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The  property ofthe  fundarnental and  second  harmonic components  ofthe  
acoustic

 pressure

in the bearn emitted  from a  uniforrnIy  excitcd  fbcusing source,  which  is detected by a  concave

receiver put normal  to the acoustic  axis  beyond the fbcal region.  has been investigated for

both the cases  ofthe  free field and  the field with  inserted sample.  Calculation based on  the

successive  approxirnation  solution  for the Khokhlov-Zabolo{skaya-Kuinetsov  equation  
is

vabidated  through  experiments.  It has been clarified that the range  dependence  of  
the

fundamental component  amplitude  diffbrs from that of  the second  harmonic. unlike  
the

 
cape

of  a  Gaussian  source, and  the canccllation  of the second  harmonic  components  generated Ln

front efand  beyond  the focal region  is degraded comparing  with  the case  ofGaussian  source.

The signal experimentally  feceived beyond the sarnple  corresponds  fairly well  with  the

theoretical prediction, taking  into account  the acoustic  properties of  the inserted sample.

However,  the result  ofexperimental  determination ofrhe  BlA  utllizing  such  responses  
shows

slightly  poorer agrecment  with  the literature values, due to the less sensitive  property of  the

second  harmonic  component  to the insertcd sample.
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          1. INTRODUCTION

  The  present author  and  his colleagues  have ana-

lyzed the  nonlinearly  generated  second  harmonic

component  in a  fbcused sound  including the preb-

lems of  its spatial  distribution.i-S) On  the other

hand, acoustic  microscopes  have recently  been

applied  to various  ultrasonic  measurements,  where

focused ultrasounds  are  ernployed  to obtain  the high

spatial  resolution  of  an  acoustic  imaging and  a  wide

variety  ofincidenoe  angles  on  a  sample.  Although

the nonlinear  propagation of  the ultrasonic  wave

must  take  place in the acoustic  rnicroscope,  the

phenomenon  has rarely  been used  for the measure-

ment  so  far.
  The  acoustic  nonlinearity  paramet¢ r B/A,  which

describes the relative  magnitude  of  the quadratic
term  of  density dependenoe of  acoustic  pressure in

the modiurn,  is an  important acoustic  property for

evaluating  the waveform  distortion and  nonlinear

attenuation  in the rnedium,  In addition,  it has

boen suggested  that this parameter, BIA,  is usefu1

for characterizing  materials  including biological

tissues, so  the BIA  measurement  is also  of  great
interest. In order  to  develop the B!A  measurement

method  utilizing  acoustic  microscopes  for the final

goal, rhe present author  has proposed the B!A

measurement  using  focused ultrasound  based on  the

finite amplitude  rnethod,')  where  the BIA  is

obtained  through  observing  the second  harmonic

component  contained  in the acoustic  pressure after

passing throllgh  the sample.S,g)  This method  em-
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 ploys a  focusing Gaussian source  whose  vibrational

amplitude  distribution is weighted  in Gaussian
function such  that  a  diflraction induced by the
source  edge  can  be neg]ected.  The  field analysis  is
then  significantly  facilitated. and  the varianoe  and

uncertainty  ofobserved  values  caused  by the compli-

cated  acoustic  field can  be avoided.  However, since

an  acoustic  microscope  usualty  does not  employ  the

Gaussian source,  this  measurement  cannot  be imme-
diately applied  to the microscope.

  In the present paper, assuming  a  uniformly  excited

concave  source  as  a  more  realistic source  for acous{ic
microscopes,  the fundamental and  second  harmonic
components  of  the focused acoustic  field observed

with  another  concave  roceiver  are  theoretically and
experimentally  examined.  ]n measuring  the B!A,
the  influence of  a  sample  inserted within  the focal
region  on  the  acoustic  field beyond the sample  will

be utilized.  Here  th ¢  acoustic  wayes  detected by  the

concave  receiver  for both the cases  with  and  without

insertion of  the  sample  are  inyestigated, The  ana-

lytical result  is examined  from the view  point ofthe
possibility to measure  the  nonlinearity  parameter
B!A  of  the inserted sample.  The  experimental

determination of  the  BIA  for a few samples  are  also

conducted.

