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Scanning laser acoustic microscopy using derivative quadrature detection
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Derivative quadrature detection is proposed for replacing the knife-edge detector currently in use in scanning laser acoustic microscopy.
This new system employs an optical 7-step, a reference beam, an electronic quadrature detector and two RAMs for demodulating the laser
beam which has been modulated by the acoustically-obtained image information. The 7-step senses the derivative of the object function, the
quadrature detector determines its amplitude and sign, and the RAMs combine the results thus obtained for reconstructing the acoustic image.
This detector is inherently capable of better resolution than the conventional knife-edge system. A second advantage over the knife-edge is
that oblique insonification is not required and a Doppler shift in the detected frequency of the transmitted zero-order acoustic beam is thus

avoided.
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Se propone un detector derivativo de cuadratura para reemplazar el detector de navaja que se utiliza convencionalmente en los microscopios
acusticos de barrido ldser, Este nuevo sistema emplea un escal6n de fase 7, un haz de referencia, un detector electrénico de cuadratura y
dos memorias de acceso aleatorio para demodular el haz del liser el cual ha sido modulado por la informacion obtenida acisticamente. El
escalén de fase m detecta la derivada de la funcién objeto, el detector de cuadratura determina su amplitud y signo. Las memorias de acceso
aleatorio combinan estos resultados para reconstruir la imagen acistica. Este detector presenta mejor resolucién que el sistema convencional
que utiliza el borde de navaja. Una segunda ventaja sobre el detector de borde de navaja es que no requiere dirigir la onda sonora de excitacién
de manera oblicua. Esta caracteristica elimina el corrimiento por efecto Doppler en la frecuencia de la onda detectada y permite a su vez
incrementar la resolucién del sistema y simplificar la electrénica asociada.

Descriptores: Microscopia acustica; técnicas Schliering; éptica de Fourier

PACS: 43.60.+d; 42.30.Kq; 42.79.Mt

1. Introduction This paper gives a brief description of the operation of
the KED in SLAM in which the detected output is propor-
tional to the amplitude of the acoustic surface waves induced

In acoustic microscopy high-frequency ultrasound is used to . :
on the mirrored coverslip. Then a new detector that we call

observe the internal structure of thin objects. A technology

currently in substantial commercial use is called scanning
laser acoustic microscopy (SLAM).

SLAM has become a reliable option for obtaining high-
quality micrographs in real time with good resolution and
contrast. The conventiona thechnique for image data read-
out in SLAM is todeflection-modulate a laser beam by scan-
ning it over a solid surface containing the acoustic field scat-
tered from the object and then to demodulate the beam by
means of a knife-edge detector (KED). The probing beam is
reflected from the surface of a mirrored coverslip onto which
the acoustic waves, scatlered from the object, impinge (see
Fig. 1). The image information is encoded as deflection mod-
ulation on the reflected light and is detected by the KED. As
shown, the system consists basically of a knife-edge placed in
the focal field of a lens with a photodiode positioned behind
the knife-edge.

the derivative quadrature detector (DQD) is described and an-
alyzed. This detector is different from the other detectors so
far proposed by its employment of four key components: an
optical 7-step, a reference beam, an electronic quadrature de-
tector and two RAMs. The 7-step makes possible the sensing
of the derivative of the object function. The reference beam
mixes coherently with the modulated probing beam in order
to demodulate the acoustical image signal, namely the above
derivative. The quadrature detector determines the amplitude
and sign of this derivative. The RAMs combine the data thus
obtained for reconstructing the acoustic image. We show that
the DQD gives better contrast and resolution than other de-
tectors, especially in the vicinity of edges and borders.

The need for more sensitive methods of acoustic data
acquisition and image reconstruction of microscopic objects
with high resolution has grown. In the literature, a number of
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FIGURE 1. Basic set up for the knife edge detector method.

systems for detecting scanned laser acoustic images are de-
scribed [1-4]. Since SLAM is widely used in many applica-
tions [5, 6] novel techniques for data acquisition continue to
be studied and proposed [7, 8].

2. Slam using knife-edge detection

As stated above, a conventional SLAM employs a KED for
the deflection demodulation of the laser beam containing the
acoustic image data as illustrated in Fig. 1. To describe the
operation of the system, let us consider in some detail how it
detects image information.

