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Use of a  Conical Axicon  as  a  Surface  Acoustic Wave 

Focusing  Device 

ABDULLAH ATALAR AND HAYRETTIN KOYMEN 

Abstract-Ultrasonic  axicons  generate  waves  which  focus  on a  line. 
They are  used  in  various  imaging  applications  as  hulk  wave  focusing 
devices  with a very  long  depth  of focus. A new  type  of  conical  axicon 
is  introduced. It consists  of  a  concave  parabolic  surface  immersed in a 
liquid  medium  and  insonified  obliquely  by  wavefronts  generated by a 
plane  transducer.  The  parabolic  cylinder  can be approximated by a 
portion  of  a  circular  cylinder  without  losing  significantly  in  the  focus- 
ing performance  of  the  axicon. It is also  shown  that  conical  axicons  can 
be  used to excite  surface  waves  provided  that  the  cone  angle  of  the 
axicon  coincides  with  the  Rayleigh  critical  angle of the  liquid-solid  in- 
terface.  The  generated  surface  waves  focus  into  a  diffraction-limited 
spot.  This  new  surface  wave  focusing  scheme  is  easy  to  use  and  has  a 
conversion  efficiency  and  sensitivity  far  better  than  other  existing  tech- 
niques. 

INTRODUCTION 

S URFACE  acoustic  waves  (SAW’s)  are  increasingly 
used in  determining  the  surface  properties  of  mate- 

rials,  as acoustical  nondestructive  testing  (NDT)  develops 
into  a  quantitative  science. The spatially  confined  nature 
of SAW’s  provides  an  effective  means  to  investigate the 
surface  and  near-surface  characteristics of the  materials. 
The  type of information  conveyed by the  use of existing 
techniques is generally  limited  to the  detection of surface 
irregularities,  such  as  cracks.  On  the  other  hand,  obtain- 
ing  the  detailed  information,  required  to  characterize  the 
irregularity  rather  than  merely  detecting it,  calls  for  meth- 
ods  which  provide  better  spatial  resolution or has  more 
sophisticated  structure  and  signal  processing  techniques. 

The  problem of obtaining  the  most  detailed  information 
by means of methods  based on  SAW  can  be  decomposed 
into  two  parts.  First of all,  the  SAW must be efficiently 
generated  on  the  surface of the material of interest,  which 
is mostly nonpiezoelectric;  and  secondly,  the  generated 
SAW must be focused  into  the  smallest  possible  area. The 
generation of SAW’s on nonpiezoelectric  materials  has 
been studied  and  various  techniques are proposed in the 
literature. 

Electromagnetic  generation of SAW’s  has  been 
achieved  through the use of EMAT’s [l] .  These trans- 
ducers  are  practical  to  use,  but  they  have very low  con- 
version  efficiencies [2]. Another  method is to use  a  wedge 
SAW transducer,  through  which  one  can first generate  a 
bulk  acoustic  wave  and  then  convert it into  a SAW di- 
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rectly on  the  surface to be  examined [3], zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[4]. The prob- 
lems  associated  with  the  use of various  solid  and  liquid 
wedge  materials are  extensively  investigated  on  both  the- 
oretical  and  experimental  bases.  While  solid  wedge  trans- 
ducers  provide  mechanical  rigidity  and ease of operation, 
the  liquid  wedge  systems  maintain the  critical  advantage 
of  high conversion efficiency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 5 ] .  When  the  bulk  com- 
pressional  waves are  scattered by surface  grooves,  Ray- 
leigh  waves are strongly  generated.  This  phenomenon of 

compressional to SAW  conversion is employed as another 
means of SAW generation  on  nonpiezoelectric  materials 

None of these  generation  methods,  as  they  stand,  are 
suitable for  focusing  SAW.  Fitzpatrick zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. [7]  devised 
a  method to image  surfaces  using  SAW.  They  use  a  tilted 
spherical  bulk  wave  transducer  to  excite  circularly  diver- 
gent  surface  waves.  These  waves  are  detected by a  second 
transducer  after  they  leak  into  the  liquid.  In  another  ap- 
plication,  Smith et al. [g]  proposed  a  method of generat- 
ing  convergent  SAW’s on  the  surface to be  examined, by 
defocusing  a  spherical  acoustic  microscope  lens  employ- 
ing  a  semicircular  disk  transducer.  The  generated SAW 
focuses on a  spot  coinciding with the  axis of the  lens.  The 
reflected SAW caused by surface  irregularities will be re- 
ceived by the  same  transducer  operating in the  pulse-echo 
arrangement.  They  have  shown  that  an  acoustic  image 
taken by a  regular  scanning  acoustic  microscope in defo- 
cused  condition is indeed mostly a  focused  SAW  image. 
The principal  drawback in both of these  SAW  focusing 
systems is that the amount of energy  converted  into  SAW 
is  limited  to the energy  emitted  from  a very narrow  strip 
on the  surface of the  lens,  the width of which  is  deter- 
mined  by the spread of the Rayleigh  critical angle. 

Another  method  is  proposed by Nongaillard et al. to 
overcome  the  disadvantages of previous  systems.  They 
use a  cylindrical  lens  tilted at the Rayleigh  critical  angle 
to  excite  focused  SAW  [9]. A greater  bulk-to-SAW con- 
version efficiency is  obtained  in  this  system, but still not 
all  of  the  incident  rays are  at  the Rayleigh  critical  angle 
and  the SAW energy is spread  over  a  line  rather  than being 
focused on a  spot. 