      2. FREEFIELDDETECTED

        BY  CONCAVE  RECEIVER

  Suppose that a  uniformly  excited  concave  source

with  a  fbcal length D  and  radius  a  emanates  a

slnusoidal  sound  of  angular  frequency to along  the

z axis  as shown  in Fig. 1. The focused sound  is
detected by a concave  receiver  whose  curvature  and

aperture  radii  are  d and  b, respectively.  Taking
Jnto  consideration  the harrnonic components  up  to
the  second  order,  the acoustic  pressure at the point
(4 z) is assumed  to be pi(4 l)  exp(-ja)T)+th(4  z)
･exp

 (-1'2aJT). Here r  is the retaTded  time  t-i/q,,

r

Focusing  Uniform  Source

    Fig. 1 Gcometry  and  notation.

T
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 where  t is the  time, and  q. is the  sound  speed  in
 waten  Then  the fundamental and  second  har-

 monic  components  in the output  voltage  of  the

 concave  reoeiver  are  approximately  proportional to

 the integrations of  pressure over  the reoeiver  surface

       A(z) =  S,bpi(r, z) exp(-  J' 
k2i"dr2)rdr,

 a)

       a(z) =  S,b th( r, z)  exp  (- i' kWi2)ldr, e)

 where  k. is the wavenumber  ofthe  fundamental in

 water  tolq,,  Since the aboye  proportion factors of
the output  signals  to Pi and  4, which  should

depend primarily on  the roceiver  sensitivity.  are

 not  significant  in the discussion that  fo11ows, the

output  voltage  is assumed  to be P  =  Pi exp(-jtuT)

 +4exp(-j2cvT)  for simplicity.  The sound  field
formed by a  concaye  source  with  a rclatively  small

aperture  angle  is well  clescribed by the Khokhlov-
Zabolotskaya-Kuznetsov equation,  which  is the

parabolic approximation  of  the wave  equation  tak-
ing into aocount  nonlinear  propagation as  well  as

linear attenuation.iO)  The  successive  approxima-

tion  solution  of  the KZK  equation  for a free field
without  any  insertion of  sample  is

 pLw( r, z) =  
-j-ttt!il!2g-

 exp  (i-4}f2 ) exp  ( - a.z)

         
･
 S,"fo( 

kw2rX
 ) exp  [i kiv2x2-(-f - ib)]xdu ,

                                       (3)

 thw( ri z) =i;2f2t4!!lt\Iizp.c,.  i exp  ( -4  cM.2) exp  (i kwzr2 )
         

'SI=,S:.,S:=,j:.,-ge2SP.S};{b(2,tnvg.'t.)

         
'exp

 (i-.G, ) exp  [ -]' 2ks (x2+ y2)]
         

･exp
 (i' 

k4w.F)

         
.fo(gr-m),cyderdyduua,

 (4)

where  llo, p., a.  and  IX, are  the on-sourcc  pressure,
the  density of  water,  the attenuation  coeMcient  in
water  at the  t-undamental frequency, and  the acoustic

nonlinearity  parameter t+(BIA).12  of  water,

Further, Jli(.) is the Bessel function of  O-th order,
F=x2+y2-2aycose,  and  G=k.(x2+y2+2)ry
･cos

 e}/4. Substituting Eqs. {3) and  (4) into Eqs.
( 1) and  (2) respectively,  one  dcrives the  fundamental
component  Pt. and  the second  harmonic  compo-

nent  4.  contained  in the  output  voltage  of  the

rooeiver  for the case  without  insenion ofthe  sample  :
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   A"(z)=-iAk"2 Sb,.,S:.,exp[i'kF2'('l;--dl")
         +i  

in2X2<t-S)]fo(
 
k"
 
