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Description 

The  present  invention  relates  to  an  apparatus 
for  optically  analyzing  wavefronts  of  light  and  for- 
ming  two-dimensional  images  at  some  positions 
taken  in  the  direction  of  the  depth  of  a  three- 
dimensional  object,  i.e.,  equidistant  images  on  real- 
time  basis  ,  using  phase  conjugate  waves. 

In  Applied  Optics,  Vol.  22,  No.  2,  pp.  215-232 
published  on  Feb.  15,  1983,  Nils  Abramson  re- 
ported  that  light  wavefronts  were  recorded  and 
recreated  on  a  hologram,  using  coherent  laser 
beam  pulses  of  a  quite  short  pulse  duration. 

Fig.  1(A)  is  a  schematic  diagram  of  an  appara- 
tus  for  recording  light  wavefronts  by  means  of 
holography.  Some  of  the  light  emitted  from  a  laser 
L  passes  through  a  spatial  filter  A  to  an  observed 
point  C  on  an  object  0,  and  reflected  therefrom  to 
a  point  B  on  a  hologram  plate  H  to  form  object 
waves.  Another  portion  of  the  light  passes  through 
the  spatial  filter  A,  mirrors  E  and  D  to  the  point  B  to 
form  reference  waves.  The  object  waves  and  the 
reference  waves  interfere  with  each  other.  As  a 
result  interference  fringes  are  formed  on  a  record- 
ing  surface  that  is,  the  hologram  plate  H,  and  then 
it  is  developed  to  complete  the  hologram.  If  the 
laser  beam  produced  by  the  laser  L  has  a  short 
coherence  length  or  takes  the  form  of  short  pulses, 
and  an  object  0  of  interest  is  a  white-painted  door 
having  a  reflecting  matter  (M)  such  as  a  mirror 
thereon  as  shown  in  Fig.  1(B),  it  is  possible  to 
record  and  recreate  the  light  wavefronts  them- 
selves. 

Particularly,  using  the  aforementioned  light 
source,  only  those  light  rays  which  are  passed 
through  the  points  A,  E,  D,  B  and  the  points  A,  C 
and  B  respectively  and  which  have  the  difference 
of  their  optical  paths  within  the  coherence  length  or 
the  pulse  duration  interfere  with  each  other  on  the 
surface  H.  Those  light  rays  which  differ  in  optical 
length  over  the  coherence  length  or  the  pulse  dura- 
tion  do  not  form  interference  fringes. 

More  specifically,  object  waves  arriving  at  eo 
on  the  object  0  form  interference  fringes  only  at 
point  ho  on  the  surface  H.  Similarly,  object  waves 
arriving  at  ei  and  e2  produce  interference  fringes 
only  at  hi  and  h2,  respectively.  The  hologram 
created  in  this  way  is  developed  and  illuminated 
with  only  the  reference  waves,  which  are  then 
diffracted  by  the  interference  fringes  recorded  in 
each  portion  on  the  hologram  H.  Thus,  the  light 
used  to  form  the  interference  fringes  is  recreated. 
The  observing  point  is  moved  along  the  surface  H 
to  observe  time-variation  of  the  light  wavefronts  as 
shown  in  Fig.  2.  Fig.  2  is  a  diagram  showing  the 
photographs  taken  during  the  reconstruction  of  one 
single  hologram  plate.  In  Fig.  2,  0  and  W  represent 
an  object  door  and  a  light  reflected  by  a  mirror  on 

the  object,  respectively.  As  described  above,  a 
wavefront  can  be  observed  by  combining  an  inter- 
ference  property  of  a  laser  light  having  a  short 
coherence  length  or  a  short  pulse  width  with  a 

5  conventional  holograph  technique. 
Furthermore,  if  the  wavefront  observing  tech- 

nique  as  described  above  is  applied  to  a  three- 
dimensional  object  observing  technique  for  three- 
dimensionally  observing  an  object,  for  example, 

io  plural  equidistant  images  of  the  three-dimensional 
object  can  be  observed.  Such  a  technique  for  for- 
ming  equidistant  images  that  is,  three-dimensional 
images  from  a  three-dimensional  object  will  be 
described  in  detail  with  reference  to  Figs.  3,  4,  5 

75  and  6. 
It  is  generally  known  that  two  laser  beams 

produced  from  a  laser  interfere  with  each  other 
only  if  their  optical  paths  are  substantially  the 
same.  This  principle  is  next  described  briefly  in 

20  connection  with  a  Michelson  interferometer  shown 
in  Fig.  3. 