We  introduce  a  novel  method of focusing  SAW’s on  the 
surface  of  nonpiezoelectric  materials by using  a new type 
of conical  axicon.  Axicon  is the  name  commonly  given  to 
wave  generators  which  focus  the  waves  on  a  line.  In  this 
paper  the  axicons  which  produce  waves with conical 
equal  phase  fronts  will be referred to  as  “conical  axi- 
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Material 

Fig. 1 .  Geometry  to  obtain focused surface wave. 

cons. ” Axicons have been  proposed  as  bulk  acoustic  wave 
imaging  devices. A high spatial  resolution  can be achieved 
in the  vicinity  of  their  axis.  This is a  consequence of their 
large  aperture.  It  can,  however,  be  shown [lo] that  this 
large  aperture  yields  a  poor  impulse  response  even  for  re- 
flectors  on  the  focal  axis.  When  axicons  are  used  in  pulse- 
echo  mode  as  bulk  wave  focusing  devices,  the  linearity 
of  phase  variation  along  the  axis is particularly  important. 
If the  structure  of  the  axicon  does not provide  this  prop- 
erty, then  the  ultrasonic  pulse  is  dispersed in range,  and 
therefore  range  estimation is ambiguous.  In  conical  axi- 
cons  the  phase  variation  along  the  axis is  linear. Fame11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. [ 1 l ]  and  Kobayashi et al. [ 121 used axicons  as  planar 
lenses  for  low-frequency  acoustic  microscopes. On the 
other  hand,  axicons are used  in  medical  imaging  either 
alone [ 131 or in  conjunction  with  spherical  focusing  trans- 
ducers [ l41 with the  advantage of having  an  extended 
depth of focus, despite  their  inherent  off-axis  sensitivity 
and  the difficulty of  manufacturing. 

We will  show  in  this  paper  that  a  conical  axicon with 
the  proper  cone  angle  can be used to excite  surface  waves 
focusing  into  a  diffraction  limited spot.  The technique  al- 
lows  one  to  scan  the  surface  to be examined  and  thus to 
image  the  associated  properties  of  materials.  We  propose 
an  axicon  that  has  a very simple  construction and is easy 
to  fabricate. 

PRINCIPLE OF OPERATION 

Consider  the  geometry  shown  in Fig.  1. An acoustic 
beam  generated by a  piston  transducer in the  liquid  me- 
dium is obliquely  incident  on  a  concave  parabolic  cylin- 
der  surface  of  a  solid.  If  the  incidence  angle  is  high 
enough,  all  of  the  incident  power  will  be  specularly  re- 
flected, no bulk  waves  will  be  excited  in  the  solid me- 
dium, and the  medium will act  like  a  parabolic  cylinder 
mirror. 

Suppose  that  the  incident  beam  is  represented by a  plane 
wave  exp [ j (k ,s  + k T t ) ] .  Upon reflection  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS or t de- 

pendence  will  not  change  (except  a  sign  change  in t ) ,  but 
it will  acquire  an r dependent  term  which  takes  care of 
the  reflection  at  the  parabolic  surface.  Recalling  that  a 
parabolic  cylinder  mirror  focuses  a  normally  incident 
plane  wave  into  a  line  focus,  an  obliquely  incident  plane 
wave will be  focused  into  a  line with a  linearly  varying 
phase.  A  line  focus was obtained  earlier  using  axicons 
[15]-[ 171. Note  that  the  wavefronts  in  the  arrangement of 
Fig. 1 are  conical  and  the  axis  of  the  cone  coincides  with 
the  focal  line of the  parabolic  cylinder. 

Now suppose  that  a  material  with  a  plane  surface  is 
placed  perpendicular  to  this  axis. The intersection  of  the 
conical  wavefronts  with  the  material  surface is always  cir- 
cular. If the  size  of  the  parabolic  cylinder is finite,  the 
reflected  wave  will  be  a  section of the  conical  surface,  and 
hence  the  intersection  with  the  material  surface  will  be  a 
circular  arc  rather  than  a  complete  circle. 

It  is  well-known  that  a  beam  incident on a  liquid-solid 
interface  excites  surface  waves  strongly,  provided  that  the 
incidence  angle  is  equal  to  the  Rayleigh  critical  angle.  We 
can  combine  this  fact with our  ultrasonic  axicon  to  gen- 
erate  a  focused  surface  wave.  The  incidence  angle of the 
beam  created by the  transducer  is  adjusted  to  equal  the 
Rayleigh  critical  angle. As the  conical  wavefront  propa- 
gates  towards  the  interface,  the  intersection with the rna- 
terial  surface  will  be  a  circular  arc with diminishing ra- 
dius.  The  excited  surface  wave  will  reinforce  the  surface 
wavefront  previously  excited  when  the  arc  radius  was 
larger.  This  is  because  of  the  fact  that  the  incidence  angle 
selected  matches  the k vector  components  along  the  inter- 
face.  Notice  that by this  process  all  the  energy  in  a  conical 
wavefront  is  converted  into  a  single  circularly  converging 
wavefront  of  the  surface  wave. 

The arrangement  proposed by Nongaillard et al. [9] in- 
volves  oblique  cylindrical  wavefronts  and in this  case,  the 
intersection with the  material  surface would be  elliptical 
instead of circular.  These  elliptical  wavefronts  are  always 
of  the  same size, and  they  will  not  reinforce  the  previ- 
ously  excited  wavefronts.  Moreover,  the  incidence  angle 
for  the  liquid-solid  interface is not fixed at  the  Rayleigh 
angle  throughout  the  elliptical  intersection.  Therefore, 
only  a  fraction  of  the  incident  bulk  wave  energy is con- 
verted  into SAW, and the  excited  SAW is not  focused on 
a  spot but rather  spread  over  a  line. If the  incident  wave- 
front  were  a  spherically  converging  wave [g], only a  small 
fraction of the  energy  would  be  converted  into  a  surface 
wave,  since  only  a  small  section  of  the  incoming  wave- 
front  would be incident at the  Rayleigh  critical  angle. 