When an arbitrary microscopic object is insonified by the
acoustic beam and is transmitted through it, a dynamic ripple
is produced on the mirror-like surface of the coverslip beyond
the object. The sinusoidal components of the object function
will give rise to terms in the coverslip surface deformation
like the following [4]:

z(z,y,t) = Re {h(z,y) exp(—jw, t)}, )
where Re indicates “the real part of” and w is the temporal
frequency of the acoustic beam.

A scanning laser beam is then used to read out the image
information concerning the object—that is, to determine the
value of expression (1) for each object-function component—
by probing the ripple. As it moves, the ripple causes the laser
beam to be deflected through an angle proportional to the
slope of the surface deformation, specifically the slope in-
dicated in expression (1). Thus the image information is en-
coded as deflection modulation on the reflected beam and is
detected by the KED.

In its most sensitive operation, the deflected beam moves
perpendicularly with respect to the knife edge causing the
light collected by the photodiode behind the knife edge to be
intensity modulated. The diode current is substantially pro-
portional to the laser-beam deflection and therefore to the

Normalized transfer function for the KED

FIGURE 2. Normalized transfer function for the knife edge detector
method.

slope of the surface ripple. This slope, in turn, is proportional
to the strength of the sound transmitted through the object.

As SLAM operates, the laser beam is caused to scan the
surface containing the dynamic ripple. The spatial informa-
tion modulates the beam and is converted to a corresponding
temporal signal by means of the scanning and the knife-edge
processing.

Based on the above description, it can be shown mathe-
matically that the transfer function Ty for the KED using a
laser beam with a Gaussian intensity profile is given by [9]

mra(f2 + 1) a3 f
2)2 ]2 )“%ﬂu)’ @

where (f., f,) are the spatial frequencies for sinusoidal vari-
ations in the transmittance function of the object along the
axes (r,y) and 1 is the effective beam radius. The knife edge
is assumed to be oriented parallel to the 2 direction and

Tf = dy exp (~

erf(z) = % [ exp(—t?)dt. (3)
Jo

A plot with 3-dimensional perspective showing normal-
ized T’y as a function of rq f, and rq f,, is shown in Fig. 2.

From Fig. 2 we see that the response vanishes for zero
frequency. To avoid operating in this region, the acoustic in-
sonifying waves are directed to fall oblique onto the object.
As the laser beam moves (o scan out the raster pattern neces-
sary to produce the image, a Doppler shift in the frequency
of the detected signal is produced.

In order to stay away from the null response as much as
possible, usually only the upper side band is used in the de-
tection process. In spite of the above measures (oblique inci-
dence and single-side band detection) which are employed to
widen the useful spatial spectrum, the resolution is still not
good. The useful spectrum for effective image reconstruction
has to be limited to the positive part of the transfer function
and must avoid the null at f, = 0. This results in a corre-
spondingly limited resolution in the reconstructed images.
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The w-step is mathematically represented by the sign
function defined as

LASER
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x ‘ sgn(x) = ’ (4)
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FIGURE 3. The DQD detector system. In the mathematical treat- where ¥ is the complex amplitude distribution function of

ment it has been assumed that all the lenses have the same focal

the beam. In order to simplify the equati h
length. C is an optical path length compensator. DLy TS SyNatOns, The parametels

(o, yo) will be suppressed, (that is, assumed to be zero for
the time being) and will be appropriately reintroduced in the
final result.

3. Slam using derivative quadrature detection The probing beam, after being reflected from the surface
of the coverslip is phase- and amplitude-modulated by the

We propose a new detection system using a m-step [10], a  dynamic ripple. Thus the reflected complex amplitude distri-
reference beam, an electronic quadrature detector and two bution function is given by

RAMs as shown in Fig. 3. We analyze the response of the de-

tector considering an object represented in its general form.