!!
 )rea!xdr , (s)

   A-(z) ==j'i2el:S'!:P:1'.,., e L S:.,S:.,S;,S;., Ei( r'-9)

         ･exp ( - i-9) exp  [i kw r2(';' T  'll)
         .,-t!@l, ±-af2(-l---b)]

         -fo( 
kw.'

 m),  rydictdudedr  , (6)

Here a.=O  has bcen assurned  for simplicity,  so the

formula

         Sizl.exp(7(eei.)de'
          =  Ei(-irz +b .)-  Ei( -i-2) (7)

was  available  for the integration by z' in Eq, (4),
where  Ei<･) is the exponential  integral function

defined as

           E,(-j.)-s:ep,gie-dt  .

When  the aperture  radius  of  the  receiver  is large

compared  to the beam  width,  the use  of  an  integral

formula

           S: x  exp  ()'ax 
2)fo(

 bx ) ctx

             =fa  exp  (-J' 4b2 ),
which  is applicable  to  Eqs. (5) and  (6) when  the

infinitely large b is assumed,  reduoes  Pi.(z) and

4.(z) of  Eqs. (3) and  {4) as  fbllows:

1-exp[iin2di(-l;-lb-1
Aw(z)-=-i[le7,d 

-- z(1-zld)}1J

k.( 
1

s

1 1

  z  D  z(1-zld)

:-oj:-oSl=o Ei( Jirr9

.,i!@3S+qS-b

}
,

)exp(-fG-z)
  )]xycigah;de .

(8)

A.･(z)--muk22

'exp[

4 nth  c.  (1 -zld)

    , k.F
   

-Y42(1-zld {9)

  The  sound  beam of  the  frequency f=1.9MHz
emitted  from a  uniformly  excited  focusing source  of

the aperture  radius  a=23,5  rnm  and  the focal length

D=85mm  was  experimentally  observed  with  a

concave  reoeiver  set as shown  in Fig. 1. The

receiver  consists  of  a  PZT  transducer  with  the thick-

ness  dilatational resonanoe  frequency of  4MHz,

whose  aperture  and  curvature  radii  are  b=20mm

and  d=42rnrn, respectively.  The  amplitudes  of
                             '
the fundamental and  second  harrnonic  components

of  the reoeiver  output  experimentally  observed  at

various  distances from the source  at 20bC water

temperature  are  shown  by the  hollow circles  in Figs.

2(a) and  2(b), They  coincide  well  with  the  solid

curves  calculated  from Eqs. (5} and  {6}. Theacous-

tic property of  water  at 200C was  employed  for the

calculation ; p,, ==  1OOO kglrna, c.=  1483mls, cvi,=

O.11 Nplm,  and  (BIA).='5,O. The  dotted curves

show  the values  calculated  more  simply  with  Eqs.

(8) and  (9) assuming  an  infinitely large b. Since

the  experimental  receiver  is large enough  to  detect

the whole  beam, the dotted curves  almost  coincide

with  the solid  curves.  For the  second  harmonic

sound  of  narrower  beam, the dotted curve  complete-

ly coincides  with  the solid  curve.  Comparing  Fig.

2(a) with  Fig. 2(b), it is seen  that the z  dependence

of  the fundamental greatly differs from that of  the

second  harmonic. This is different frorn the prop-
erty  of  a  Gaussian source,  in which  they show

almost  thesame  z-dependence  as each  other,  How-

ever  it is common  to the case  of  a  Gaussian source

that they attain  the rnaximum  amplitudes  in the

vicinity  of  i=D+d,  that is z=127mm  in the

present experiment.  It is supposed  that the acoustic

pressure within  the whole  beam has the  identical

phase on  the receiver  surface  at this location. The

phase parameter which  defines the  phase delay ofthe

second  harmonic  component  relative  to the funda-

mental,  cZk,, is shown  in Fig. 2(c). Large errors

may  be contained  in the measured  phase pararneter
because ofextrernely  frequency dependent sensitivity

of  the  experimental  receiver  with  the  resonance  fre-

quency at 4MHz.  to  which  the frequency of  the

second  harmonic sound  is close.  Nevertheless the
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obtained

measured  result  agrees  well  with  the calculated  ene

near  z==D+d.  The  measurement  error  must  be,
therefore, rather  small.