Our  conical  wavefront  will  generate  a  diffraction-lim- 
ited  focal  point,  and as  a  result,  focused  surface  waves  are 
obtained with almost  all  the  acoustic  power  created by the 
transducer.  The  impulse  response of this  focusing  system 
is inherently very short.  The deficiency in the  impulse  re- 
sponse  of  axicons  does  not  play  any  role in this  case. 

The surface  wave  generated is only  temporary; it will 
eventually  leak  back  into the liquid  medium as  a bulk 
wave.  The  surface  waves  start  leaking  as  soon as they  are 
generated. If the  material  surface is perfectly  smooth 
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without any obstructions (i.e., no  surface  wave reflec- 
tors),  almost none of the  incident  power will return to the 
transducer. We note that excitation of a backward trav- 
eling  surface  wave is possible zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA181, [ 191 because the in- 
cident beamwidth is finite and its angular  spectrum  con- 
tains a plane  wave which is  able to excite  the backward 
traveling  surface wave.  This  wave will cause  some  trans- 
ducer  output  when  it  leaks  into  the  liquid  medium, so 
there will be a transducer  output even though  no  surface 
wave reflectors are  present.  However, this effect is  very 
small, and  it  can be further  reduced by expanding  the 
beamwidth and/or suitably shaping it.  The transducer will 
receive an appreciable  power  only if a surface wave re- 
flector is present which changes  the propagation  direction 
of the  forward  traveling  surface  waves.  Suppose  that a 
reflector exists at focal  spot of  the surface waves.  In  this 
case  the reflected surface  waves will be  circularly  diver- 
gent.  They  leak  into  the  liquid  medium to reconstruct  the 
conical  wavefront  which  originally  created the surface 
waves. The conical  wavefront will get collimated in the 
transducer  direction after being reflected from  the  para- 
bolic  mirror. The transducer  will,  therefore,  receive an 

acoustic  power  because of the presence of  the reflector at 
the surface  wave focus. If the reflector is not exactly at 
the  surface  wave focus, the reflected wavefront will not 
be an exact replica of the  incident wavefront, and  hence 
the  transducer  output  voltage will be reduced. 

THEORY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
To be  able to analyze the geometry  described in the 

previous section, we will first treat a liquid  wedge  trans- 
ducer  geometry. Various  treatments of wedge  transducers 
were given in the  literature [4], [5 ] .  Nevertheless, we in- 
clude a brief derivation for the sake  of completeness.  Then 
we will concentrate  on the focused surface wave case 
using the  parabolic mirror.  The  SAW field at  the focus 
will be investigated to  determine  the resolution  behavior 
of the system.  The optimal size of the  transducer is also 
determined to  help  in designing  SAW  focusing systems. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Wedge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATransducer 

Suppose  that a collimated  acoustic  beam is incident  on 
the liquid-solid interface  from  the  liquid side  at the  Ray- 
leigh critical  angle 8R, as shown in Fig. 2.  All of  the in- 
cident  waves  will  be  converted  into surface  waves, but 
the  surface  waves will start  to  leak  back  to  the liquid  me- 
dium as soon as they are  generated. 

The  leak field pL(z) along the interface (z axis)  can  be 
calculated by [20] 

P L ( Z )  = -2% 1; P,(Z’> exp [ j k P ( Z  - z’)l dz’ (1) 
- W  

where p , (z )  is  the  incident field along  the  interface, k p  = 
kR + j(aD + aL), and aD and aL are the  dissipation  and 
leak rates of the  surface  wave. 

We  assume that there  is  an incident field only  for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-f < z < 0 (see  Fig. 3. ) .  In  this  case  we write the  in- 
cident field as 

SOLID 

Fig. 2. Collimated  acoustic  beam is incident on liquid-solid interface at 
Rayleigh  critical angle. 

LIQUID 

\ \ 
\ \ 

-f 0 

r. - 2  

SOLID 

Fig. 3. Geometry of Rayleigh  wave excitation by bounded  beam in liquid 

wedge. 

Substituting (2) in ( 1 )  results in 

PL(Z)  = - ~ Q L  1 exp [jkpzl exp [(aYg + aL)zrl dz‘ 
0 

-S 

- {l - exp [-(aD + a L ) f ] } ,  forz  > 0. 

(3) 

Now suppose that a surface  wave reflector exists  at z = 

0 with a reflection coefficient R .  In this case the reflected 
leak field pRL(z) for z < 0 can be written as 

exp [(all + adz1 { 1 - exp [-(aD -k adf1 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(4) 

which is  found by substituting - z  in place of z in  (3). 
The reflected leak field  will propagate just  in the re- 

verse  direction of the  original  beam. If this  leak field  is 
to be received by the  same  transducer  generating the  in- 
cident  beam, the output  voltage VR of the  transducer can 
be  expressed  approximately as [21] 

+m 

vR = PRL(z) PI(z) dz. (5 )  
- W  

Using ( 2 )  in ( 5 )  we find 
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Equation (6) can be simplified to read 

To optimize  the  parameters  of  the  system, we have  to 
compare  this  value to a  reference.  Let zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV, represent  the 
output  voltage of the  transducer  for  the  case  where  the 
incident  beam is reflected back  into  the  transducer by a 
planar  perfect  reflector  surface  placed  normal to the  beam 
axis.  Using zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5 )  one finds zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= f .  Therefore, we can  write 

To find the  optimum  beamwidth W which  will  maxi- 
mize VR/V,, we differentiate (8 )  with  respect  to f and 
equate it to zero to find zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

f = 1.2564/(aD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi- ~ L L )  and W = f COS OR. 

