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Ikrivativc quadrature detection is pmposed for replacing ¡he knife-cdge deteclor currently in use in scanning laser acoustic micros(:opy_
This !lew syslcm employs ,lll opticaln-step, a reference heam, an clectronic quadrature delector and two RAMs for dcmodulating the laser
hcam which has heen modulated hy (he acoustically-ohtained image inl"ormation_The n-step scnses the derivative 01"the object function. the
qllaJrature detector determines ils amplitudc and sign, and (he RAt\1s comhine the results thus ohtained for reconstnlcting Ihe acoustic ¡mage.
This detector is inhcrently capable of hetter resolution Ihan the cOllventional knife-edge system. A second advantage over the knife-edgc is
that ohlique insonilication is not required and a Doppler shift in the detecled frequency of the transmittcd zero-order acouslic bcam is thus
aVI)id~d.

}\('.\"InmJs: Acoustic microscopy: Schliering lechnique; Fourier 0plics

Se propone un detector derivativo de cuadratura para reemplazar el detector de navaja que se utiliza convencionalmente en los microscopios
actíslicos d~ harrido 1,Íser. Este lluevo sistema emplea un escalón d~ fase ;r, un haz de referencia, un detector electrónico de cuadratura y
dos rn~rnorias de acceso al~alOrilJ para demodular el haz del I;íser el cual ha sido modulado por la información obtenida acústicamente. El
escalón de fase n detecta la derivada de la función objeto. el detector de cuadratura determina su amplitud y signo. Las memorias de acceso
aleatorio comhinan estos resultados para reconstruir la imagen :lClÍstica. Este detector presenta mejor resolución que el sistema convencional
que lItiliza el borde de navaja. Una segunda ventaja sobre el detertor de hord~ de navaja es que no requiere dirigir la onda sonora de excitación
de manera ohlicua. Esta característica elimina el corrimiento por efecto Doppler en la frecuencia de la onda detectada y permite a su vez
incrementar la resolución del sistema y simplificar la electrónica asociada.

l>Cscril'(Ort'.\": Microscopía actística; técnicas Schliering: óptica de Fourier

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

L 1nlroduction

In acollstic Illicroscopy high-I"reqlleney ultrasound is used to
ohserve the inlerna) slructure of thin ohjects. A tcchnology
current)y in slIhstantial cOllllTIcrcia) use is called scanning
laser acoustic Illicroscopy (SLAM).

SLA~1 has hecol11c a reliahle optioll for obtaining high-
quality Illicrographs in real time with gooo resolulion and
contras!. The conventiona thecllniqlle for image dala read~
oul in SLAM is 10.Jellection-lllodulate a laser hcam hy scan-
ning it over a solid surfacc containing the acoustic flcld scal-
Icred from the ohject and then to demodulate rhe heam hy
means of a knifc-cdge detector (KED). The prohing hcam is
rclleclcd fmm Ihe surface of ti mirrored covcrslip onto which
lhe acoustic \\laves. scatlered frolll the ohject, impinge (see
Fig. I l. The image inforlllalion is encoded as dellcction Illod.
ulalioll 011 Ihe rclleclcd Iighl ami is detccled hy the KED. As
ShO\\'I1, Ihe systclll consists hasically nf a knife-edgc placed in
tlle focal licld 01' a lells with a photodiode positioncd hehind
Ihe kllirc~cdge.

This paper gives a hrief dcscription of the opcration 01'
Ihe KED in SLAM in whieh Ihe detccled OUlput is propOt.
!ional to the amplitudc of lhe acoustic surface wavcs induced
un lhe mirrored coverslip. Then a new detector tllat we call
the derivative quadrature detector (DQD) is descrihed ano an-
alyzed. This detector is dillerent from the other detectors so
far proposed by ils cmployment of four key componcnts: an
oplical Jr-step, a reference bcam. an e)ectronic quadrature de-
tector and two RAMs. Thc n-step makcs possihle the sensing
of the dcrivativc 01"the ohject function. The reference heam
mixes coherenlly wilh Ihe mol!u)atcd prohing beal1l in order
lo dcmol!ulate the acouslica) image signal, namely the above
dCTivative. The quadralure detector determines the amplitudc
ami sign of this derivativc. The RAMs combine the data thus
ohtaincd for recollstructing the acouslic imagc. \Ve show Ihal
Ihe DQD givcs heltcr contrast and resolution lhan olhcr de-
teclors. cspecially in lhe vicinity of cdges and oorders.