Referring  to  Fig.  3,  a  laser  50  produces  a  laser 
beam  P1  which  is  divided  into  a  laser  beam  P2  and 
a  second  laser  beam  P3  by  a  half  mirror  51.  The 

25  beams  P2  and  P3  proceed  to  mirrors  52  and  53, 
respectively.  The  beam  P2  is  reflected  by  the 
mirror  52  and  returns  to  the  half  mirror  51.  Simi- 
larly,  the  beam  P3  is  reflected  off  the  mirror  53  and 
goes  back  to  the  half  mirror  51.  The  two  laser 

30  beams  P2  and  P3  returning  to  the  half  mirror  51 
form  a  composite  light  P4  which  is  then  detected. 
Assuming  that  the  mirrors  52  and  53  are  spaced  at 
the  distances  L1  and  L2,  respectively,  from  the  half 
mirror  51.  The  difference  in  optical  path  between 

35  the  laser  beams  P2  and  P3  which  is  created  in 
making  one  reciprocation  is  given  by 

Al  =  2  x  |  L1  -  L2  | 

40  One  laser  beam  lags  the  other  by  the  amount  given 
by 

t=AI  I  C 

45  where  C  is  the  light  velocity. 
Referring  next  to  Fig.  4,  the  laser  beam  pro- 

duced  takes  the  form  of  a  pulse  having  a  given 
duration  of  At.  If  the  time  interval  t  between  the 
two  laser  beams  P2  and  P3  is  larger  than  the 

50  duration  At,  then  one  of  them  reaches  the  half 
mirror  51  before  or  after  the  other  arrives  at  the 
half  mirror  51  .  At  this  time  one  beam  cannot  inter- 
fere  with  the  other  and  so  no  interference  is  found 
in  the  composite  light  P4.  In  order  to  produce 

55  interference,  the  optical-path  difference  Al  be- 
tween  the  laser  beams  P2  and  P3  must  be  less 
than  CAt.  Where  the  laser  beam  takes  the  form  of 
short  pulses,  the  duration  At  is  quite  short,  and 
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therefore,  interference  takes  place  only  when  the 
optical-path  difference  Al  is  quite  small.  The  maxi- 
mum  possible  value  of  Al,  i.e.,  CAt,  at  which 
interference  occurs  is  known  as  the  coherence 
length.  In  other  words,  shorter  laser  beam  pulses 
have  shorter  coherence  lengths. 

Fig.  5  shows  an  apparatus  for  forming  equidist- 
ance  images  from  a  three-dimensional  object,  for 
example,  a  propeller  as  shown  in  Fig.  5,  using  the 
shorter  laser  beam  pulses  an  described  above. 
This  apparatus  includes  a  laser  61  for  producing  an 
object  beam  toward  a  three-dimensional  object,  for 
example,  the  propeller  60  of  a  blower  as  well  as  a 
reference  beam,  a  photographic  dry  plate  62  for 
recording  the  interference  fringes  of  the  object 
beam  reflected  by  the  propeller  60  and  the  refer- 
ence  beam,  and  two  mirrors  63  and  64  for  guiding 
the  reference  beam  from  the  laser  61  to  the  plate 
62. 

The  laser  beam  from  the  laser  61  is  caused  to 
extend  over  an  angle  of  6.  One  portion  of  it  is 
incident  to  the  propeller  60  as  an  object  beam, 
while  the  remaining  portion  is  incident  upon  the 
mirror  63  as  a  reference  beam.  The  object  beam 
incident  upon  the  propeller  60  is  reflected  by  the 
propeller  and  reaches  the  dry  plate  62.  The  refer- 
ence  beam  incident  upon  the  mirror  63  travels  to 
the  dry  plate  62  through  the  mirrors  63  and  64. 

Interference  fringes  are  produced  on  the  photo- 
graphic  plate  62  in  this  way  only  when  the  dif- 
ference  in  optical  path  between  the  object  beam 
and  the  reference  beam  is  less  than  the  coherence 
length  determined  by  the  duration  of  the  laser 
beam. 

In  the  structure  shown  in  Fig.  5  the  reference 
beam  reaches  at  a  recording  position  H1  on  the 
plate  62  after  traveling  the  shortest  optical  length. 
Therefore,  the  beam  which  interferes  with  this  ref- 
erence  beam  is  limited  to  the  object  beam  traveling 
from  a  position  S1  taken  in  the  direction  of  the 
depth  of  the  propeller.  Likewise,  the  beams  that 
interfere  with  the  reference  beams  arriving  record- 
ing  positions  H2  and  H3  on  the  photographic  dry 
plate  62  are  restricted  to  the  object  beams  travel- 
ing  from  positions  S2  and  S3  taken  in  the  direction 
of  the  depth  of  the  propeller  60.  In  this  way,  inter- 
ference  fringes  which  are  formed  by  the  interfer- 
ence  of  the  reference  beam  with  the  object  beams 
traveling  from  the  positions  S1,  S2,  S3  are  re- 
corded  at  positions  H1,  H2,  H3,  respectively,  on  the 
photographic  plate  62. 