For this  beamwidth we get  the  maximum  transducer  out- 

put 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVR/V'~lrnax = 0.8  145R/(aD + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaL). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As an  example,  assume  that aD = 0 and that aL = 

2/As  where As is the  Schoch  displacement [ 22 ] .  For  this 
case we  find 

f lAs  = 0.6282 or w/As = 0.6282 COS 0~ 

and 

lVR/V,lrnax = 0.8145R. 

For  the  optimum  beamwidth,  the loss incurred by the 
system  is  only 1.78 dB, not  counting  the  reflection  loss. 
This  surprisingly  low  value  of loss is  an  inherent  property 
of wedge  transducers,  and  it is due to  surface  wave  com- 

ponents  that  leak  into  liquid  medium  before  they  reach the 
reflector,  and  also  due to the  reflected  surface  wave  com- 
ponents  that  stay  as  a  surface wave too  long to be col- 
lected by the  wedge  transducer. 

In Fig. 4 , 2 0  log 1 VR/V,l is plotted  (solid  line) as  a func- 
tion offlA,.  Observe  that  the  variation  of  the  curve  around 
the  maximum  is  rather  slow,  suggesting  that  the  beam- 
width is not an  extremely  critical  parameter  to  get  mini- 
mum loss  in  the  system. 

SAW Focusing Using an Axicon 
Now let us analyze  the  problem  involving  a  parabolic 

cylinder  reflector  placed  vertically  on the interface  be- 
tween  the  liquid  and  the  solid.  Suppose  the  parabola  has 
a  focal  distance o f f  and it extends  from -x, to x, as 
shown in Fig. 5 .  The beamwidth W is selected so as  to 
illuminate  the  liquid-solid  interface  between  the  reflector 
edge and the  focal  point.  Illuminating  the  interface  be- 
yond  the  focal  point  is  useless  because  that  part  can only 
give  rise  to  diverging  surface  waves.  The  height of the 
reflector  is  chosen  to  match  the  beamwidth  which  is  equal 

The  uppermost  (minimum y position) ray hitting  the 
mirror  surface at x = 0 will  penetrate  into  the  solid  me- 
dium  just  at  the  focal pointf,  as shown  in Fig. 6 .  How- 
ever, the  uppermost ray at x = x' will not reach as  far  as 
the  focal  point  when  it  penetrates  into  the  solid  medium. 
For  this  ray, (3) must  be  changed  to 

to f cot OR. 

r -d 

- 2aL exp [jkpz] exp [(aD + aL)z'l dz ' 3 -d-f 

{exp[-(aD+aL)dl - exp[-(UD +aL)(d +f)])- 
To find  the  total  voltage, we modify (4) appropriately, 

we integrate  over x with d = &)x2 and  get 
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Y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 5.  Geometry of parabolic  mirror zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

_ _  

-2 

Fig. 6. Positions of different  rays  reflecting  from  parabolic  mirror zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Xrn 

j’ exp 1- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(aD + a L ) x * / 2 f ]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh. 

Note  that  the reflection coefficient  is  assumed  independent 
of angle of incidence  and  is  equal  to R .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

Recalling  that [23]  

j’l exp [ - t 2 /2 ]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdr = ( 7 ~ / 2 ) ” ~  erf ( ~ / 2 ’ / ~ ) ,  

we  arrive at 

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd. / 

/ 

0 

0 
/ 

X 
h *Z 

l-----f 

Y 

Fig. 7.  Geometry for focal field calculation. 

may expect  that  as x, is  increased,  the  loss in the  system 
will increase  and  the  optimum  beamwidth will be  even 
smaller. 

Sugace  Wave Field at the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFocus 
To find the  surface  wave field at  the  focus of the sys- 

tem,  we  consider  the  geometry  drawn  in  Fig. 7.  The bulk 
wave  incident  at the r-s plane  is  represented by u + ( r ,  S). 
The  surface  wave field along  the x axis  and  propagating 
in the +z direction, $(x), can  be  written  as  the  Fourier 
transform  of the integrated  incident  field,  because the  cy- 
lindrical  parabolic  mirror  acts  like  a  Fourier  transform op- 
erator  in  one  dimension [24]  and  the  bulk-to-surface  wave 
conversion  phenomenon as  an  integrator  in the  other  di- 

mension: 

where kR is  real  part of the  wavenumber of surface  waves 
and P(r,  S) is the  pupil  function  due to  the finite size of 
the  parabolic  mirror as  obtained  from  a  projection of mir- 
ror surface  onto  the r-s plane.  The  pupil  function  should 
also  include  phase  factors  arising  from  the  angle of inci- 
dence. P(r,  S) may be  given by 

{ exp [ - ( a D  + a L )  (f - S tan OR>]  exp [- jkRsl} > for -x,  < r < x, and 
P(r,  S) = 

I O ?  