      3. FIELD  WITH  DIFFERENT

            LIQUID  LAYER

  Suppose that a  difTerent liquid layer of  the thick-

ness  L  is set vertical  to the axis. The  density, sound
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speed,  and  acoustic  nonlinearity  parameter in the
layer are  denoted by p, c, and  P=1+(BIA)/2,
respectively,  The attenuation  coeMcient  in the liq-
uid  layer is assumed  to be a,  at the fundamental
frequency and  a2  at the second  harmonic  frequency,
Then  the fundamental acoustic  pressure pi,(n z) and

the second  harmonic  acoustic pressure pz,(n z)  are

given as  fo11ows :ii)

            Z, 11,,k-,
                  tbexp[-{tza.(2-L)+a,L}] a,( r,  z)=  

-f
              k

         
-
 exp  (]' ii rz)  i,a exp  [i'-kkv2X-2< ± 

-
 i})]

         -fo( 
k.W.r-x)du,

 (iO)

  As( r, z)=J'za2 nkp.Sc.2  z.' exp  [ -4  cnv(zm  L) - a2L]

          ･exp (]' 
k"..r2

 )S:!,S:!,S:=, (& r2 1h2
          ･!:'., 

e"P
 
(;tkvd)

 exp  (i zG )de.
                      3

          +  B7} i2 7b2-e:trl exp  (2 aLvzi )
                   pc

            
L
 ex  (ab-2ai)Z

          ･s

            t;o  zi+cl!cw

          ' eXP  ('m, l:IS7sJ+ Si !c. ) alaf + B. z,2 7b,2
          ･exp[2cta.z]+(a2-2ai)L]

          ･ S210 iSl.i!li,e ei'c.
          'exp('irTt'2i{2Em6

z,+GcLiG.)daf)

          
'exp

 ["1"if;X'(D x'+y2)]  exp  (i k4w.F. )
          ･fo( 

ktr
 m)  tztdydude  , ai)

where  4=z+(clq.-1)L.  Here 4 and  fo are  the  i

coordinates  at the acoustic  wave  inlet and  outlet  of

the liquid layer, respectively,  namely  4-z[=L,
The  pressure transmission  coeMcients  at z =  4 and  2b

have been regarded  identical to the transmission

cocMcients  Z. and  7b. for a planar wave,  where  n

is the order  of  higher ham)onics. Integrating pi.
and  A, over  the  surface  of  the  concave  receiver  as

expressed  in Eqs. (1) and  (2), the fundamental and
second  harmonic components  of  the output  voltage

of  the concave  receiver  are  derived as  fo11ows :

           Z,7b,kw
                  Pbexp[-{c-w(z-L)+atL}]  Rs(z) ̀ =  mJ'
             k

        +Sl.,S:.,  exp  [1･ 
k2w
 (( i -lb)x2
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       +(  i - -2i) r2]]h(  
k.W,r

 x)  nrdudr,  (12)

1%s(z) =  1'an2 
nkp.3c.:.h

 exp  [ " 4 ̀zN(2'  L) 
-
 a2L]

       'S:.,S:.,S:=,S:=, exp  [jk-( i -e)r2]

       ･(&z27h,S;.,gXLR-l(f"!u2,  
Z)

 e.p(j.S),w

                  3

       +B71,211)22Yg}Lexp(2caz,)
                pc

       . S;.,e2ge gfllme)t(l exp  (th, + EJIb. )`te'
       +  BZ. 1}i2 7b]t exp  [2 awzt  +(th  

-2ai)L]

       ･SZsw･..,lit5kfo.