The  interference  fringes  recorded  at  the  posi- 
tions  H1,  H2,  H3  on  the  photographic  plate  62  are 
developed  to  create  a  hologram.  When  this  holog- 
ram  is  illuminated  with  only  the  reference  beam, 
only  the  object  beams  reflected  from  the  positions 
S1,  S2,  S3  are  recreated  from  the  recording  posi- 
tions  H1,  H2,  H3  on  the  interference  fringes.  Con- 

sequently,  it  is  possible  at  a  position  B1  to  observe 
an  image  formed  by  the  object  light  traveling  from 
the  position  S1  .  The  images  based  upon  the  object 
beams  originating  from  the  positions  S2  and  S3 

5  taken  in  the  direction  of  the  depth  of  the  propeller 
60  can  be  successively  observed  by  shifting  the 
position  at  which  the  observation  is  made  to  posi- 
tions  B2  and  B3  one  after  another. 

Figs.  6(A)  and  6(B)  show  images  of  the  propel- 
io  ler  60  recreated  by  installing  a  camera  (not  shown) 

at  observational  positions  B1  and  B2,  respectively, 
and  taking  pictures.  As  can  be  seen  from  these 
figures,  equidistant  images  at  the  position  S1  can 
be  observed  as  recreated  images  at  the  observa- 

15  tional  position  B1.  Equidistant  images  at  the  posi- 
tion  S3  can  be  observed  as  reconstructed  images 
at  the  position  B3. 

The  conventional  apparatus  as  described 
above  utilizes  a  holography  technique,  so  that  the 

20  interference  fringes  recorded  on  the  photographic 
plate  62  must  be  developed  to  create  holograms. 
Further,  the  holograms  must  be  illuminated  again 
with  the  reference  beam  to  recreate  images.  Thus 
a  considerable  amount  of  labour  is  needed  to  ob- 

25  serve  a  wavefront  and  equidistant  images  with  a 
wavefront  observing  technique  and  it  is  impossible 
to  observe  the  wavefront  and  the  equidistant  im- 
ages  on  a  real-time  basis. 

It  is  also  known  to  reconstruct  wavefronts  using 
30  the  mixing  of  four  waves  from  a  single  pulse  of  a 

mode  locked  laser.  This  is  disclosed  in  Optics 
Communications,  Vol.  41  (1982)  Apr.,  No.3  pub- 
lished  on  1  April  1982. 

According  to  this  invention  an  apparatus  for 
35  optically  analyzing  an  object  using  a  four-wave 

mixing  technique  comprises: 
a  laser  source  for  producing  a  pulsed  laser 

beam; 
a  non-linear  optical  element  for  producing  a 

40  phase  conjugate  wave  in  accordance  with  a  beam 
incident  on  it; 

a  first  beam  splitting  means  for  splitting  the 
pulsed  laser  beam  into  a  pulsed  reference  beam, 
and  a  pulsed  object  beam; 

45  a  first  guide  means  for  guiding  the  reference 
beam  along  a  reference  beam  path  to  enter  the 
nonlinear  optical  element; 

a  second  beam  splitting  means  positioned 
along  the  reference  beam  path  to  split  the  refer- 

so  ence  beam  into  two  beams  having  substantially  the 
same  optical  path  length,  one  entering  the  non- 
linear  optical  element  from  a  first  direction,  and  the 
other  entering  from  a  second  direction  opposite  to 
the  first  direction; 

55  a  second  guide  means  for  guiding  the  object 
beam; 

a  third  guide  means  for  projecting  the  phase 
conjugate  object  wave  from  the  non-linear  optical 
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element  onto  image  observing  means;  characteris- 
ed  in  that  the  second  guide  means  include  beam 
expanding  means  for  illuminating  the  object,  and  a 
focusing  lens  for  focusing  the  light  reflected  from 
the  object  to  the  non-linear  optical  element;  and  in 
that  a  variable  optical  delay  means  is  disposed  in 
at  least  one  of  the  optical  paths  of  the  reference 
beam  or  the  object  beam  for  varying  the  optical 
path  length  of  the  reference  beam  with  respect  to 
the  object  beam  in  order  to  obtain  an  image  and 
representing  the  wavefront  reflected  from  the  ob- 
ject. 

The  present  invention  provides  an  apparatus 
for  optically  analyzing  a  light  wavefront  from  an 
object  to  determine  an  optical  characteristic  of  the 
object  on  real-time  basis,  using  four-wave  mixing 
technique.  This  enables  a  series  of  two-dimen- 
sional  images  to  be  produced  at  positions  in  the 
direction  of  the  depth  of  a  three-dimensional  object, 
typically  equidistant  images  on  a  real-time  basis. 