- r2  cot 6R/4 f < S < (f - r 2 / 4  f )  cot OR 

otherwise. ( 1 1 )  

The pupil  function  here is found  assuming  a  mirror with 
rectangular  cross  section,  a  width of 2x,, and  a  height of 

determine  the  distribution  of  surface  wave field at  the fo- 
e [ f / ( a D  + aL)1”2 e‘ { xm/ [2 f ’ (aD  + aL)11’21’ (9) cal  plane.  This field determines  the  resolution  perfor- 

This  function is plotted  in Fig. 4 (broken  line)  as  a  func-  mance of the system. A tight field distribution  results in 
tion  of f/As for  the special  case = 0, aL = 2/As,  and  a  good  resolution. An evaluation of the integral in (10) 
x, = 0 . 7 4 f .  The  maximum  is reached whenf/As = 0.55, requires  the  knowledge of the field distribution at the back 
corresponding to a  loss of 2.7 dB.  More  loss  occurs in focal  plane of the mirror u+( r ,  S). To be  able  to  calculate 
this case compared to  the  wedge  transducer  case, and  the  the  focal field distribution,  we  assume  a  Gaussian  distrib- 
optimal  beamwidth  is  seen to have  decreased  slightly. One uted incident field in r-s plane: 

V, - 2 R ( ~ / 2 ) ” ~ a L  
( 1  - exp [-(aD + a L > f l ) ’  161 - f x m ( a D  + aL)2 f cot O R .  Equation (lo), along  with ( 1  l ) ,  can  be  used  to 
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Fig. 8.  Focal field distributions for  various zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW .  Solid  line for W = m, dot- 
dashed line for W = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2x,, dashed  line for W = x , ,  and  dotted  line for W 
= XJ!. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

u+(r, S )  = exp [-(r’ + S’ sin2 e,yw2] exp [jk,+s] 

where W is  the transverse  distance to the  point  where the 
beam’s  amplitude  has  been reduced to 1 / e  of its maximum 
amplitude. 

Equation (10) is  evaluated  numerically  using the  FFT 
algorithm in a Pascal program, and  the  results are plotted 
in Fig. 8 for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf = 25 mm, x, = 18.5  mm, OR = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30°, 
X R  = 3 mm, and for various  values of W. It  is  clear  from 
the investigation of this plot that as W gets smaller, the 
beamwidth at the  focal  plane  increases. This should be 
expected  from the  Fourier transform  relation  between the 
field distributions at the two planes. The sidelobes are 
maximum when the u+(r ,  S )  is a uniform  plane  wave (W 
is infinity). In  this worst case,  the  sidelobes are 14 dB 
below the peak, and  hence they are  lower than the side- 
lobes of a (sin x ) / x  function. The reason for that is  the 
pupil function P(r, S) giving an apodization  which re- 
duces the  sidelobes. 14 dB is quite a good  value when 
this beam is used for imaging purposes. The sidelobe level 
can  be  further reduced by decreasing W. However, that 
will cause a broadening of the beam  and  thus a loss in 
resolution. 

Size of the  Transducer 

The  size of the  transducer must be  selected to give  the 
desired  illumination at the r-s plane. A transducer much 
larger than the mirror size will create a relatively uniform 
illumination,  and  hence  it will give a good resolution per- 
formance as discussed earlier, but a lot  of  acoustic  power 
will be  wasted since they miss  the  mirror surface.  On the 
other  hand, the  size  of  the  transducer  can  be  selected  to 
illuminate  only  the  mirror  surface without wasting  any 
power;  however, this selection may cause a degradation 
in the  resolution. Therefore, a compromise  has to be made 
between the  high  signal  level  and  the  good resolution per- 
formance. 

;ENERATOR 
I PULSE 

I J  TRANSDUCER 

U OSCILLOSCOPE 

Fig. 9. Measurement  setup 

The reasoning given  is valid for a noise-limited system. 
However, the dynamic  range of the  system may be limited 
by the  presence of a background  signal  level as discussed 
before. In this  case, a lower bound on the size of the 
transducer must be specified in order not to excite plane 
waves at angles  too far away  from the Rayleigh  critical 
angle 1 9 ~ .  

EXPERIMENTAL WORK 

The experimental  apparatus  consists of a transducer, a 
cylindrical mirror, and other  mechanical  interconnections 
which allow the adjustment of the position and the incli- 
nation of the  transducer with respect to the  mirror (Fig. 
1). The apparatus is immersed  into water entirely for op- 

eration.  The  mirror is placed on  the  test piece such that 
the axis of the  mirror  is  perpendicular to the  surface of 
the test piece. The ultrasonic  beam produced by the trans- 
ducer is incident  upon  the  mirror at  an angle  equal to 90- 
B R .  Pulsed ultrasonic waves are transmitted by the trans- 
ducer which are reflected  by the  mirror to form a conical 
phase  front  approaching  the  surface under  test.  The re- 
flected waves are detected by the  same  transducer  and  the 
corresponding  electrical  signal  is  displayed  on an  oscil- 
loscope.  The  electrical setup is schematically  shown in 
Fig. 9. The apparatus is mounted on a micropositioning 
system, which allows the surface of the  test  piece to be 
scanned laterally. 

Transducer 
The  transducer  is a composite  one which has a l-in  di- 

ameter  PZT-4  ceramic disk, resonating at 1 MHz. The 
ceramic  is  matched to water  load  through a quarter-wave- 
length thick epoxy resin matching layer and  backed by a 
highly attenuating and heavy  backing  made up of approx- 
imately 0.8-mm  diameter lead  balls in an epoxy resin ma- 
trix.  The backing  provides the necessary damping to the 
resonating ceramic required for short pulse operation 
while reducing the  sensitivity.  The matching layer,  on the 
other hand, helps to improve the  sensitivity of the trans- 
ducer by increasing the load on the front  face which in 
turn provides further  damping to the  ultrasonic  pulse. 

The  transducer  is  driven by an approximately 0.2-PS- 
long voltage  pulse  which  produces a decaying sinusoidal 
pressure  pulse. The transmitted  ultrasonic  pulse is about 
5 p s  long  and has a nominal center frequency of 1 MHz. 