The !leed for more sensitive mClhods 01" acotlstic dala
:lcquisitioll atHl imagc recollstruction 01' microscopic ohjects
wilh high resolution has grown. In the literature, a numoer 01'
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FIGURE 2. Nmmalized transfcr funclion fm lhe knifc edge detector
method.

where (1" fy) are Ihe spatial frequeneies for sinusoidal vari-
ations in lhe transmittance funclion of lhe object along lhe
axes (:r, y) and ro is lhe cffective heam radius. The knife eLIge
is assllIlled to he orienteJ parallcllo the ;r direclion ami

slopc of the surfaee ripple. This slope. in turn, is proportional
to the strcngth 01'lhe sound transmitted lhrough the object.

As SLAM operales, the laser heam is caused to sean the
surface conlaining the dynamic ripple. The spatial informa-
lion modulales the heam and is converled to a corresponding
temporal signal by mean s 01'the scanning and the knife-edge
processing.

Based 011 the above description, il can be shown mathe-
matically lhal the lransfer fl1netion TI for lhe KED using a
¡aser beam with a Gaussian inlensity profile is given by [01

A plOl wilh 3-dimensional perspective showing normal-
ized TI as a funClion 01"roJx ami foJy is shown in Fig. 2.

Prom Fig. 2 we see that lhe response vanishes for zcro
frequency. To avoid operaling in lhis region, lhe acouslic in-
sonifying waves are direcled to faH ohlique onto lhe object.
As lhe lase!"heam llloves 10scan out the raster paltern neces-
sary 10 produce lhe image, a Doppler shift in the frequency
of lhe dctected signal is produceJ.

[n ordcr to stay away from lhe nul! response as much as
possible, usually only the upper sitie hanJ is used in the Je-
tection proccss. In spilC 01'lhe ahoye measures (oblique inci-
dence and single-side band deteclion) which are employed 10
widen lhe useful spatial spectrum, lhe resolulion is stilI not
goot.J.Thc lIscful spcctrum for cffcctivc illlage rcconstruclion
has to he limilcd lo the posilive part 01' lhe transl"er funclion
and must a\'oid lhe null at Jx = O. This resl1Its in a corre-
spondingly limiled reSOl111ionin the reconslructed images.

FIGURE l. Basic set Up for Ihe knife edgc deleCIOf methoo.

systcms for dctecting scanncd lasee acoustic imagcs are dc-
scrihed [1-4]. Sinee SLAM is widely used in many applica-
tioos 15, G] novel techniqucs ror data acquisition continuc lo
he S1udied and proposed [7,8].

2. Slam using knife-eclge c1etection

As slatcd ahoye. a convcntional~SLAM employs a Kt:D for
the dcflcclion demodulation nI' ¡he lascr beam conlaining the
acoustic imagc data as illuSlratcd in Fig. 1. To describe the
operarion 01' the system. lel us consider in sorne dctail how il
dclecls imagc information.

\Vhcn an arbitrary microscopic object is insonificd hy the
acouslic hcam and is transrnittcd through it, a dynamic ripplc
is produccd 011 lhe mirror-like surface 01'lhe coverslip heyond
the ohject. The sinusoidal components 01'the objecl fl1nclion
will give rise lo terms in lhe coverslip surface deforrnation
like Ihe following [4]:

Z(",y,t) = Re{h(x,y)exp(-jw,t)}, (1)

where Re indicates "the real parl 01''' and w is lhe temporal
frequency of lhe acoustic heam.

A scanning laser heam is Ihen used lo read oul lhe imagc
information concerning the object-lhal is, to determine the
valuc 01'exprcssion (1) for each ohject-function componcnl-
by prohing lhe ripple. As it moves, the ripple causes the lascr
hcam to he dctlected through an angle proportional to lhe
slope nI' lhe surface deforrnation, specifically lhe slope in-
dicatcd in expression (1). Thus the image information is en-
coded as delleclion modulation on the retlccled heam ami is
detccted hy the KED.

