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Scanning Tomographic Acoustic Microscope System by Using Transverse waves

*Dacsik Ko

Abstract

We proposc (0o use transversc waves instcad of longitudinal wives & scanning lomographic acouslic nicroscope

(STAM) and new type of mulliple-transducer scheme with the funclions of mulitple-ungle and multiple-frequency tomogr-

aphy. Proposed multipic-transducer scheme has 1hree insonification angles and three resonance frequencies in order o op-

erate in the transverse wave mode and multiple-angle and multiple frequency tomography for the STAM,

In arder to evaluate the performance of proposed transducer scheme we have simulaled lomographic reconsiruction with

back-and-forth propagation (BFP) algorithm. Simulation results showed that proposcd multiple-transducer scheme is cap-

able of obtaining good resolution with transverse wave mode and multiple-frequency tomography. 10 is also showed that

proposed scheme is an cfficient rotation scheme by proportion (o the number of projeclions,

T. Introduction

The STAM(scanning tomographic acoustic microscope}
has heen proposcd as a method to overcome the hmitations
of the SLAM(scanning laser acoustic microscope). The
SLAM operates in Lhe (ransmission mode and is designed
for high resolution, real time imaging of thin specimens
close Lo the coverstip. However, the SLAM produces only
shadowgraphs and lhercfore has no axial resolution. For
tomographic reconstruction of planar objects. an algor-
ithm bhascd on BFP(hack-and-forth propagation) is uscd.
The BFP is an cfficient method for tomographic recon-
struction when Lhe layers of interest in the specimen are
planar. The dala for the STAM can be obtained by
changing the angular direction of the insonilying acouslic
waves. In order to accomplish this, transducer rotation
and specimen rotatlion incthods were proposed {4, 2, 3).

The STAM can be operated in the multiple-angle or
multiple-frequency tomography. Mulitple-angle tomeygraphy
is achicved by changing the insonification angle to obtain
the tomographic projections, while the insonification fre-
quency is changed for mulliple-frequency tomography (4],

On the other hand, if the specimen is solid, as the in-
sonifying acouslic wave travels from the water tank of the
STAM into the sohd specimen there will be mode conver-
sion from loagiludinal to transverse waves. Typically, the
wavelength ol transverse waves is shorler thaa that of the

longitedinal waves, The resolution of the STAM depends
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on lhe avilable angwlar view and the acoustic waveleng-
th. By using transverse waves, since the wavelength of
acoustic wave could be decreased, we arc able to achieve
the high resolulion with transverse-wave mode (5, 6].

In this paper, we designed an  mulftiple-transducer
scheme lor generation of the transverse wave wilhin the
solid specimen and multiple-angle and multiple-frequency
lomography. In arder (o investigate the characleristics of
proposed multiple-transducer  scheme, we sludied  the
principles ol the multiple-angle and mulliple-lrequency
tomography and simulatcd the tomographic reconstruct-
ions wsing BFP algorithm with aluminum specimen and

compared the quality of tomograms.

Il . Multiple-angle and Multiple-Frequency
Tomography

1. The STAM asing transverse waves

Fig. 1 shows the dala acquisition syslem ol the STAM.
The sum frequency of [, and [ is bandpass Pllered and
fed into the acoustic {ransducer which generates the planc
waves #(x, ¥, 2z The transmilled wavelield o(x, v, 2) pro-
pagates {o lhe covership al 2=2,, where the acoustic wave-
ficld 1s detected by a scanned lascr. A photodcelector placed
after the knifc-edge converts the laser light signal into an
clectrical signal, which is then fed into the quadrature sc-
cciver. The oulpul of the quadratuee receiver is digil-
ized for computer processing 12, 4].

The insonifying acoustic wave can be writlen as

wx, ¥, 2) = toexp(72n(frix + fiy + [0 2) (2.1
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Figure 1. Data acqusilion system of the STAM.

where #o is the amplitude of (he plane wave, A is Lhe
acoustic wavelength, and fo;=V1/A2 = fL— 73, fu. fo
are the spatial frequencies of the planc wave. At the ob-
ject plane, 2= z4, the waveficld is modulated by the object
transmitiance, #x, ¥, 20}, and the transmitted waveficld is

given by Fiq. (2.2}
nx, y. 20) =ut(x, y, zo}t{x, ¥, 2o} (2.2)

By refercnce [4], the back-propagation operator is conste-
ucted by ignoring Lhe evanescenl waves, lhus the reconslr-
ucted lransmillance s a low-pass version of the aclual

transmitlance
P(fo FY=T fenpli2n fo 20), U Hfa)? +(f HAP

< (2.3)