Mirror 
To obtain a conical  phase front, a mirror with parabolic 

concavity is required as explained earlier.  However, such 
a mirror  is difficult to machine. Instead,  we  designed a 
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right  cylindrical  mirror as an approximation.  The  design 
criterion is such  that  when  the  mirror is insonified by a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,' 
plane  wave,  the  limiting ray reflected  from  the  edge  of  the 
mirror is allowed  to  be  out of phase  with  the  central ray (a) 

by not  more  than  a  quarter  wavelength.  Then  the  maxi- 
mum width of  the  mirror, which does  not  produce any 

significant  cylindrical  aberration,  is  found  as 

xrn(max) = {fXRn + 4f(fX~/2) 1 (12) 
1/2 1/2 

to  a very good  approximation,  where x, is  the half of  the 
mirror  width, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX R  is  the  wavelength  of  the  surface  waves, 
and f is the  focal  length of the  mirror  which  is  equal to 
the half of the  radius  of  the  cylinder. ( 

The mirror  used  in  this  investigation is made by cutting 
a  concave  cylindrical  surface  into  a  block of brass.  The 
height  of  the  mirror  is 38 mm, its  width  is 37 mm,  the 
radius of the  cylinder is 50 mm, and thus  the  focal  length 
of the  mirror zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf is 25 mm.  This  width  of  the mirror- is 
slightly  less  than  the  allowable  maximum  with  the  fore- 

going  criterion  and  subtends  an  angle of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA82" at  the  focus. 
The 25-mm  focal  length  is  somewhat  larger  than  the  op- 
timum  value  for  aluminum  at  1 MHz, which  is 17.5 mm. 
However,  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 indicates  that  this  nonoptimum  focal 
length  causes  only l-dB extra  insertion loss as compared 
to  the  optimum. 

We  used  aluminum  test  pieces  for  all  measurements. 
The  Rayleigh  wavelength  at  1 MHz is 2.85 mm  in alu- 
minum  which  determines  the  size of the  diffraction-lim- 
ited  focus  and  the  skin  thickness  of  the  excited  leaky  sur- 
face  waves [3]. The thickness of the  test  pieces is chosen 
to  be 10 mm so that  the  aluminum  medium  appears as  a 
semi-infinite  medium  for  all  practical  purposes. 

When  the  apparatus  is  placed  at  the  center  of  a suffi- 
ciently  large  test  piece  and  properly  adjusted for Rayleigh 
wave  generation, only a  single  echo  pulse  can  be  observed 
on the  oscilloscope (Fig. IO). This  spurious  echo  is  a  con- 
sequence of the  fact  that  the  generated  ultrasonic  wave is 
not  a  perfect  plane  wave,  but  a  bounded  beam. The plane 
wave  components of the  beam  propagating  at  angles far 
from  are  specularly  reflected  at  the comer formed by 
the  test  piece  and  the  mirror  back to  the  transducer. 

When  the  apparatus is moved  towards  the  edge  of  the 
test  piece  such  that  the  converging  surface  waves are  fo- 
cused on the  edge,  a significantly  larger  echo is produced 
about 17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 s  after  the first one  (Fig.  1 1). The time  required 
for  acoustic  waves to travel  the  50-mm  (twice  the  focal 
length)  path at the  Rayleigh  velocity is 17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp .  Thus  it  is 
a very simple  procedure  to  set  the  incidence  angle  accu- 
rately at 6,: the  mirror is placed  a  focal  length  (25 mm) 
away  from  the  edge  of  the  test  piece,  and  the  angle of 
inclination of the  transducer is adjusted  until  the  ampli- 
tude of this  second  echo  arising  from  the  edge  reflection 
is  maximized. 

We  have  done  various  measurements to assess  the  per- 
formance  of  the  focusing  system. The lateral size of the 
focus  is  measured  on  an  aluminum  plate  which  has  a  ver- 
tical  hole  of l-mm diameter  (Fig. 12). The  mirror  is 
placed a focal  distance  away  from  the  hole so that  the 

Fig. 10. Received  echo  pulses  when edge of test  plate is far away  from 
focus.  (a)  Mirror  geometry. (b) Oscilloscope  trace  of  input  pulse (1) and 
spurious  pulse (2). (c) Expanded view showing  just  pulse (2). 

Fig. 11. Received echo  pulses when edge of test  plate is placed  at focus. 
(a) Mirror  geometry. (b) Oscilloscope  trace of input  pulse (l) ,  spurious 
pulse (2), and echo  pulse  from  the  focus (3). (c)  Expanded  view  showing 
just pulses (2) and (3). 
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displacement of l-mm diameter hole. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
reflected Rayleigh  wave  amplitude is maximum.  This  re- 
flected  pulse  amplitude is recorded as  the  mirror is moved 
laterally  along  the x axis.  The variation is shown in Fig. 
12. It can be observed  that  in  a 2.2-mm lateral  displace- 
ment the  reflected  amplitude is within zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 dB  of  the  max- 
imum.  This  measurement  compares  well with Fig. 8 for 
the case when W = x,,,. Note  that  the  square of the field 
solution  (doubling of  dB scale)  should  be  compared with 
the  measurement to include  two-way  propagation. 

We  have  measured  the  insertion loss of the  surface  wave 
conversion and reflection  process  to  be  able  to  compare 
with our  theoretical  predictions. First,  the signal  level (VR) 
is measured  when  the  focal  point of the  focusing  system 
coincides  with  the 90" edge of a  thick  aluminum  plate. 
Then  the  aluminum is placed  directly  against  the  trans- 
ducer  at  a  distance  equal  to  the  separation  between  the 
transducer and the  mirror  in  the  focusing  system. The an- 
gle of the  surface of the  plate  is  adjusted  to be perpendic- 
ular to the beam axis to get  the  maximum  transducer  out- 
put (V,).  The  ratios  of  two  measurements  is  found  to be 
VR/V, = 0.32. We  need  a  correction  here  to  make  a  direct 
comparison with (9): (9) specifies VI for  a  perfect reflec- 
tor, but in the  experiment  aluminum is used  with  finite 
reflection  loss. When the  reflection  coefficient of the 
water-aluminum  interface  at  normal  incidence is taken 
into  account we get 

V, /V ,  = 0.27  or -11.4 dB. 

