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Ultrasonic  probe. 

©  An  ultrasonic  probe  includes  a  plurality  of  piezo- 
electric  elements  extending  concentrically.  The  ele- 
ments  have  respective  surfaces  via  which  ultrasonic 

3   wave  is  transmitted  and  received.  The  surfaces  of 
the  elements  are  concave  and  have  predetermined 

W  radii  of  curvature  respectively.  The  radii  of  curvature 
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increase  as  the  elements  are  farther  from  an  inner- 
most  place  and  closer  to  an  outermost  place. CO 
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ULTRASONIC  PROBE 

computer  simulation  of  dynamic  focusing  in  the 
second  example  of  the  prior-art  ultrasonic  probe. 

Fig.  6  is  a  diagram  showing  results  of  a 
computer  simulation  of  dynamic  focusing  in  a  third 
example  of  the  prior-art  ultrasonic  probe. 

DESCRIPTION  OF  THE  PREFERRED  EMBODI- 
MENT 

BACKGROUND  OF  THE  INVENTION 

This  invention  generally  relates  to  an  ultrasonic 
probe  for  an  ultrasonic  system,  and  specifically  5 
relates  to  an  ultrasonic  probe  moved  mechanically 
to  generate  a  "B-mode"  image  of  an  examined 
object. 

In  some  ultrasonic  systems,  an  ultrasonic 
probe  is  mechanically  moved  to  generate  a  "B-  ;o 
mode"  image  of  an  examined  object. 

The  Journal  of  the  Acoustical  Society  of  Japan 
Vol.  32,  No.  6,  Jun.  1976,  pages  355-361  discloses 
such  a  ultrasonic  probe.  As  will  be  explained  later, 
the  prior-art  ultrasonic  probe  of  this  Journal  has  is 
problems. 

Before  a  detailed  description  of  this  invention, 
the  prior-art  ultrasonic  probe  will  be  explained  for  a 
better  understanding  of  this  invention. 

As  shown  in  Figs  3(a)  and  3(b),  a  first  example 
of  the  prior-art  ultrasonic  probe  includes  a  piezo- 
electric  element  array  (a  transducer  element  array) 
51  which  has  a  central  disk  piezoelectric  element 
(a  central  disk  transducer  element)  52A  and  ring 
piezoelectric  elements  (ring  transducer  elements) 
52B,  52C,  52D,  and  52E  concentrically  extending 
around  the  central  piezoelectric  element  52A.  A 
pulse  beam  of  ultrasonic  wave  is  transmitted  from 
and  received  by  the  piezoelectric  element  array  51  . 
The  piezoelectric  elements  52A-52E  form  a  front 
surface  54  via  which  the  ultrasonic  wave  beam  is 
transmitted  and  received.  The 
transmission/reception  surface  54  is  concaved  to 
structurally  focus  the  transmitted  and  received  ul- 
trasonic  wave  beams.  The  whole  of  the 
transmission/reception  surface  54  is  spherical  with 
a  predetermined  common  or  uniform  radius  "r"  of 
curvature.  In  general,  the  ultrasonic  wave  beam  is 
also  focused  through  signal  processing  called 
"electronic  focusing".  The  electronic  focusing  of- 
fers  suitable  delays  to  output  signals  from  the 
respective  piezoelectric  elements  and  then  com- 
bines  the  delayed  signals. 

Fig.  4  shows  a  second  example  of  the  prior-art 
ultrasonic  probe  which  is  basically  similar  to  the 
prior-art  ultrasonic  probe  of  Figs.  3(a)  and  3(b) 
except  for  design  changes  indicated  hereinafter. 
The  prior-art  ultrasonic  probe  of  Fig.  4  includes  a 
piezoelectric  element  array  51  of  a  six-segment 
type.  Specifically,  the  piezoelectric  element  array 
51  has  a  central  disk  piezoelectric  element  52A 
and  ring  piezoelectric  elements  52B,  52C,  52D, 
52E,  and  52F  concentrically  extending  around  the 
central  piezoelectric  element  52A.  The  piezoelec- 
tric  elements  52A-52F  are  separated  by  annular 
gaps  53.  The  piezoelectric  elements  52A-52F  form 
a  flat  transmission/reception  surface.  The  areas  of 
the  respective  piezoelectric  elements  52A-52F  over 
the  transmission/reception  surface  are  set  -approxi- 
mately  equal  to  each  other.  The  widths  of  the  gaps 
53  are  set  to  0.  2  mm.  The  dimensions  of  the 

