
V I S U A L I Z A T I O N  O F  U L T R A S O N I C  F I E L D S  

S .  P .  S t e f a n o v  UDC 535.44 

The expres s ions  for  the intensi ty dis tr ibut ion of light modulated by an u l t rason ic  f ield a re  
analyzed.  Phase  modulat ion and modulat ion in the g e o m e t r i c  opt ics  approximat ion  a re  con-- 
s ide red .  The effects  of both types  of modulat ion on the s t ruc tu re  of the optical  image  a re  
cons ide red  on the bas i s  of the Rytov theory  of di f f ract ion.  

One of the m o s t  p r e c i s e  methods of m e a s u r i n g  the wavelength and ve loc i ty  of u l t rasound in a medium 
is that  based  on the secondary  in t e r f e r ence  of a l ight wave which has pa s sed  though the u l t rasonic  field [1]. 

The intensi ty  dis tr ibut ion of the light f ield in planes beyond a t r ave l ing  u l t rasonic  wave when the light 
is incident normally in the form of a parallel beam is given by the expression [2] : 
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where  )t and A a re  the wavelengths of the light and ul t rasound,  r e spec t ive ly ,  in the unper turbed medium,  
~2 is the u l t rasonic  f requency,  X and Z a re  the d i rec t ions  of propagat ion  of the u l t rasound and light, r e s p e c -  
t ively,  L is the depth of the u l t rasonic  field along the Z axis,  t is t ime,  a t (L)  is the ampli tude of the light 
d i f f racted into the r - t h  o r d e r .  

If we apply the e l e m e n t a r y  R a m a n -  Nath diffract ion theory  which only takes  into account  the change 
in phase  of the light b e a m  as it p a s s e s  through the u l t rasonic  field [3], we get 

at(L) ~ EoJr(v), (3) 

where  E 0 is the ampli tude of the incident light field, Jr(~) is the r - t h - o r d e r  B e s s e l  function of the f i r s t  
kind, ~ = 2~/~ .An/h0L is the R a m a n - N a t h  p a r a m e t e r  which defines the depth of the phase  modulat ion,  An 
is the ampli tude of the var ia t ions  in optical  r e f r a c t i v e  index produced by the ul t rasound,  and n 0 is the op-  
t ical  r e f r a c t i v e  index of the unper turbed  med ium.  

Substituting (2) and (3) into (1) and using the summat ion  theo rem for  B e s s e l  functions,  we get  

where  

Io = E6; b = - ~  (Z --  L). 

It can be seen f r o m  (4) that  the per iodic  s t ruc tu re  in the light intensi ty contains many ha rmonics  at 
dif ferent  f requenc ies .  For  m e a s u r i n g  pu rposes  it  is n e c e s s a r y  to s epa ra t e  out one of the ha rmonics  of 
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the  u l t r a s o n i c  f r e q u e n c y .  We s h a l l  s tudy  (4) a t  the  e x t r e m u m  of a p a r a m e t e r  in o r d e r  to d e t e r m i n e  the  
p l a n e s  of b e s t  v i s i b i l i t y  f o r  the  t h i r d  h a r m o n i c :  

oG 6.nv cos (3rib) oJ., [2v sin (3rib)] 
0--b- = 0 [2v sin (3gb)] = 0; 

and  so  

(a) cos (3nb)=O, and thus b=V6- f -2 la  p,  where p=(}, t;  2; 3 . . . ;  

o33 [2v sin (3gb)] 
(b). O[2,,sin (3ab)] = O. 