       'exp(J2TitF2:CIEz7E:,+G.Lib.)ai1

       'exp[-i-;flYX-(D  x2+y2)]

       'exp (i k4wzF.-)16( 
kzw,r

 Vi7) rxydydrdedr.

                                     (13)

When  the rooeiyer  aperture  is large, the approxima-

tion of  infinite b makes  Eqs. (12) and  (13) reduce  to

 Rs(z)=i-Z'7hi 
eX

 1--kca.dZ-L)+a]L

        1-  exp  [i k"2di(± b 4
 1-l z. d 1]

.

kw( i1 1

Ibs(2)=

D  fl,1-zaXd)}

'

(14)

i t2

 4zp.cw2zfi(i-e)

･exp[-4ttaw(z-L)-aleL]

'S:!,S:!,Sl.,(&r2ib2

'S;.,up(2  
d)exp(i'-dC)ctz'

           3

+B71i27b2eets  exp(2ctuzi)

･S;.,eX  
z,(+thial21k')Z

 exp(-z-;IS77aJ)az'

+iElvvZL27bL2exp[2aw2i+(th-2ai)L]

･S:-,,iii:!l5?s

' exp(  
z'
 + z, IGt 

cL
 
c.
 )dz')

'exp[-1'-}f?X-(D  xZ+y2)]

       ･exp[ikW4F(-l:--de(  )]xy{lv`hde.
                                     (15)

When  a.=O,  the integration by z' in the first and

thircl terms of  Eqs, (13) and  (15) is simplified  using

Eq, (7), Further, when  the  attenuation  in the liq-

uid  layer is smalL  putting exp{(a2-2ai)z'}=l

simplifies  the  integration of  second  term  in the  same

way.  Comparing  Eq, (5) with  Eq. (l2). or  Eq. (8)
with  Eq, (14), it is seen  that i  in the former equa-

tions has been replaced  with  4  in the latter equa-

tions, exoepting  the range  dependence factor of

attenuation,  If the range  for the maximum  ampli-

tude  in the case  of  froe field is defined as z=  4., the

rnaximum  amplitude  in the case  with  a  different

liquid layer is attained  at z=4-(cfq,-  1)L, since

the range  dependence due to  the  attenuation  is not
effective,  This shift ofthe  maximum  range  is due to

the refraction  at the  interface between water  and  the

different liquid. The  refraction  has been taken  into

aocount  in the derivation of  Eqs, (10) and  (11)
under  the continuity  conditions  for acoustic  pressure
and  normal  panicle velocity  at thei"terface.ii) The

range  where  the  maxlmum  amplitude  is obtained  in

the case  with  diflbrent liquid layer is named  4  here,

  Putting a  layer of  methanol  of  thickness  L=20

mm  such  that its center  locates at z=D,  the  experi-

ment  has been carried  out,  The  experimental

results  of  the range  dependence of  the amplitudes  of

the fundamental signal  P,. and  second  harmonic
signal  4, are  shown  in Fig. 3 as  well  as  that ofthe

phase parameter q. The  rneasured  result shows  a

good  agreement  with  the theoretical  prediction
shown  by the  solid  curves  calculated  using  Eqs. (12)
and  (13). The  dotted curves  in the figures show  the

computation  using  Eqs. (14) and  (15). The  acous-

tic property  ofp=797  kglm3, c=  1,12l m/s,  ai=

a2=O,  and  B!A=9.6  was  assumed  for methanol  in

the  calcu;ation.  It is explained  by the afore-

mentioned  equation 4=4.-(clq,-1)L  that the

range  for the maximum  fundamental amplitude

shifts far from the source  by 5mm  due to the

difTlerenoe between methanol  and  water  in the sound

speed.
                                        '
  The  fundarnental amplitude,  socond  harmonic