SUMMARY  OF  THE  INVENTION 
20 

It  is  an  object  of  this  invention  to  provide  an 
excellent  ultrasonic  probe. 

According  to  this  invention,  an  ultrasonic  probe 
includes  a  plurality  of  piezoelectric  elements  ex-  25 
tending  concentrically.  The  elements  have  respec- 
tive  surfaces  via  which  ultrasonic  wave  is  transmit- 
ted  and  received.  The  surfaces  of  the  elements  are 
concave  and  have  predetermined  radii  of  curvature 
respectively.  The  radii  of  curvature  increase  as  the  30 
elements  are  farther  from  an  innermost  place  and 
closer  to  an  outermost  place. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS  35 

Fig.  1(a)  is  a  plan  view  of  a  piezoelectric 
element  array  in  an  ultrasonic  probe  according  to 
an  embodiment  of  this  invention.  40 

Fig.  1  (b)  is  a  sectional  view  of  the  piezoelec- 
tric  element  array  which  is  taken  along  the  line  L-L 
of  Fig.  1  (a). 

Fig.  2  is  a  diagram  showing  results  of  a 
computer  simulation  of  dynamic  focusing  in  the  45 
ultrasonic  probe  of  Figs.  1(a)  and  1(b). 

Fig.  3(a)  is  a  plan  view  of  a  piezoelectric 
element  array  in  a  first  example  of  a  prior-art 
ultrasonic  probe. 

Fig.  3(b)  is  a  sectional  view  of  the  piezoelec-  so 
trie  element  array  of  Fig.  3(a). 

Fig.  4  is  a  plan  view  of  a  piezoelectric  ele- 
ment  array  in  a  second  example  of  the  prior-art 
ultrasonic  probe. 

Fig.  5  is  a  diagram  showing  results  of  a 
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curred  while  the  third  example  of  the  prior-art  ultra- 
sonic  probe  was  receiving  echo  signals.  In  the 
computer  simulation  related  to  Fig.  6:  the  central 
frequency  of  the  echo  signals  was  set  to  3.5  MHz; 

5  the  pulse  length  of  the  ultrasonic  wave  beam  was 
set  equal  to  three  times  the  wavelength  of  the 
central-frequency  ultrasonic  wave;  and  the  enve- 
lope  of  the  pulses  of  the  ultrasonic  wave  beam  was 
of  the  half-sine  shape  or  the  half-sinusoidal  form.  In 

w  addition,  this  computer  simulation  ignored  a  non- 
linear  effect  on  the  pulse  propagation  in  an  ultra- 
sonic  wave  transmission  medium. 

It  is  seen  from  Fig.  6  that  electronic  focusing  is 
essentially  ineffective  in  a  far  examined  region  over 

rs  100  mm  while  the  focusing  is  improved  in  a  close 
examined  region  relative  to  the  case  of  Fig.  5. 

As  understood  from  the  previous  description, 
the  examples  of  the  prior-art  ultrasonic  probe  can 
not  have  adequate  characteristics  of  focusing  of 

20  ultrasonic  wave  beams  in  both  of  a  close  examined 
region  and  a  far  examined  region. 

This  invention  will  now  be  explained  in  detail. 
Figs.  1(a)  and  1(b)  show  a  part  of  an  ultrasonic 
probe  according  to  an  embodiment  of  this  inven- 

25  tion.  This  embodiment  is  directed  to  an  ultrasonic 
probe  having  a  piezoelectric  element  array  of  a  six- 
segment  type. 