For simplicity, it will be supposed that all the lenses have the P z? +y? _ ,
same focal length. If an experimental set up requires different Wy = e o (_ 2 ) [1 + jkh(z, y) exp(—jw. 1)
focal lengths the final result will be modified only by a scale

factor. + jkh* (z,y) exp(jw, t)], (6)
It has been shown that the use of a w-step, instead of a

knife-edge, can improve the accuracy of the image recon- ~ Where k = 27 /A, the light wavelength. In Eq. (6) only terms

struction in the case of an optical phase object [10]. We will of the first order in A have been retained due to the fact that

show that for acoustical objects in SLAM a similar improve-  the value of this product is very small compared with unity.

ment can be obtained. Lens L2 performs the Fourier transform of ¥,., and after

|  passing the 7-step plane, we have

Pl JEAN [ L€ mN . (& 7 .
U, =,|—5 —0) {exp (—ﬂ"l’" = ) ® {O (——) + jkH (——) exp(—jwst)
w2 (.-z/\f O ) AR T AAP R
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where (£, 7) are the coordinate axes at the plane of the w-step, H(¢,n) = F{h(x,y)} the Fourier transform of the object
function h(x,y) and @ denotes the convolution operation.
Lens L3 performs the Fourier transform of ¥ p, giving

P 1 St 2 52
U= =gl —5 T XD —# [1 + jEA2h(—u, —v) exp(—jws, t) + FEA2 F2R* (-, z')ex;')(jw,..f)] ® i , (8)
mry A2 f To jTu

where (u, v) represent the coordinate axes at the intensity detector plane (Fig. 3).
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Writing the convolution as an integral, we have

[ 2 oo exp —f—j;
‘I’_f:— P (1)@(})(_%) _1_/ ( o)d
arg \Xf ra T J_ o U=

0o exp (—f:g) h(—s,—v)

uw—=:s

+kA? f2 exp(—jws, t}% /

-0

s being an auxiliary dummy variable. Thus

0 al | v? il 52 i , :
V== ;ﬁvexp (—%) {JH [exp( 7’0)] + kX2 f2 exp(—jw,, t) H; [pr (—
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where H;{X (s)} denotes the Hilbert transform of X (s) and is defined by [11,12]

1 % X (s
H{X(s)} = R(u) = —/ Xl s (1
TSt —5
with the inversion formula
cogpx L A dRB) o
X(u) = ;/;oo & ds. (12)

Using D’ Velis approximation [13] 5 & §(s) for small values of s, we can write Eq. (10) as

P 1 v T d u? d u? )
V=~ “’ﬁ)\if- e p( To) {;E [exp( ’n)] + kX2 ra (R(' {h(-—u,—n)e:\p (E) exp(jws,t)])}. (13)

Only values near the optical axis are considered, i.e., | u |< 1, and the last relation can be written as:

P - u? + v?
Ue=—,/—27"fexp| ————
= B (4

As shown in Fig. 3, a reference beam is coherently added
to the amplitude function ¥ (A similar result has been de-
scribed before in the case of a reference beam advanced or
retarded by 90° [14]. In the system of the present paper this
change of 90° is not necessary because the m-step advances
the signal by the same 90°). The reference beam needs to be
Fourier transformed twice so that it has the same functional
form as the signal beam.

Thus the reference beam at the plane of the detector will
be given by

P u? + v?
‘I’R—_‘/;;;exl)( 2 ), (15)

The total amplitude, ¥, at the plane of the detector of Fig. 3,
is

\I’T=\I’f+‘I'R.

) (i(_fr [Re {h(—u, —v) exp(jws, t)}] - (14)

Therefore, the power detected by the intensity detector is

4P7Tf / / exp [_2(1!2 —ug)” 1 (v — 5)*

To u o

x d_ [Re {h(—u)exp(jws,t)}] dudv. (16)

where the values (z¢, yo) have been reintroduced. This equa-
tion has the mathematical form of a convolution of the deriva-
tive of the object function with the response of the system.
Let us define F(u, v) as follows:

4Pf u? + 02
- em(—? — ) (a7

0 0

Fs(u,v) =

Equation (17) shows that F,(u, v) is Gaussian and isotropic
with its maximum at the origin. This fact indicates that for
best operation we should insonify at normal incidence.
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FIGURE 4. Normalized transfer function of the DQD detector sys-
tem.