In ils most sensitive operation, the deflecleJ hcallllllovcs
pcrpcndicularly with rcspcct to the knifc cdgc (:ausing lhe
¡¡ght eollected hy the photodiodc hchind the knifc edgc to he
inlcnsily modulaled. The diode current is suhstantially pro-
portional lo the lascr-hcam dellection and thcrefore lo lhe

(

2 2(f2 f2)) 2n ro x + y nroJx
TI = 60 exp 2.\2 j2 erf ( .j2>.¡ ) ,

o 1~('rf(l.) = ::. ('xp( _t2) dI.
1f o

(2)

(3)
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lhe rr-slcp is mathemalically rcprcscnteJ by the sign
fUIlClioll dcfined as

o ..
"

Lel us surrose lhe covcrslip surfacc deformation has the
general form expressed in E4. (1). The covcrslip is prohed by
a lascr bcam \Vilh incidenl power P and a Gaussian intensity
profik ccntcrcd at Ihe ¡mini Cto, Yo)

'!'(. ) _ J 2P . [_ (.r - .ro)' + (y - yo)']
.r, JI - rrr'l exp 1'2 '

o o

(4)

(5)

.r > O,

.r < O.{
+l

sgllCr) =
-1

FI(;URE J. The DQD detector syslem. In Ihe malhemalica! (real-
Illcnl it has hccn assulllcd that all the lenses have the same focal
Icn!,:lh.e is an optical path lenglh compensalor.

3. Slam using dcrivativc (IUadrature dctcction

\Ve proposc a new dclcction systcm using a íT-SICP[lO}, a
rcrcrcncc hcam, an clcctranic quadraturc detector and tW()

RAI\ls as shown in Fig. 3. \Ve analyzc lhe response orthe de-
lector considcring an ohjcct rcprcscntcd in its general formo
For simplicily, it will he supposcd that alllhe lenscs have lhe
salllc focallcngth. Ir an experimental set up requircs Jiffercnl
focal lcngths the final rcsult \ViII he modificd only hy a scalc
facl{)r.

It has hecn showll Ihat lhe use of a íT-stcp, inslcad of a
knifc-cdgc. can improve the accuracy of the image recon-
struclion in the case of an optical phase ohject [101. We will
show thal for acoustical objccts in SLAM a similar improvc-
lllenl can he ohlaincd.

\vhere 'T' is the complcx <lmplitudc distribution function of
the bcam. In order 10 simplify Ihe equalions. the paramcters
(:ro, Yo) will he sllppressed, (lhat ¡s, assumed to be lero for
the time being) and wilI oc appropriately reintroduced in the
final.resul!.

Tlle prohing hcam. after hcing rctlccted fmm the surface
of lhe coverslip is phase- and amplitude-moJulated by the
dynamic ripplc. Thus lhe rellected complex amplitude distri-
butioll functioll is given hy

'!', =J P, exp (_:r' +,y') [i + jkh(:r,y) exp(-jw, t)
rrT(j 1'5

+jkh'(l:,y)exp(jw,t)], (6)

where k = 2][ ¡'\, Ihe Iight wavelength. [n Eq. (6) only Icrms
of the fjrst arder in >. have oeen rctained due to the faet that
the value of this product is very small comparcd with unity.

Lens L2 performs the Fourier Iransform of l.J1 r. and after
passing (he rr-stcp plane. we have

_ rr (11"1'6) { . ( .'l ~ +,/2) [. (~ I}) '. (~ '1) ..,~, - V;;;:;r jA! exp -][10 (A!)2 0 ó >'1' A! + JkIJ >'1' A! exp( -J""I)

+jkfl" ( - >.~,- ,:~) exp(jw" I)]} sgn(O (7)

where (~. '1) are the coordinate axes al the plane 01' Ihe ][-SlCP, JI (~, '1) = F {II (1., y)} Ihe Four;er transform of the objeet
function h(;r,!J) and 0 denotes lhe convolulion operation.

I.ens L3 performs lhe Fouricr Iransform of 1J11'. giving

/£;' 1 (", + "') . 2 .. ".'. . ( >.j )1'¡=- -, '.'j,exp - ., [1+Jk>' 1I(-II.-I'),'xp(-Jw."I) + Jh'>'-j-h (-II,v)exp(Jw"I)]0 -.- ,(8)
¡rT'o A- r¡¡ J1I"1l

wherc (11. ll) represent lhe coordinatc axcs al the intensily deleclor plane (Fig. 3).
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Writing the convolution as an inlegral, we have

i[J I = _ /p_P? (_1 ) exp(_ v:) [~¡""e~xp( -~~) dsV ~ >"1 1'0 J rr -00 IL - S

1¡"" exp(-~) h(-s,-v) 1 ¡"" exp(-~) ""(-",-v) ]. ') ro ,) ,) '0+k)"'¡-exp(-jw,,t)- . ds+k>..-¡-expljw,.I)- . d"
1T -CX) 1l - S rr -no lt - ..••