The  ultrasonic  probe  of  Figs.  1{a)  and  1(b) 
includes  a  piezoelectric  element  array  (a  trans- 

30  ducer  element  array)  1  of  a  six-segment  type. 
Specifically,  the  piezoelectric  element  array  1  has  a 
central  disk  piezoelectric  element  (a  central  disk 
transducer  element)  2A  and  ring  piezoelectric  ele- 
ments  (ring  transducer  elements)  2B,  2C,  2D,  2E, 

35  and  2F  concentrically  extending  around  the  central 
piezoelectric  element  2A.  During  a  scanning  pro- 
cess,  the  piezoelectric  element  array  1  is  mechani- 
cally  moved  within  liquid  in  a  direction  perpendicu- 
lar  to  its  axis  by  a  known  drive  mechanism  (not 

40  shown).  The  piezoelectric  elements  2A-2F  are  sep- 
arated  by  annular  gaps  3.  The  piezoelectric  ele- 
ment  array  1  has  a  concave  front  surface  4  via 
which  ultrasonic  wave  beams  are  transmitted  and 
received.  The  concave  design  of  the 

45  transmission/reception  surface  4  functions  to  struc- 
turally  focus  the  ultrasonic  wave  beams. 

Specifically,  front  surfaces  4A,  4B,  4C,  4D,  4E, 
and  4F  of  the  respective  piezoelectric  elements  2A, 
2B,  2C,  2D,  2E,  and  2F  form  the 

so  transmission/reception  surface  4.  The  surfaces  4A, 
4B,  4C,  4D,  4E,  and  4F  are  spherically  concave 
and  have  predetermined  different  radii  ra,  rb,  re,  rd, 
re,  and  rf  of  curvature  respectively.  In  general,  the 
radius  of  curvature  of  the  transmission/reception 

55  surface  of  a  piezoelectric  element  determines  the 
structural  focal  point  of  the  piezoelectric  element. 
Specifically,  as  the  radius  of  curvature  of  the 
transmission/reception  surface  of  a  piezoelectric 

piezoelectric  elements  52A-52F  are  chosen  as  fol- 
lows: 
The  outside  diameter  of  the  element  52A:  9.64  mm 
The  inside  diameter  of  the  element  52B:  10.04  mm 
The  outside  diameter  of  the  element  52B:  13.92 
mm 
The  inside  diameter  of  the  element  52C:  14.32  mm 
The  outside  diameter  of  the  element  52C:  17.26 

mm 
The  inside  diameter  of  the  element  52D:  17.66  mm 
The  outside  diameter  of  the  element  52D:  20.12 
mm 
The  inside  diameter  of  the  element  52E:  20.56  mm 
The  outside  diameter  of  the  element  52E:  22.66 
mm 
The  inside  diameter  of  the  element  52F:  23.06  mm 
The  outside  diameter  of  the  element  52F:  25.00 
mm 

Fig.  5  shows  results  of  a  computer  simulation 
calculating  conditions  of  dynamic  focusing  which 
occurred  while  the  prior-art  ultrasonic  probe  of  Fig. 
4  was  receiving  echo  signals.  The  dynamic  focus- 
ing  is  explained  in  various  published  documents, 
for  example,  the  Journal  of  the  Acoustical  Society 
of  Japan  Vol.  32,  No.  6,  Jun.  1976,  pages  355-361. 
In  the  computer  simulation  related  to  Fig.  5:  the 
central  frequency  of  the  echo  signals  was  set  to  3.5 
MHz;  the  pulse  length  of  the  ultrasonic  wave  beam 
was  set  equal  to  three  times  the  wavelength  of  the 
central-frequency  ultrasonic  wave;  and  the  enve- 
lope  of  the  pulses  of  the  ultrasonic  wave  beam  was 
of  the  half-sine  shape  or  the  half-sinusoidal  form.  In 
addition,  this  computer  simulation  ignored  a  non- 
linear  effect  on  the  pulse  propagation  in  an  ultra- 
sonic  wave  transmission  medium. 