amplitude,  and  phase parameter at each  maximum

amplitude  range  for the case  with  and  without  the

methanol  layer are cornpared  in Figs. 4(a) and  4(b)

at various  souroe  pressures. The  experimental
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results for the  case  without  and  with  the sample  are

shown  by the symbol  e  and  O, respectively.  The
solid  curve  connects  the experirnental  values.  The

abscissa  indicates the voltage  PG of  the input signal
to the power  amplifier  to drive the source,  to which

the source  pressure is proportional. The experi-

mental  result  shows  that the inserdon of  the meth-

anol  layer reduces  the fundamental arnplitude  O.92
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Fig.4 Comparisonofamplitudesandphasesfor

 cases  with  and  without  insertion of  methanol

 samplc.

times, and  magnifies  the socond  harmonic  amplitude

2,7 times. In addition,  theexperimental  data show
O,09 rad  decrease of  the phase pararneter after  inser-

tion of  the sample  within  a small  amplitude  range,

where  the  suocessive approximation  is applicab]e.
The  aforementioned  calculation  predicts the effects

of  O.94 times  decrease in fundamental amplitude,

2,64 times  increase in second  harmonic amplitude,

and  O.04 rad  reduction  in phase parameter. The

experimental  result shows  a fairly good  agreement

with  the calculated,

        4. COMPARISONWITH
          GAUSSIAN  SOURCE

  In the case  of  a Gaussian source,  the nonlinearity

parameter  B/A  of  the  inserted sample  can  be mea-
sured  utilizing  a detected signal  at the receiver  posi-
tion, where  the maximum  amplitude  is obtained,e)
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 position for uniform  and  Gaussian fbcusing
 seurces.

The detected signal  at such  a  distance is supposed  to

be important also  in the case  of  the uniform  source.

The  signal  property of  this position is compared

with  that  for the Gaussian sourz)e. The range  for

the rnaximum  amplitude  depends on  the cllrvature

radius  d ofthe  receiver.  The aL calculated  at the

range  z=D+d,  to which  the maximum-amplitude

position is very  close,  is shown  in Fig, 5. In this

calculation,  the receiver  curvature  radius  of  d=z-

D  has been assumed  for each  distance z. At z<D,

therefore, the receiver  must  be a  convex  one  with

negative  d, Further. the approximation  using  an

infinitely large value  of  b was  employed  for simp!ic-

ity. In the figure, the phase parameters for the  case

of  a  Gaussian souroe  with  a  Gaussian distribution

coeMcient  of  4=2,3oo m-2  and  the same  concavity

as the experimental  uniform  source  is also  shown  for

the purpose of  comparison,  The  aL for both

souroes greatly varies  as  the acoustic  wave  passes
through  the focal region.  The  meanings  of  these

variances  look identical, but they differ from each
other  in detail as  discussed below.

  Here the focused acoustic  field is divided in throe

parts; the  regions  of  z<D-s,  D-s<z<D+s,

and  i>  D+s,  which  are  namod  region  I, II, and  IIE,

respectively,  The  socond  harmonic component  of

the  signal  detected beyond the fbcat region  is

assumed  to be the sumrnation  of  the second  har-

monic  signals,  4i, 4i[, and  4t]i, which  are  generat-
ed during the passage through  the  regions  I, II, and

III before the observatlon  position, respectively,

%i

%i

(a) Uniforrn fbcusing source.

P2I

P2m

  Ph]  P2m

      (b) Gaussian fbcusing source.