Since the convenlional STAM system operales at ob-
lique incidence mode, made conversion of the insonifying
acoustic waves takes place at the interface of water-solid
specimen and solid specimen-water. Therefore, we must
cousider the mode conversion of insenifying acoustic
waves if in a solid specimen. Fig. 2 shows mode conver-
sion of the acouslic waves in STAM and the critical
angles of the longitudinal and transverse waves of the
solid specimen are obtained by Snell’s law |5, 6. 7]. IT the
insonification angle is lower than longitudinal-wave criti-
cal angle of the solid specimen, we can operale at the

tongitudinal wave mode, whereas we can operate al the
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transverse wave mode for insomfication angle between
longitudinal-and (ransverse-wave critical angle. Typically,
the wavelength of the lransverse wave is shorter than that
of the longitudinal wave al the same incidental (requency,
and the available angular view of the transverse waves is

lager than that of the longitudinal waves,

2. Multiple-angle and mulitple-frequency tomography
The STAM can be operated for the multiple-angle or
multiple-lrequency Lomography. In multiple-frequency to-
mography, projections acquircd wsing different acoustic
{requencics are combined to form the tomographic recon-
stuction. The spalial frequencics for the insonificalion

plane wave are given by

sin(f})

th _
£ =%

@ o 2.4)

w _ cos{)
& A_k

where @ 15 as shown in Fig. 2. Given a set of N pro-
jections vlx, . 2p), k=1, 2, ... N, the object plane {(x, ¥)
can he reconstructed using the BFP algorithm. If we use
the insonification angle for generation of the transverse
wave, we have 1o replace the wavelength in Eq. (2.4) by
that of a transverse wave. The reconstruction cquation
for the BFP algorithm is given hy (2, 3],
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Figure 2. Mode conversion of the acoustic waves in STAM. (L:
Longiludinal wave, T Transverse wave)
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The transmitted waveficld at the ohject plane, vix, y. 2
o). can bc oblained by back propagating the received
waveficld to the object planc. We use the planc wave
madel and substitule Eq. (2.1) into Fq. (2.5) to obtain

Hx, y)=T|- Z olx, v, zo)expl — j2alfeix +Fi v +£2))

o k=1

1 y
= 3
N, o plx, ¥) (2.6)

By ignoring the evancsent waves, we have

- 1 fad
Hx, y)=—— ¥ I5x, 5 2.7
Nu,

where the Fourier transform of tf,i is given by

|
T S e H S+, 4107 < =
0, otherwise

T(I.‘I"(fxv fy) =

(2.8)

As shown in Eq. (2. 8), the circular passband is ccn-
tered al (= /5, - fyi} with radivs 1/

In multiple-angle tomography, the frequency of the ac-
oustic wave is kept constanl while the insonificalion angle
is varted for the different projections. Thus, the spatal

frequencies for the insonificalion plane wave are given by

w _ SindO) costéi)
Jje l
fo= _._N_“"(”ﬂk sin{gy) 00

w_ c0s(ih)
) X

where ¢ and ¢ are the spherical angles of the insonilytng
acoustic wave. Two schemes of oblaining multipic-angle
projections have hecen studied. One method is the trans-
ducer rotation scheme in which ¢ is held constant and 0 is
varicd. The other method is the specitmen rotation scheme
in which ¢ is held constant while ¢ is varid. Both methods
have their respective advantages in terms of the resolution
in the recostructed tomogram, however, only the specimen
rotation scheme can be practically implemented [3).

Fig. 3 shows lhe example of the Fourier aperiure lor
multiple-frequency tomography vsing proposed system. in
Figure 3, A and Ay are wavclengths of the longiudinal
and transverse wave, respectively, P(f,, f,} and Tt f,, /)
are defined in Eq. (2.8},

Figure 3. Fouricr aperlure for mubtiple-frequency lomography
tomography using our mulliple-transducer scheme
{a) Top view (b)Side view

3. Design of the multipte-transducer scheme
In order 1o operate STAM in Lhe transverse wave and
the multiple-frequency tomography mode, the muHiple-

transducer scheme was designed as shown in Fig. 4.
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Figure 4. Mulliple-transducer scheme.
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Proposed multiple-lransducer scheme has o multiplicity
ol fixed three transducers and dilTerent resonanee frequ-
encies. The ditferent imsoniflication angles of three flixed
transducer are designed for operaling the STAM in longi-
tudinal and transverse wave mexle, respectively. Since pro-
posed scheme also has the rolalion axis, we can oblain
the effect of the lincar and rotalional scan for projections.
As an exarple, il” proposed mulbple-transducer scheme is
rolaled three times, we can oblain nine projections by
combining ol three transducer rotaion and three specimen
rotaion. The different resonance trequencies ol cach Irans-
ducer can be used to extend the range of the frequency
variation for multiple-Irequency (omography. Typicaliy,
the range ol Itequency variahion of the STAM s linuted
10 approximalely 10 percent of the resonance Itequency
ol the transducer |8]. For example. if the lowest reson-
ance frequency ol proposed transducer is TOOMHBz, 1he
msonilication (requencies can be used Y53MHz, 100MHz,
LOSMEZ. respectively, {or three projections. Then reson-
ance frequencies of the second and third transducer are
FESMHz and [30MELz, respectively. Thus the insonit-
icalion frequencies of the second and third transducer can
be used 1TOMHB2, TTSMH7, 120MH/2 125MH2, 1 30MHz,
and [35MHz. respectively, Fig. S shows multple-transdu-

cer scheme which is implemented in this study.,

(a)