The  f i r s t  cond i t i on  i s  the  d e c i s i v e  one in the  c a s e  of weak  u l t r a s o n i c  f i e l d s .  I t  shows  tha t  the  r e p e -  
t i t i on  p e r i o d  and  the  p o s i t i o n s  of  the  p l a n e s  of  b e s t  v i s i b i l i t y  a r e  i n d e p e n d e n t  of the  m o d u l a t i o n  dep th .  The  
s e c o n d  cond i t i on  d e f i n e s  t he  b e h a v i o r  of  the  o p t i c a l  i m a g e  in the  e a s e  of  s t r o n g  u l t r a s o n i c  w a v e s .  F o r  
v > 2.2,  the  p o s i t i o n  of the  p l a n e s  of b e s t  v i s i b i l i t y  b e g i n s  to depend  on the p h a s e  m o d u l a t i o n s  depth .  Th i s  
f ac t  has  b e e n  e s t a b l i s h e d  e x p e r i m e n t a l l y  by  Nomoto  [4]~ 

When  l igh t  t r a v e l s  t h r o u g h  an u l t r a s o n i c  wave ,  the r a y s  b e c o m e s  c u r v e s  at  the  g r a d i e n t  in r e f r a c -  
t ive  index .  Thus  at  the  e x i t  f r o m  the u l t r a s o n i c  wave  the  l igh t  f i e ld  is  a m p l i t u d e - m o d u l a t e d  a long the  
X a x i s .  In g e n e r a l ,  the l i gh t  i n t e n s i t y  can  only  be c a l c u l a t e d  i f  b o t h  m o d u l a t i o n  e f f ec t s  a r e  t aken  into a c -  
coun t .  T h i s  can  be  done  on the b a s i s  of  r e s u l t s  f r o m  g e n e r a l  d i f f r a c t i o n  t h e o r y  [5]; f o r  the c o e f f i c i e n t s  
a r ( L  ) we have  

a r ( L ) ~  Jr  v u 2 exp ] , (5) 

2 

w h e r e  u = ~XA -2 L.  

S u b s t i t u t i n g  (5) in to  (1) and  (2), we ge t  

' =  'Os=~ - - --=2-. Js 2vcos(=bS) tg~(-bS)--(2) exp[]S(~t--~_X)]. tg (abS) + (6) 

F o r  u ~ 0 th i s  e q u a t i o n  g o e s  o v e r  to  (4). 

L e t t i n g  )~ ~ 0, we ge t  a f t e r  s o m e  a l g e b r a  tha t  

. . . .  ,,o t - x ]  ] 

Thi s  e x p r e s s i o n  g i v e s  the  i n t e n s i t y  d i s t r i b u t i o n  fo r  s m a l l  p h a s e  m o d u l a t i o n  and is  i d e n t i c a l  to tha t  
ob t a ined  in the  g e o m e t r i c  op t i c s  a p p r o x i m a t i o n  f r o m  a c a l c u l a t i o n  of  the  t r a j e c t o r i e s  of m o t i o n  of the  
l igh t  r a y s  in an u l t r a s o n i c  f i e ld  [6]. 
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Fig. 3 

From a comparison of (4) and (6) we can derive the regions of the parameters Z and ~ where it is 

possible to neglect the curvature of the rays. 

We have studied the intensity distribution pattern by calculating the amplitude of the third harmonic 

of the ultrasonic frequency. We took the following parameter values: X = 6.28 "10 -5 era; A = 2.5 �9 I0 -~ cm; 

L = 0.8 era ;  Z~ = 11.2 era ;  Z 2 = 22.3 c m ;  Z 3 = 32.5 cm;  S = 3. 

The  S - t h  h a r m o n i c  i s  f o r m e d  by  the  i n t e r a c t i o n  of  the  r - t h  and ( r  + S ) - t h  d i f f r a c t i o n  w a v e s  e m e r g i n g  
f r o m  the p l ane  Z = L a t  a n g l e s  0 r and Or+ 5 to the  Z a x i s .  We have  O r = r h / A .  

The  cond i t ion  fo r  a m a x i m u m  in th i s  h a r m o n i c  in  the  p l a n e  Z = Z{~ is  

Z~ cos Or--Zr cos O,.+s =p)~, 

w h e r e  p is  a p o s i t i v e  i n t e g e r .  