Flg. 6 Vector diagram for second  harmonic

 components,

Assuming  that the acoustic  property of  the inserted

sample  is the same  as  that of  water,  the first, second,

and  third terrns  of  Eq. (15) give 4i, 4", and  4m,
respectively.  Figure 6(a) illustrates the complex

amplitudes  of  l]lei, 4ii, and  4]n at the  range  z=2D

calculated  for the  experimental  source  with  another

receiver  of  d=D,  assuming  s=IOmm.  Figure

6(b) shows  those  calculated  using  Eq, (14) of  Refl 6

for the similarly  detected signal  when  a  Gaussian

source  with  a Gaussian distribution coeMcient  of

4=2,3co rnJ'2 and  the  same  curvature  radius  as the

experimental  source  are  supposed.  In both the

vector  diagrarns, the  length of  arrow  indicates the

amplitude  efeach  second  harmonic  component,  and

its angle  from the dotted horizontal line expresses

the phase parameter, Figure 6(b) well  explains

that the  second  harmonic  components  4t and  4m,
which  have been generated in the pre- and  post-fbcal
regions  of  the  Gaussian source,  cancel  each  other.2}

In contrast,  the cancellation  of  4i and  P2m  in Flg.

6(a) is less effective.  Therefore the  total  second

harmonic,  which  is the sumrnation  of  Li+4nt
shown  by the arrow  of  broken lines and  4[[, con-
tains  the  compenents  of  4t+R2m rnore  in the  case

ofthe  present uniform  source  of  Fig. 6(a). Further,

in the  presenl case,  the quadrature component,

whose  phase parameter is n12  rad,  included in the
total  signal  contains  4:+1[}eiii more.  Even iffairly
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difTbrent values  are  assumed  for s, a, d, and  D,  this

situation  still holds. Such adiffbrence  fromGauss-
ian source  is supposed  to be caused  by the edge  of

source,  These behaviors ofthe  second  harmonic  of

the uniform  source  are disadvantageous to the B!A

measurernent  because of  less sensitivity  to the own

property of  the  sample.  To  inerease the  sensitivity,

it is effective  to employ  much  higher frequency
which  enhanoes  the  fbcusing gain. The  high fre-

quency, however,  increases the attenuation,  which

is disadvantageous to the BfA  measurement.

Although  a  large aperture  angle  is effective  to

incTease the focusing gain while  keeping the fre-

quency constant,  an  advanced  analysis  based on  the

model  other  than  the KZK  equation  is necessary  for

such  a sound  source.

      5. MEASUREMENTOFBIA

  The  determination  of  the  BfA  of  sample  was

examined  employing  the experimental  result  for a
methanol  sarnple  shown  in Fig. 4. Equations (8>
and  (14) give the ratio  of  fundamental amplitudes

IPislPi.l observed  at theirmaximum  positions to be
Tli7biexp(-aiL).  AecordinglythemeasuTement

of  the reduction  of  the fundamental amplitude  due

to the insertion of  sample  enables  one  to estimate  ai

when  the values  of  71i, 7bi and  L  are  known.
Assuming  the  relation  tvElk<l  which  holds for

almost  all the  liquid samples,  Zi 71]t can  be evaluat-

-)arsSmdi

5.0

2.5

2.0

 l.5

   56789  10 H  l2

                  elA

Mg. 7 Relation betwecn 14.14.1 and  B!A  for
 methano]  samptc.
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ed from the density and  sound  speed  in the sample

and  water;  namely  p,,, p, q,, and  c, On  the other

hand, the  ratio  of  Eqs. (8) and  (l5) at each  maxi-

mum  range  gives the thcoretical value  for the experi-
mentally  observed  IPbo!4.1, which  increases linear-

ly with  the nonlinearity  parameter ofthe  sample,  Bl
A. The  calculated  relation  between l4.IPbe1 and

BIA  of  the methanol  sainple  is shown  in Fig, 7 for
two  cases  of  ai=O  and  ai =:  1.0Nplm,  where  the

literature values  for p and  c  as well  as  the assump-

tion of  a)  =4ai  have been employod  for the  calcula-

tion,  When  ai=O  is assumed,  the value  of  I4,!
Il,.I in this experiment,  2.7, leads to the BIA  value

of9.9,  which  is close  to the literature B/A  value  of

9.6. However, since  the experimental  observation

of  the fundamental amplitude  reduction  supports

ai =  1 ,O Nplm,  the result  must  be BlA=  1O.8, which

is 13%  larger than  the  literature value.  The  phase
parameters ¢ .