(9)

s hcing an auxiliary dummy variahle. Thus

(l; 1 (v')i[JI = - -.,-¡exp -2
rrrü .\ ro

[ ( ') ]}') ") s
+k)"-¡-exp(jw,,t)Il, exp -l'g ""(-s-v)

where H¡{X(s)} denoles Ihe HilberI transform of X(s) and is defined by 111, 121

(10)

_( 1 ¡"" X(,,)H;{X ,,)} = lI(u) = - --ds,
1r -00 H - S

(11 )

with the inversion formula

. _ 1 ¡"" lI(s)X(,,)=- -,-ds.
7f -00 lt - ,<;

( 12)

Using D'Velis approximalion [13J ft '" 5(s) for small values (JI' ", we can wrile Eq. (10) as

{l;1 (",){" d [ ("')] .,., d ( [ (1/'). ])}i[JI =- --..-exp -2 -,- exp --" +k)"-¡-,,-, R" "(-lI,-v),'xp --" exp(jw"t) .
1lTO >'1 1"0 J du rij (U "ü

(13 )

Only valucs ncar the aplical axis are considcrcd, i.£'.• 111.1« 1, and the last rclatioll can he wriltcn as:

{l;., (",+ V') d .i[JI = - --..2,,-¡exp , -[Ile{"(-",-")exp()w,,t)}j.
-rrro 1"0 du

( 14)

Thcrcforc, tlle powcr dctected by lhe intensily detector is

x ..'!-[Re{h(-u)exp(jw"t)}] dudu. (16)
dI!

_ 4[,,,¡ (00 loo > [?(U' -ui¡¡' + (v' _"5)'][', ---,- ex» -_ .)
¡'cj . -!Xl -00 rji

( 17)4P¡ (u2 + v'):F,(u,,,)= -,- exp -2 , .
ro ro

where the values (xo, Yo) have been reinlrodueed. This equa-
lion has the mathcmatieal forroof a convolution of the deriva-
live of Ihe objecl funclion wilh Ihe response of lhe syslem.
Lel us delíne :F,(",") as follows:

( 15)

As shown in Fig. 3, a rcfcrcncc bcam is cohcrcntly adJcd
lo Ibe amplilude funclion i[J I (A similar resull has been de-
scrihcd hcforc in the case of a rcfercncc hcam advanccd or
retarded by 90° [14J. In Ihe system of Ihe presenl paper lhis
changc 01'90° is nol neccssary hccausc the 7T-stepadvanccs
the signal by lhe samc 90°). Thc rcfcrcnce bcam nccds lo be
Fourier transfnrmcd twicc so that it has the same funclional
forrnas the signal ocam.
Thus Ihe reference beam al the plane of Ihe deleclor will

be given by

The lotal amplitude, i[Jr, allhe plane oflhe deleclor ofFig. 3,
is

Equalion (17) shows Ihal :F,(u, v) is Gaussian and isotropic
wilh ils maximurn al Ihe origino This faet indicates thal for
besl operation we should inwnify al normal incidence,

R"". Mex. Fís. 45 (3) (1999) 260--265
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FIGURE 5. Comparison of the KED vs. DQD frequency response
for ro = 1 Jl. (The continuous trace corresponds to the DQD) Note
that although in {he plot the bandwidth increase for the DQD ap-
pcars small. the actual improvement is::;:;:105 ¡ines/m.

tector [151. As the laser heam scans aver the coverslip. at each
ohjecl point lhe quadrnture detector will determine lhe two
quantities. Both are then stored in lhe two RAMs indieated in
Fig. 3: lhe value I h'( -u) I being slored in the (irsl RAM and
the value of 0:, in the second. These two quantilies are then
rnanipulated lo fOfln lhe producl I h'( -u) 1 costo), Ihal
is. the real part of the derivative of the objeel function. If O: is
too Jargc an ullwrapping melhod may be needed [IGI.

We obtain the image by reeonslruc(ing a rcverscd objeet
function, h( -"). The following example will ¡lIustrale how
this is done.