A set of measurements  are  performed to find the  lateral 
spatial  resolution.  Test  pieces  which  contain  lines of 1- 
mm diameter  holes  are  machined  for  this  purpose  (Fig. 

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAli 
t - 
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Fig. 13. Modulation  transfer function for  focused SAW beam as measured 
by series of holes with  varying spacings. 

13). Each  line  consists of ten  equally  spaced  holes.  Fif- 
teen such  lines  of  holes  are  drilled  with  different  hole 
spacings  ranging  from  2 to 10 mm.  The system  is  focused 
on  the  line  of  holes,  which is lying  along  the x axis.  The 
variation  of  the  peak of the  reflected  signal  amplitude 
(PRA)  is  recorded as  the  mirror  is  laterally  moved  along 
the x axis.  For  every  line with different  hole  spacing,  the 
peak-to-peak  variation of the  PRA is calculated  and  plot- 
ted  against the hole  spacing  in  Fig. 13. The  vertical axis 
is  normalized  to  the  peak  value of the  echo  from  a  single 
l-mm hole  reflector,  while  the  horizontal  axis  is  the  ratio 
of the  Rayleigh  wavelength  at 1 MHz to  the  spacing  of 
the  holes ds. It  is  observed  that  when ds is greater  than  7 
mm, every  hole  in  the  line  is  well  isolated. The variation 
in PRA is,  therefore,  exactly  the  same  as  that  for  a  single 
hole.  The  peak-to-peak  PRA  variation  falls off as ds gets 
smaller.  The  3-dB  point is reached  at  approximately ds = 
4.5 mm.  This  value of ds is about  twice  the  size  of  the 
diffraction  limited focus,  2.2  mm. 

We  tested  the  sensitivity of the  system  to  the  size of the 
surface  flaws by approximating  the flaw by a  hole  drilled 
perpendicular to surface.  A  test  piece  is  machined  such 
that it contains  spatially  isolated  holes of diameters  rang- 
ing  from 0.35 to 10 mm.  The peak  amplitude of the  echo 
from  the  edge of the  hole  is  recorded when this  edge is at 
the  focus.  This  peak  value is normalized to the  vertical 
straight  edge  echo  amplitude  and  plotted  in Fig. 14 against 
the  hole  diameter  normalized  to  the  Rayleigh  wavelength. 
It  is  observed  that  the  reflection  from  the  edge of 10-mm 
diameter  hole is almost as large  as  the  reflection  from  the 
straight  edge.  The  echo  amplitude  steadily  falls as the  hole 
diameter  gets  smaller,  down  to - 18.5 dB at 0.35 mm  di- 
ameter. 

The  last set of measurements was made  to  get  an un- 
derstanding of the  sensitivity of the  focused  Rayleigh 
waves to subsurface  flaws. A special  test  piece  is  fabri- 
cated €or this  investigation,  which  contains  holes  with 1.5- 
mm diameter  and  drilled  from  the  back  face of the  plate 
(Fig. 15). The holes  are  drilled  such  that  they are well 
separated  and  they  have flat bottom.  Their  depth is ad- 
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14. Normalized output voltage as function of normalized hole diam- 
eter. 
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Fig. 15. Normalized  output voltage as function of normalized inhornoge- 
neity depth. 

justed so that there is a different distance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd between  the 
surface and the  bottom of each hole.  Thus 14 subsurface 
holes with different depths zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd ranging  from 0 to 3.1 mm 
are  obtained.  The mirror  is  focused  on  each  hole,  and  the 
peak amplitude of the reflected echo is recorded. This peak 
value  is  normalized to  that of the first one  for which d = 
0. The  results  are  shown in Fig. 15 where the horizontal 
axis is the  subsurface  depth  normalized with respect to the 
shear wavelength As. It can be observed  that the  echo  am- 
plitude  falls  quite regularly as d increases. The 3-dB point 
is  reached at  about d = 0.9 mm. As d increases to more 
than 0.65 of As, the  normalized  respective echo amplitude 
falls  to  less than 0.1,  and its level  is  about the  same  as 
the background signal.  Note  that  the  size of the detected 
inhomogeneity  is  only half as  large  as  the  SAW wave- 
length. 

As mentioned earlier,  an inherent  background  signal 
exists in the  system. We monitored  this  background  signal 
level on a large  piece of aluminum  plate  and  compared  it 
to the peak amplitude of the  echo from an  edge; we ob- 
served  that the dynamic  range of this system is approxi- 

mately 35 dB. 

DISCUSSION 
Realization of the surface  wave  focusing  axicon  has 

provided the expected  very  high  signal level.  The  fact  that 
the incident  power  is  converted  almost  completely into a 
surface  wave  provides  this  favorable  result.  However, a 
noise-limited dynamic  range is  not possible due to the ex- 
citation of backward  travelling  surface  waves.  These 
waves cause a signal  dependent  background. To maxi- 
mize  the  dynamic  range, the beam  generated by the trans- 
ducer should be properly shaped to prevent  the  excitation 
of unwanted  surface waves. 