It  is  seen  from  Fig.  5  that  a  beam  width  deter- 
mined  by  -20  dB  lines  is  relatively  large  and  the 
degree  of  focusing  is  insufficient  in  an  examined  , 
region  of  50-70  mm  although  the  ultrasonic  wave 
beam  is  intended  to  be  focused  on  an  examined 
distance  of  70  mm  by  electronic  focusing  using  the 
two  inner  piezoelectric  elements  52A  and  52B. 
Furthermore,  in  an  examined  region  of  0-50  mm, 
since  only  the  central  piezoelectric  element  52A  is 
used  in  electronic  focusing,  the  degree  of  focusing 
tends  to  be  insufficient. 

A  third  example  of  the  prior-art  ultrasonic  probe 
is  similar  to  the  prior-art  ultrasonic  probe  of  Figs.  4 
and  5  except  that  the  piezoelectric  elements  52A- 
52F  form  a  spherically  concave 
transmission/reception  surface  having  a  predeter- 
mined  common  radius  of  curvature  which  equals 
50  mm.  The  concave  design  of  the 
transmission/reception  surface  of  the  piezoelectric 
element  array  51  functions  to  structurally  focus  the 
transmitted  and  received  ultrasonic  wave  beams. 
Fig.  6  shows  results  of  a  computer  simulation  cal- 
culating  conditions  of  dynamic  focusing  which  oc- 
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element  increases,  the  structural  focal  point  of  the 
piezoelectric  element  is  farther.  The  curvature  ra- 
dius  ra  of  the  central  piezoelectric  element  2A  is 
the  smallest.  The  curvature  radius  rb  of  the  piezo- 
electric  element  2B  is  greater  than  the  curvature 
radius  ra  of  the  central  piezoelectric  element  2A. 
The  curvature  radius  re  of  the  piezoelectric  element 
2C  is  greater  than  the  curvature  radius  rb  of  the 
piezoelectric  element  2B.  The  curvature  radius  rd 
of  the  piezoelectric  element  2D  is  greater  than  the 
curvature  radius  re  of  the  piezoelectric  element  2C. 
The  curvature  radius  re  of  the  piezoelectric  ele- 
ment  2E  is  greater  than  the  curvature  radius  rd  of 
the  piezoelectric  element  2D.  The  curvature  radius 
rf  of  the  piezoelectric  element  2F  is  greater  than 
the  curvature  radius  re  of  the  piezoelectric  element 
2E  and  is  the  greatest.  In  this  way,  inner  piezoelec- 
tric  elements  have  smaller  radii  of  curvature  or 
closer  structural  focal  points,  and  outer  piezoelec- 
tric  elements  have  greater  radii  of  curvature  or 
farther  structural  focal  points.  In  other  words,  the 
curvature  radius  of  a  piezoelectric  element  in- 
creases  as  the  location  of  the  piezoelectric  element 
is  closer  to  the  outermost  place.  Specifically,  the 
radii  of  curvature  of  the  piezoelectric  elements  2A- 
2F  are  chosen  as  follows: 
The  curvature  radius  of  the  element  2A:  50  mm 
The  curvature  radius  of  the  element  2B:  80  mm 
The  curvature  radius  of  the  element  2G:  120  mm 
The  curvature  radius  of  the  element  2D:  130  mm 
The  curvature  radius  of  the  element  2E:  1  40  mm 
The  curvature  radius  of  the  element  2F:  150  mm 

The  areas  of  the  respective  piezoelectric  ele- 
ments  2A-2F  over  the  transmission/reception  sur- 
face  4  are  set  approximately  equal  to  each  other. 
The  widths  of  the  gaps  3  are  set  to  0.  2  mm.  The 
dimensions  of  the  piezoelectric  elements  2A-2F  are 
chosen  as  follows: 
The  outside  diameter  of  the  element  2A:  9.64  mm 
The  inside  diameter  of  the  element  2B:  10.04  mm 
The  outside  diameter  of  the  element  2B:  13.92  mm 
The  inside  diameter  of  the  element  2C:  14.32  mm 
The  outside  diameter  of  the  element  2C:  17.26  mm 
The  inside  diameter  of  the  element  2D:  17.66  mm 
The  outside  diameter  of  the  element  2D:  20.12  mm 
The  inside  diameter  of  the  element  2E:  20.56  mm 
The  outside  diameter  of  the  element  2E:  22.66  mm 
The  inside  diameter  of  the  element  2F:  23.06  mm 
The  outside  diameter  of  the  element  2F:  25.00  mm 