Suppose lhe ohjeel is lhe reclangle shown in Fig. 6a. lis
mathelllalieal derivativc then consists al' two delta functions.
As Ihe optical systcm of Ihe DQD is sensitive to the deriva.
tive it will approximatcly detect thesc two functions, as il.
lustrated ideally in Fig. 6h. The corresponding dcrivative of
h(-,,)is storcd in RAM I as shown in Fig. 6c. The phase 01'
this derivalive is stored in RAM 2 as shown in Fig. 6d. f-i.
nally. in Fig. 6e we shown lhe reconstructed function h( -u)
as ohtaincd by the computer. This reconstruction involves in-
tegrating the data stored in RA!vl 1, Illaking use of the correet
sign from the data stored in RAM 2.

5. Discussion and c()nc1usions

( 18)

••
.,

h'(-u) =1 h'(-n) I exp(-jo(-tt), (19)

FIGURE 4. Normalízcd transfer funetion of the OQD delector sys-
temo

In order 10 be able lo compare {he spatial frequcncy re-
sponse of lhe systcm with that ol' Ihe KED, wc mus! now
ohtain Ihe transfcr function for the DQD. As was statcJ bc-
fore, il is cnough lo consider olle spcctral component al' Ihe
ohjee!. By Fourier lransforming Eq. (16 ) we obtain for the
transfcr funetion 01' lhe systcm

_.¡Pf f~l~ [(U-uo]2 + (" - VO)2]PI --.,- cxp -2 2
rií _C'Q • -')O ro

wherc h'(-II) = (d/dn)h(-tt). And Ihen express Eq. (16)

whcrc tI:" 111 are lhe spatial frcqucncics in hoth coordinale
axcs.

The nonnalizcu transfcr function TDQO(/:z, fy) is shown
with three dimensional pcrspcctivc in Fig. 4. In Fig. 5 we
show olle-dimensional normalized views whcrc fy = O for
the {wo delcctors roc ro = 1,1m. From ¡his figure il can be
sccn thal the spatial frcquency response is hroader for Ihe
DQD hy approximalely 105 lines/m lhan for the KED.

To ootain an insight inlo the rncaning of Eq. (16), we can
expand de complex funclion h'( -u) as a product of its mag-
nilude and its phase o: as fol1ows

x J/i(-u)Jcos(w"t+o)dudv. (20)

4, 'Fullclional descriplion of lhe DQD

According lo Eq. (20), the ac signal rceeived by the intensity
delector of Fig .. \ vades with the amplitude and the phase of
th~ derivative of lhe ohjeet function.ln arder lo determine the
amplitude and the phase scparateiy, we use a quadrature de.

One Jisadvantage of the DQD system is that proeessing time
is nccJcd to integrate the data in each scanning line. Thus lhe
systcm cannot operate in real time. Nevertheless. as the speed
01"cllmputer processors is now very high, this proccssing time
may be as shorl as a few milliseconds.

With KED, thc operation is in reallilllc but serious prob.
lems are Cllcoulltered for ohjects containing high spatial rre.
qucncies due lo insufflcicnt rcsolution ol' edges and borders.

Rel'. Mex Fú. 45 (J) (1999) 2(~l-265
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(a) (b) (e)

1&1' 11\'(1))

~

(ul (e)

Pl(iURE 6. Simple example of imaging with the DQD. a) Original objcct; b) The dcrivativc 01"a) obtaincd by the oplical syslem; c)The
intcnsily rccorJ.ed by Ihe deteclOr; d)Thc phase storcd al RAM 2; e) Recovcrcd ¡mage.

The proposed DQD deteelion syslem provides beller re-
sponse al higher frcquencies. making íl useful lo Jetect edgcs
and borders hecausc jts response is sensitive lo lhe dcrivativc
01'¡he signal. In addition, the DQD may be used with normal
insonification which does nol give rise lo a Dopplcr shift in
lhe insonifying frcqucncy.

The DQD gives a transfer function for the derivative 01'
lhe objecl function that is symmetrical with a maximum re-
sponse al lhe origino This avoids lhe neccssity 0'- oblique in-
sonification thal is rcquircd with lhe KED, thus climinaling
lhe rcsultant Dopplcr shift in the dctcctcu signal L1ucto scan-
ning. Thc raet that the transfer function is wcll hehaved, has
the additionJI advantage that it greally simplifies the associ-
atcd elcetronics.
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