When  L hA -1 << 1, we ge t  

2pA (8) Zr = ~ (~r -- a) 

I t  fo l lows  f r o m  (8) tha t  the  p o s i t i o n  of the  m a x i m u m  for  the  S - t h  h a r m o n i c  depends  to a l a r g e  ex ten t  
on the  r a t i o  of  the  a m p l i t u d e s  of  the  c o r r e s p o n d i n g  p a i r  of d i f f r a c t e d  w a v e s .  In o r d e r  to ge t  t he  s i g n a l  of  
t h i s  h a r m o n i c  wi thou t  p a r a s i t i c  p h a s e  m o d u l a t i o n ,  we have  to c h o o s e  the  v a l u e  of v so tha t  a s i n g l e  p a i r  
w i th  m a x i m u m  a m p l i t u d e s  d o m i n a t e s  in the  d i f f r a c t i o n  s p e c t r u m .  

F o r  p u r e l y  p h a s e  m o d u l a t i o n  i t  fo l lows  f r o m  (4) tha t  the p h a s e  of  the  s i g n a l  in  the  e x p a n s i o n  of  the  
l i gh t  i n t e n s i t y  v a r i e s  b y  180 ~ wi th  a p e r i o d  Z& = 2A2/LS(2r + S) a long  the  Z a x i s .  When  t h e r e  i s  n o t i c e a b l e  
c u r v a t u r e  of  the  l igh t  r a y s  then the  a m p l i t u d e  m o d u l a t i o n  b e g i n s  to have  a s i g n i f i c a n t  a f fec t  on the  i m a g e  
s t r u c t u r e .  I t  can  be  shown f r o m  (7) tha t  fo r  a m p l i t u d e  m o d u l a t i o n  the p h a s e  of  the S - t h  h a r m o n i c  v a r i e s  
a long  Z wi th  p e r i o d  Z a = A 2 / L  " A n / n  0 " t / a~  >> Z~.  Th i s  m e a n s  that  for  s o m e  v a l u e s  Z = Z 1 ( F i g .  1) the  
a m p l i t u d e  of the  t o t a l  s i g n a l  ( cu rve  1) is  g r e a t e r  than t ha t  of the  s i g n a l  c a l c u l a t e d  on the a s s u m p t i o n  of 
p u r e l y  p h a s e  m o d u l a t i o n  ( c u r v e  2) o v e r  a wide  r a n g e  of  v a l u e s  of  ~. Thus  the  p h a s e  and a m p l i t u d e  m o d u l a -  
t ion  r e i n f o r c e  e a c h  o t h e r  in th i s  c a s e .  F o r  o t h e r  v a l u e s  Z = Z 2 ( c u r v e s  3,  4) and  Z -- Z 3 ( c u r v e s  5, 6) they  
t end  to c a n c e l  e a c h  o t h e r .  
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The existence of per iodici t ies  in v for var ious  Z can be explained by the in terference of the signals 
of a given harmonic  fo rmed by different o rde rs  of the diffraction spect rum.  

Reinforcement  and cancel lat ion of the phase modulation does not only occur  when the light moves 
beyond the l imits of the u l t rasonic  field, but also inside this field as follows direct ly f rom (5). This ex- 

.press ion  has physical  significance when u < ~/2 as far  as the ra t io  of the amplitudes of the light incident 
on and emerging f rom the ul t rasonic  wave is concerned.  Nevertheless ,  it descr ibes  the periodici ty of the 
var ia t ion in the phase and amplitude modulation as a function of the depth of the ul t rasonic  field. 

The rea l  pa r t  of the a rgument  of the Besse l  function gives the phase modulation of the light and the 
imaginary par t  gives the amplitude modulation. F rom (5) we can draw the following conclusions:  

1. When u = ~ there  is no phase modulation. Putting in the value of u, we find that this occurs  when 
L = A 2/~. The imaginary  t e rm has its maximum value equal to 4AnA2/~ 2. 

2. When u = 27r there  is neither phase nor amplitude modulation. This occurs  for L = 2A2/X. Thus 
the light emerges  f rom the u l t rasonic  wave unmodulated in phase and amplitude. 