Fig.  2  shows  results  of  a  computer  simulation 
calculating  conditions  of  dynamic  focusing  which 
occurred  while  the  ultrasonic  probe  of  Figs  1(a)  and 
1(b)  was  receiving  echo  signals.  The  dynamic  fo- 
cusing  is  explained  in  various  published  docu- 
ments,  for  example,  the  Journal  of  the  Acoustical 
Society  of  Japan  Vol.  32,  No.  6,  Jun.  1976,  pages 
355-361  .  In  the  computer  simulation  related  to  Fig. 
2:  the  central  frequency  of  the  echo  signals  was  set 

to  3.5  MHz;  the  pulse  length  of  the  ultrasonic  wave 
beam  was  set  equal  to  three  times  the  wavelength 
of  the  central-frequency  ultrasonic  wave;  and  the 
envelope  of  the  pulses  of  the  ultrasonic  wave  beam 

5  was  of  the  half-sine  shape  or  the  half-sinusoidal 
form.  In  addition,  this  computer  simulation  ignored 
a  nonlinear  effect  on  the  pulse  propagation  in  an 
ultrasonic  wave  transmission  medium. 

It  is  seen  from  Fig.  2  that  the  characteristics  of 
10  focusing  are  satisfactory  in  both  of  a  close  exam- 

ined  region  and  a  far  examined  region.  The  sat- 
isfactorily  focusing  results  from  the  following  facts. 
In  a  close  examined  region,  dynamic  focusing  is 
effective  since  only  inner  piezoelectric  elements 

75  are  used  in  the  dynamic  focusing  and  the  inner 
piezoelectric  elements  have  closer  structural  focal 
points.  In  a  far  examined  region,  dynamic  focusing 
is  effective  since  all  the  piezoelectric  elements  2A- 
2F  are  used  in  the  dynamic  focusing  and  many 

20  piezoelectric  elements  having  far  structural  focal 
points  are  used  in  the  dynamic  focusing. 

The  previously-mentioned  advantages  of  this 
invention  which  are  shown  in  Fig.  2  denote  unex- 
pected  results  or  unobviousness  of  this  invention 

25  over  the  prior  art. 
An  ultrasonic  probe  includes  a  plurality  of  pi- 

ezoelectric  elements  extending  concentrically.  The 
elements  have  respective  surfaces  via  which  ultra- 
sonic  wave  is  transmitted  and  received.  The  sur- 

30  faces  of  the  elements  are  concave  and  have  pre- 
determined  radii  of  curvature  respectively.  The  radii 
of  curvature  increase  as  the  elements  are  farther 
from  an  innermost  place  and  closer  to  an  out- 
ermost  place. 

35 

Claims 

1  .  An  ultrasonic  probe  comprising  a  plurality  of 
40  piezoelectric  elements  extending  concentrically;  the 

elements  having  respective  surfaces  via  which  ul- 
trasonic  wave  is  transmitted  and  received;  wherein 
the  surfaces  of  the  elements  are  concave  and  have 
predetermined  radii  of  curvature  respectively;  and 

45  wherein  the  radii  of  curvature  increase  as  the  ele- 
ments  are  farther  from  an  innermost  place  and 
closer  to  an  outermost  place. 

2.  An  ultrasonic  probe  comprising  a  transducer 
element  array  having  a  surface  via  which  ultrasonic 

so  wave  is  transmitted  and  received;  the  surface  being 
concave;  wherein  a  portion  of  the  surface  has  a 
predetermined  radius  of  curvature  which  increases 
as  the  portion  moves  from  a  center  of  the  surface 
to  an  outer  edge  of  the  surface. 

55 
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