(b)

Figure 5. lmplemented multiple-transducer scheme G geometry
(B photo
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Since multiple-transdueer scheme is able 1o operate al
mulliple frequency and mulliple angle lomography, the
spatial fequencies Tor Lhe proposed multiple-transducer

scheme are piven by Lq. (2.10).

w _ Sinl0e) costéy)
= s
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In Transverse wave mode, we have 0 change the wave-
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Figure 6. Various projection methods asing our scheme. (1) Nine

projctions using specimen rotation for cach (rans-
ducer, respectively, (b) Nine projections using (heee
rolalions of pur scheme.



Scanning Tomographi Acoushic Microscope Syslem by Using Transverse waves 24

he tramsverse wave in Eg. {2.10). Since proposcd scheme
has the dilferent insomification angles and resonance frequ-
cncics and rolalion axis, we are able lo achicve various
projection methods as shown i Fig. 6.

Fig. 6-(a) shows ninc projections by rolating proposed
scheme or specamen three bioes. Fig, 6-(b) shows also
three case of nine projections by rolaling specimen with
cach transducer. respeclively. We have shown that mulli-
ple-anglie and multiple-frequency is used for prajections in
Fig. 6 and if w¢ nced o number of projections, we can

combine virious projection methods ol the Fig. 6.
[ll. Experimented Simulation Results

In order o investigale the performance ol transyerse-
waves imaging and proposed multiple-transducer scheme,
a planar aluminum is used as specimen in this simulation,
The object is assumed Lo be allcnualion-ree wilh respect
to the acoustic waves excepl for twa horizenlal thin layers
four wavelengths apart. Different pallerns involving a
structure thal is assumed (o be SO percents transparent o
the acouslic waves are contained in the two layers. For
our simulations we assumed perfect detection, (that is (hal
lhe data werc noise-free and thatl the cvancscenl waves
were neplected.

In order Lo sec the effect of multiple-transducer scheme,
we simubated nine projections of Fig. 6-(a) and Fig. 6-(b),
respectively. I the insonification angles of Ty, T, and T,
transducer in proposcd scheme are 207 10%ind - 157, re-
spectively. Since the longitudinal critical angle of Lhe
aluminum is 12,97, transducer T, and T; will be operated
in {ransverse wave mode and transducer T awill be oper-
ated in longiludinal wave maode, respectively.

Fip. 7-(a) shows the results using T, teansducer of Fig.
"6-(a), which is conventional STAM. Fig. 7-(b) shows the
resulls using projection mothod of the Fig. 6-(b). In this
case, since we rotate only threc times the (ransducer or
specimen for nine projections, the random error cause of
the movement ol Lhe specimen or (ransducer can be
reduced. We also can achive hoth the cffect of the lnear
and rotational scan methods.

Finally, in order to show the uselviness of the transverse
wave mode in solid speciemen, we compated Lhe ransverse
wave mode wilh the longitudinal wave mode, Fig. 8-(a)
and 8-(h} show lomograms abtained by specimen rotalion
with the longitudinal and transverse waves, respectively.
Both Fig. %-(a) and 8-(b) were reconstructed froms nine
projections with the insonification angle of 47°. That Js,

when the incident angles are 10Tor the longitudinal wave

o

(a) {b}

Figure 7. Stmulated tomograms oblained from nine projections
wilh our scheme. ta) Nine rotations of Fig. 6-(a). (b)
Three rolations of Fig, 6-(b).

(a) (b}

Figure 8. Simulated lomograms obtair from nine projections
with our scheme (a)Longiladinal wave mode (b)

Transverse wave mode

and 217 for Iransverse wave in water, botlh the refracted
angles of the longitudinal and irapsverse wave in alumi-
num are 47°. As shown in Fig 8, the resolution of the
transverse-wave tomograms is hetter than thil of the

longitudinal-wave (omograms.



V. Conclusions

in this paper, we uscd transverse waves astead of fong-
iludinal waves for resolution enhancement and proposed
a new type of the mulliple-transducer scheme for STAM.
For nondestructive lesting applications of the STAM, we
have to consider the mode conversion of the insonifying
acoustic waves, and we showed (hatl transverse wave
mode have advantages to longitudinal wave mode. Our
mulliple-transducer scheme was designed for transverse-
wave imaging and efficicnl multiple-frequency and multi-
ple-angle lomography with three fixed-transducer.

Experiment showed that proposcd multiple-transducer
scheme is wscful for resolution cnhancement of the
STAM by using muitiple-angle and multiple-frequency
tomography of ncw type. And results also showed thal
proposcd scheme 15 powerful Jor the transverse-wave

imaging in solid specimen.
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