3. It can be shown that the maximum phase modulation occurs  when u = ~/2 .  This corresponds  to 
L = 1/2 A2/~ and the rea l  par t  of (5) is equal to 4AnA2/~ 2. The factor  for  the depth of amplitude modulation 
is 8 /~  t imes smal le r .  

If L = 1 em, for example, the t e rms  which define the depth of the amplitude and phase modulations 
are  equal to 1.57 and 3An.  104, respect ive ly .  

Thus both forms of modulation must  be taken into account in calculating the s t ruc ture  of the optical 
image of the ul trasound.  

An important  point in the phenomena we have descr ibed is that the repetit ion period of the modulation 
is independent of the ul t rasonic  intensity.  Similar  resul ts  were obtained in [7] f rom a d i rec t  solution of the 

wave equation. 

We have made an experimental  tes t  of the above relat ionships by means of photoelectr ic  and photo- 
graphic recording  of the image formed by a light beam passing through an ul t rasonic field (Fig. 2). The 
source  of ul trasound was an ITS-19 ce ramic  radia tor  of S-ram diameter  with a resonant  frequency of 6.0 
MHz. The plate was fed f rom a G3-41 genera tor  and was placed in a vesse l  of water .  The light r ece ive r  
was an FI~U-51B photomultiplier  with a rec tangular  slit  of width 0.i  mm in front of the focusing unit. The 
optical sys tem was a cyl indr ical  lens which gave a magnification of • 10 in the plane E. The light source  
was an LG-55 lamp. A c a m e r a  could be put in place in the plane E. The traveling acoustic waves were 
photographedby means of s t roboscopic  lighting obtained f rom an ML-3 modulator .  The experimeo t was ca r r i ed  
out with a voltage of 7 V ac ros s  the lamp and with Z 2 = 32.5 cm. An aper ture  was placed in the focal plane 
of the objective O t o p a s s  the necessa ry  diffraction orders  to the plane E. 

Figure  3a shows a sys tem of fr inges fo rmedwhenthe  entire diffraction spect rum passes  through the 
aper ture .  The cont rac t  of the in ter ference  fringes increases  when only the f i r s t  orders  are  passed  (Fig. 
3b). When only the second o rde r s  a re  present  the s t ruc ture  of the pat tern is somewhat different and the 
fringe spacing is reduced to one half. 

The intensity distribution in the fr inges (Fig. 3) measured  by the photomultiplier  corresponds  to the 
shape and width observed visual ly on the photographs.  If the image was formed by phase modulation alone 
the intensity distrfbution would have var ied  harmonical ly  (see Fig. 3b, c). With cont ras t  film the fr inges 
should have a duty rat io of two. This can be observed to some extent in Fig. 3c and also in Fig. 3b for 
weak ul t rasonic  waves.  

An examination of the fr inges (Fig. 3b) shows that the intensity distribution is quite different f rom 
harmonic  and that the duty ra t io  is ~4 .  This indicates that the amplitude modulation is having an important  
effect.  The relat ive levels of the two different types of modulation can be determined f rom the nonlinear 
distort ion coefficient of the f i r s t -ha rmonic  at the output of the photomultiplier.  

When the aper ture  passes  only one diffraction order  no fringes should be observed in the plane E 
according to phase theory.  The experiments  showed that even for  quite low ul trasonic levels signals on 
severa l  harmonics  are  observed at the photomultiplier output. This is connected with the effect of ray  
curvature  on the formation of the diffraction spec t rum [8]. 

476 



The ra t io  of the ampli tude of the s ignal  thus fo rmed  to that of the s ignal  at  the s a m e  frequency in 
the absence  of any ape r tu r e  in the focal  plane of the object ive can s e r v e  as a m e a s u r e  of the effect  of the 
two types of modulat ion in the fo rma t ion  of the i n t e r f e r ence  f r inges .  Thus,  for example ,  under  the condi- 
tions desc r ibed  above the ra t io  was equal to 0.2 for  Z = 100 m m  and 0.5 for  Z = 300 cm;  this is  in a g r e e -  
men t  with the nature  of the cu rves  (Fig. 3). 
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