 and  @  were  never  used  in this deter-
mination,  unlike  the method  employing  the quantity
named  RF  defined for a  Gaussian  souroe.q9)  The
RF is usefu1  to selectively  detect the second  harmonic
component  geneTated within  the  sample.  and  to

perfbrm the experiment  so  that the influence of

attenuation  in the sarnple  can  be almost  ignored.
However  the advantage  of  using  such  parameters
has disappeared in the  case  of  uniform  source

because the  quadrature component  in the second

harmonic pressure does not  correspond  weH  to the

component  generated at the  fbcal region  as  illus-
trated  in Fig, 6. Then, thedetermination  ofBIA  is
much  influenced by the attenuation  coeMcient  ofthe

sarnple  unlike  the case  of  using  RF, The uncer-

tainty in estimation  ef  the attenuation  introduced by
experimental  setup  and  amplitude  measurements,

therefore, may  give rise to a  large measurement  error

Table 1 Comparison  ofmeasured  and  literature

 values  of  BIA.

Sarnple This study Literature

Methanol 10.8 9.6 (Refi 12)

10.0 (Refi 8)

Benzyl alcohol 9,l 10,2 (Refi 12)
10.8 (Refi 8)

n  Butyl alcohol 12.8 10.7 (Reft 12)

10.8 {Refi 8)

Glyoerin 8.5 8,8 (Refl 13)
9,4 (Refi 14)

9,3 {Refi 8)
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for the BIA.  The  result for methanol  can  be inter-

preted as a typical exarnple  for such  inconvenient

characteristics  of  the present deterrnination method.

Similar experiments  were  also  conducted  for other

samples  including benzyl alcohol,  n  butyl alcohol,

and  glycerin, Table 1 shows  the comparison  ofthe

measured  BIA  with  the literature values.  The

agreement  is not  good  as  was  expec ted. The  combi-

nation  of  uniform  concave  source  and  concave

receiver, therefore,  is assumed  diMcult to utilize for
obtaining  high  precision in deterrnining the BIA.

6. CONCLUSION

  To realize the BIA  measurement  using  an  acous-

tic microscope,  the property of  nonlinearly  generat-
ed second  harmonic sound  in a fbcused beam  emit-

ted by a  uniformly  excited  concave  source  and

detected by a  concave  reoeiver  was  investigated for
both cases  ef  free field and  field with  a  sample

inserted. Integrating the successive  approximation

solution  of  the  KZK  equation  for the pressure over

the concave  reeeiver  surface,  the  amplitudes  and

phase of  the  fundamental and  second  harmonic

components  of  the Teceiver  output  can  be derived,
Since the present experimental  receiver  has a  rela-

tively  large aperture,  the approximation  of  infinite

aperture  radius  also  gives a valid  estimate  for the

amplitude  and  phase of  the  received  signal  in the

vicinity  of  the maximum  amplitude  range,  Such

sound  propenies as  the range  dependenoes of  the

fundamental and  second  harrnonic amplitudes

differing from each  other,  and  the less effoctive

cancellation  of  the second  harmonic cornponents

generated at  the  pre- and  post-fbcal regions,  are

different from the case  ofGaussian  source.  These

must  be due to the infiuence of  source-edge

difuaction. When  a  different liquid layer is insert-
ed, the influence of  the  nonlinearity  parameter BIA
of  the sample  evidently  appears  in the change  of  the

second  harmonic  component  observod  beyond  the

sample,  as  predicted theoretically. The  result  of

experimental  determination of  the B/A  utilizing

such  responses,  however, shows  slightly  poorer
agroement  with  the 1iterature values  probably caused
by the second  harmonic  component  being less sensi-
tive  to the  nonlinear  property ofthe  inserted sample.
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