —2sin ¥ sin 27 (cos ¥ —(1/b)cos %))
cos & + a¥ cos Y11 —2sin ¥ sin 2¥ (cos ¥ —(1/b)cos o))
{13)

Ti—1=

_ _ _2cosfcos2Y L
cos o +aY cos 8[1 —2sin ¥ sin 2¥(cos r—(1/b)cos a)]
(14)

Ti»s=

- . _ {2afb)sin 26 cosa
cos a +a¥ cos 81 —2sin ¥ sin 27 {cos Y —(1/b)cos a))
(15}

Where R,,,. Ti,; and T,_s are reflection coefficient
of the longitudinal wave, transmission coefficient of
the longitudinal wave and transmission coefficient
of the shear wave for an incident longitudinal wave,

V. V,
respectively. a=-—2  p=—t, V2 1s velocity In water,
Vi Vs

V. and Vs are longitudinal and shear-wave velocity
in solid. p, is the solld density, p, is the water density
and 0. z, ¥ are shown in Fig. 2-(al. As an example, If
an acoustical wave s are transmitled into aluminum
from an incident longitudinal wave in water, the
transmission and reflection coeflicients as a func-
tion of the incident angle is obtained as shown by
Fig. 2-(b} [4]). In Fig. 2-(b). as the angle of the inci-
dence increases, the transmission of the shear wave
increases and the transmission of the longitudinal
wave decreases becoming zero at the critical angle.
If the incident wave in water reaches an angle

greater than longitudinal critical angle, there is no
longer a refracted longitudinal wave in aluminum
but only a shear wave. At an angle of incidence of
approximately 17°, almost half the incident power is
converted to power in the shear wave;if the angle of
incidence 1s greater than the shear wave critical
angle, the water-aluminum interface is a perfect
reflector.

In order to determine the usable range of incident
angle for projections, we computed critical angles
for longitudinal and shear waves. Table 1 shows the
critical angles of several solids and we can use this
data in designing a STAM system.

In Table 1, it is seen that the typical critical angle
of the Jongitudinal wave 1s limited to 20°and that of
the shear wave to about 40°. Since shear waves can
not propagate in flulds and some solids such as
rubber and vinyl. our system is restricted to spe-
cimens that can support shear waves.

The theoretical resolution lmitation of STAM
depends on the available angular view and the
acoustic wavelength [1]. By using shear waves, we
can increase the angular range. Since the wave-
length of shear wave is shorter than that of longi-
tudinal wave, we are able to achieve the high resol-
ution with shear-wave STAM.

We simulated STAM tomographic reconstructions
with this conditions. That is, when we used the BFP
algorithm with an aluminum specimen, we used
longitudinal waves in the range between 0°and the
longitudinal critical angle of £ 13°and shear waves
between # 13°and shear critical angle of + 29°.

Table 1. Acoustical characteristics of the materials (4]

Materiai L-wave Velocity | S-wave Velocity { L-wave critical angle | S-wave critical angle
{(m/s) (m/s)

Aluminum 6420 3040 13.5 29.5
Brass T 4700 2100 1 18.6 45.5 N
Copper 5010 2270 17.4 413 )

| Fused quartz 5960 3760 14.5 235 |
Pyrex glass 5640 3280 15.4 T '__27_2
Steel 5900 3200 14.7 . _—Q?Q—R_
Molibdenum - 6300 3400 13.;__" T H_QE.I

T\IH_(:kel 5600 3000 ]5-,!‘;_M 1 R“O——_
.Si -nltride ceramic 1 IO-OI()_ 6250 7.8 i3,B T
Vinyl o1 2230 T 4;’.?
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[V. Experimented simulation results

In order to investigate the performance of our
technique, we use in our simulated experiment a
planar structure as the specimen. It is assumed to
be attenuation free except for two thin layers
separated by a distance of four wavelengths. The
attenuation pattern of the layers are designed to
show the resolution and is shown in Fig. 3.

Top layer has a binary attenuation pallern with
reglons of greatest opacity being 50% transparent

and others, 100% transparent to the acoustic waves.

For our simitations we assumed perfect dei-ction,
that is that we could detect the shear wave. compen-
sale for the cllects of the antisymetric knifc-cdge
transfer lunction (11

We simulated nine projections with Lransducer
rotation scheme and reconstrucied the images with
BFP. The results are shown in Fig. 4. Fig. 4{a) shows

'mages obtained using longitudinal waves with pro-

jtetion angles from -48° to +48". Fig. 4-(b) shows

images obtained ustny shear waves with projection
angles from 5& 10 -26'and from 26" to +58" with

transducer rotation.

50 100

50 100

150 200 250
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Fig. 4. Simulated images obtained from 9 projections with
transducer rotation. (a)longitudinal-wave images

(b)shear-wave images

wavelengths).

(layer separation ts four
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As shown in Fig. 4, the contrast and resofution of
the shear-wave image are better than thosc of the
longitudinal-wave image. In order to analyze influ-
cnece of the shear wave in the specimen rotation, we
simulated the reconstruction by a similar lechnique.
Th.

with a conslant angular increment of 40°through

specimen was assumed to be rotated circularly

360°to produce nine projections.

The results are shown in Fig. 5. Fig. 5-(a) shows
images obtained with longitudinal waves, the anglc
of Incidence of acoustic wave ¢=-10°. Fig. 5-(b)
shows images obtained with shear waves, the angle
of incidence of acoustic wave §=-21",

Fig. 5 shiwows that the lomographic image made
wilh shear waves has better image quality.

V. Conclusions

In this p2yp . we proposed a lechnique for resol-
ution enhancement of the STAM system. We revirwed
the BFP algorithm f(or reconstructing tomograms ol
microscopic objecls and investigated the mode con-

version of insenifying acoustic waves in STAM system.
We showed that wave transmission of longitudinal

waves in most solid specimens is limied te. . .-t
20° but wave transmission of shear waves is about
40",

[n order to compare the performance of a shear-
wave STAM with thal of the conventional longitudinal-
wave STAM we simulated tomographic recons(ructions
with layer separation of four wavelength:. in trans
ducer rotation and specimen rotation sc.~ our
simulation results showed that the resolutio. ' a
shear-wave STAM is better than that of a longitudi-

nal-wave STAM.
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