In order to be able to compare the spatial frequency re-
sponse of the system with that of the KED, we must now
obtain the transfer function for the DQD. As was stated be-
fore, it is enough to consider one spectral component of the
object. By Fourier transforming Eq. (16 ) we obtain for the
transfer function of the system

2,2
Toao(fs.fy) = 2P fzexp |- S02 4 £)] . a8)

where f,, f, are the spatial frequencies in both coordinate
axes.

The normalized transfer function Thqp (£, fy) is shown
with three dimensional perspective in Fig. 4. In Fig. 5 we
show one-dimensional normalized views where f, = 0 for
the two detectors for ro = 1 pum. From this figure it can be
seen that the spatial frequency response is broader for the
DQD by approximately 105 lines/m than for the KED.

To obtain an insight into the meaning of Eq. (16), we can
expand de complex function A'(—u) as a product of its mag-
nitude and its phase « as follows

R (—u) =| h'(—u) | exp(—jo(—u), (19)

where h'(—u) = (d/du)h(—u). And then express Eq. (16)
as

Jo- oo — 2 — g5 Y
P, =-1Pf/ /' - [_2(u up) t(v vp)

)
ry To

x | W'(—u) | cos(ws, t + a)dudv. (20)

4. 'Functional description of the DQD

According to Eq. (20), the ac signal received by the intensity
detector of Fig. 3, varies with the amplitude and the phase of
the derivative of the object function. In order to determine the
amplitude and the phase separately, we use a quadrature de-
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FIGURE 5. Comparison of the KED vs. DQD frequency response
for ro = 1 p. (The continuous trace corresponds to the DQD) Note
that although in the plot the bandwidth increase for the DQD ap-
pears small, the actual improvement is 22 10° lines/m.

tector [15]. As the laser beam scans over the coverslip, at each
object point the quadrature detector will determine the two
quantities. Both are then stored in the two RAMs indicated in
Fig. 3: the value | h'(—u) | being stored in the first RAM and
the value of a, in the second. These two quantities are then
manipulated to form the product | A'(—u) | cos(a), that
is, the real part of the derivative of the object function. If « is
too large an unwrapping method may be needed [16].

We obtain the image by reconstructing a reversed object
function, h(—u). The following example will illustrate how
this is done.

Suppose the object is the rectangle shown in Fig. 6a. Its
mathematical derivative then consists of two delta functions.
As the optical system of the DQD is sensitive to the deriva-
tive it will approximately detect these two functions, as il-
lustrated ideally in Fig. 6b. The corresponding derivative of
h(—u)is stored in RAM 1 as shown in Fig. 6¢. The phase of
this derivative is stored in RAM 2 as shown in Fig. 6d. Fi-
nally, in Fig. 6e we shown the reconstructed function h(—u)
as obtained by the computer. This reconstruction involves in-
tegrating the data stored in RAM 1, making use of the correct
sign from the data stored in RAM 2.

5. Discussion and conclusions

One disadvantage of the DQD system is that processing time
is needed to integrate the data in each scanning line. Thus the
system cannot operate in real time. Nevertheless, as the speed
of computer processors is now very high, this processing time
may be as short as a few milliseconds.

With KED, the operation is in real time but serious prob-
lems are encountered for objects containing high spatial fre-
quencies due to insufficient resolution of edges and borders.
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FIGURE 6. Simple example of imaging with the DQD. a) Original object; b) The derivative of a) obtained by the optical system; c)The
intensity recorded by the detector; d)The phase stored at RAM 2; e) Recovered image.

The proposed DQD detection system provides better re-
sponse at higher frequencies, making it useful to detect edges
and borders because its response is sensitive to the derivative
of the signal. In addition, the DQD may be used with normal
insonification which does not give rise to a Doppler shift in
the insonifying frequency.

The DQD gives a transfer function for the derivative of
the object function that is symmetrical with a maximum re-
sponse at the origin. This avoids the necessity of oblique in-
sonification that is required with the KED, thus eliminating
the resultant Doppler shift in the detected signal due to scan-
ning. The fact that the transfer function is well behaved, has
the additional advantage that it greatly simplifies the associ-
ated electronics.

Among the most important results is that the DQD re-
sponds to the complex derivative of the object function, a
response not possible with the conventional SLAM. Further-
more, the frequency response of the DQD is broader than the
KED therefore images of better resolution and contrast are
inherently obtainable with the DQD.
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