The insertion loss of the  system  used in experiments 
can be  calculated using the theoretical  results. At 1 MHz 
the  surface  wavelength  in  aluminum is 2.85 mm, and the 
corresponding  Schoch  displacement is 30.8 mm. With a 
mirror of focal  length zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf = 25 mm and x,, = 18.5 mm, 
Fig. 4 (f/As = 0.81 andx,, = 0.74f) gives a loss of 3.5 
dB, excluding  the reflection loss.  The surface  wave reflec- 
tion coefficient at a 90" edge of aluminum  is 0.40 [25], 
causing a loss of 8 dB, making the total loss 11.5 dB. This 
value  compares  very  well with the  experimental  measure- 

ment of 11.4 dB. 
In the  experiments the needed parabolic surface was 

approximated by a circular  surface.  This approximation 
produces  negligible  aberrations if the extent of the mirror 
is  limited appropriately.  On  the  other  hand, the  limited 
aperture of the  mirror will cause degradation in the  lateral 
resolution. The mirror can  be designed  such that the per- 
formance of  the system  is  optimized to obtain a maximum 
amount of signal  level  and  minimum  aberration  while 
maintaining the best  possible  resolution. The value of fop, 

depends upon the Schoch  displacement of the material un- 
der investigation. The variation off,,, normalized to As is 
depicted  in Fig. 16 as a function of ASIA. It  can  be  ob- 
served that the  dependence of fopr/AS on  material  proper- 
ties is rather loose.  One may selectf,,, as 0.59As without 
a significant loss in performance. A formula for A,/A is 
given by Brekovskikh [26] in terms of material  parame- 
ters.  Hence fop, can easily  be  determined for a given ma- 
terial  at a given frequency.  Once fopt is  determined, the 
maximum  width of  the mirror 2x, can  be  calculated by 
using (12). The minimum  attainable f number  is  indepen- 
dent of frequency of operation  and is approximately  given 
as 

f number = fop,/2x,,, = { [2(fopt/A,) (A,/A) sin OR]"4)/4. 

For  example,  the f number for aluminum  is 0.47 and for 
A1203 is 0.61. 

With a surface  wavelength of 2.85 mm, it was possible 
to resolve periodic  structures with 2-mm  periodicity. This 
agrees very well with the theoretical  expectations.  With 
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Fig. 16. Design  guide to find optimum  focal  length  for  given  material. 

the  same  wavelength an inhomogeneity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.5 mm below the 
surface  was  detected.  Remembering  that  the  penetration 
depth of a surface wave is  about equal to  its  wavelength, 
this result also agrees very well  with our expectations. 
The smallest  surface  hole  drilled was 0.35 mm  in diam- 
eter, and  it was detected 18.5 dB  below the  edge  echo 
level. Since  there is about 35 dB  dynamic  range  available 
in the system, small  inhomogeneities or flaws much 
smaller  than  the wavelength can be  detected. 

Experimentation with the device  has  shown that it  is 
quite easy to align the  system.  The alignment  procedure 
involves  positioning a single transducer at a proper  angle 
for  the  excitation of surface  waves for  the material under 
investigation. There is essentially one  degree  of freedom 
in the procedure which simplifies the task  considerably. 

Other types of conical  axicons can  be used as surface 
wave focusing  devices, provided that the  angle  of  the cone 
is adjusted to equal  the  Rayleigh  critical angle.  However, 
a 360” coverage conical  beam may not be very  suitable, 

for it  receives the leaked  surface waves even in the ab- 
sence of the  surface  wave  reflectors. Our  partial  coverage 
axicon is more  suitable  because it is  basically a zero 

background system,  generating an output signal only when 
a flaw  is present at the  surface under investigation. 

A material  involving layers supports many waves  other 
than  the  surface  waves.  These  waves are known as  Love 
waves  and Stonely waves.  It is possible to excite  these 
waves  selectively  from the liquid side if the  incidence an- 
gle  of the  bulk  wave in the  liquid  is properly adjusted. 
The resulting wave will be focused just  like the surface 
waves.  Using  this  mechanism, it should be possible to get 
much deeper penetration than is possible using surface 
waves which are inherently  associated with the surface. 

CONCLUSION 

A new type of axicon  is  introduced which is  very easy 
to fabricate  and use.  It is made up of a concave  cylindrical 
surface  immersed in a liquid  and insonified obliquely by 
plane wavefronts. The waves reflected from the cylindri- 

cal surface  form  conical  phase fronts.  The incidence  angle 
of the  incoming  waves  determines  the  cone angle of the 
reflected waves.  The reflected wavefronts  converge  into a 
line focus that is parallel to the axis of the cylindrical sur- 
face  and at a distance  equal to the half of radius of cur- 

vature. 
This axicon  is used to get a surface  wave  focusing  sys- 

tem to be utilized in examining the plane  surfaces of ma- 
terials.  The  cone  angle of the  axicon is adjusted to be 
equal to the Rayleigh critical angle of the liquid-solid in- 
terface.  The excited  surface  waves focus at the intersec- 
tion of the  material  surface  with the focal line of the ax- 
icon. With this simple configuration a high conversion 
efficiency, and  therefore a high signal-to-noise ratio and 
sensitivity,  is  obtained.  The resolution is limited by dif- 
fraction,  and  hence  it is determined by the  wavelength of 
the  surface  waves  and  the  maximum  convergence angle. 
Due to their nature  the  surface  waves  extend  beneath  the 
surface;  thus  the  system  is  sensitive to variations  under 
the surface of material. This penetration  ability is limited 
by the  wavelength of the  surface waves. A lower fre- 
quency of operation will result in a better  penetration  abil- 
ity but lower resolution performance. The system  per- 
forms  very close  to expectations  and  has a promising 
future. 
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