Particular  embodiments  of  an  apparatus  in  ac- 
cordance  with  this  invention  will  now  be  described 
with  reference  to  the  accompanying  drawings;  in 
which:- 

Figure  1(A)  is  a  schematic  diagram  of  an  ap- 
paratus  for  recording  light  wavefronts  by  holog- 
raphy  and  Figures  1(B)  is  a  schematic  diagram 
showing  the  propagation  of  a  wavefront  along 
the  surface  of  an  object  and  a  wavefront  re- 
flected  by  a  mirror  on  the  object; 
Figure  2  is  a  view  of  light  wavefronts  observed 
by  the  apparatus  shown  in  Figure  1  ; 
Figure  3  is  a  diagram  of  a  Michelson  inter- 
ferometer; 
Figure  4  is  a  diagram  for  illustrating  the  duration 
of  a  laser  beam; 
Figure  5  is  a  diagram  of  the  conventional  ap- 
paratus  for  observing  equidistant  images  utiliz- 
ing  holography  technique; 
Figure  6(A)  and  6(B)  show  equidistant  images 
observed  by  the  conventional  apparatus  shown 
in  Figure  5; 
Figure  7  is  a  block  diagram  of  an  apparatus  for 
observing  wavefronts  of  light  according  to  this 
invention; 
Figure  8  is  a  schematic  representation  for  illus- 
trating  the  principle  of  degenerate  four-wave 
mixing; 
Fig.  9  is  a  schematic  view  showing  cross-sec- 
tional  images  of  wavefronts  formed  on  a  plane 
plate  at  certain  instants  of  time; 
Fig.  10  is  a  schematic  view  of  recreated  images 
of  light  wavefronts; 
Fig.  11  is  a  schematic  diagram  of  the  apparatus 
for  observing  wavefronts  of  light  using  a  beam 
expander  invention; 
Fig.  12  is  a  schematic  view  of  images  of 
wavefronts  recreated  by  the  apparatus  shown  in 

Fig.  11; 
Fig.  13  is  a  schematic  diagram  of  the  apparatus 
as  shown  in  Fig.  11  according  to  the  invention  in 
which  wavefronts  created  by  a  concave  lens  are 

5  observed; 
Fig.  14  is  a  schematic  view  of  images  of 
wavefronts  recreated  by  the  apparatus  shown  in 
Fig.  13; 
Fig.  15  is  a  schematic  diagram  of  main  portions 

io  of  the  apparatus  according  to  the  invention  us- 
ing  a  mask  disposed  between  the  beam  ex- 
pander  and  the  concave  lens; 
Fig.  16  is  a  diagram  of  an  apparatus  for  observ- 
ing  equidistant  images  accroding  to  this  inven- 

15  tion; 
Fig.  17  shows  equidistant  images  projected  on  a 
screen  by  the  apparatus  shown  in  Fig.  16; 
Fig.  18  is  a  diagram  of  a  variable  delay  system 
installed  in  a  geometrical  path  for  an  object 

20  beam; 
Fig.  19(A)  is  a  diagram  showing  the  arrange- 
ment  of  a  variable  delay  system  and  mirrors,  in 
which  the  geometrical  path  has  vertically  spaced 
portions; 

25  Fig.  19(B)  is  a  diagram  showing  the  arrange- 
ment  of  variable  delay  system  and  mirrors,  in 
which  an  obstacle  exists  in  a  geometrical  path; 
Fig.  20  is  a  diagram  of  another  apparatus  for 
observing  equidistant  images  according  to  this 

30  invention. 
The  present  invention  will  be  hereinafter  de- 

scribed  in  more  detail  with  reference  to  the  draw- 
ings. 

Fig.  7  is  a  plan  view  of  an  apparatus  for  ob- 
35  serving  a  wavefront  light  according  to  this  inven- 

tion.  A  light  source  1  produces  light  pulses  of  a 
quite  short  duration.  These  pulses  are  split  by  a 
beam  splitter  2  into  two  beams  one  of  which  travels 
in  a  first  geometrical  path  I  or  a  second  geometri- 

40  cal  path  II,  the  other  propagating  in  an  observed 
wavefront  geometrical  path  III.  The  light  source  1 
comprises  a  laser  source  for  producing  a  laser 
pulse  beam  having  a  pulse  width  of  the  order  of 
several  picoseconds,  or  below  several  picoseconds 

45  such  as  a  CPM  ring  dye  laser  capable  of  producing 
optical  pulses  of  100  fs  or  the  like.  The  pulses 
reflected  by  the  beam  splitter  2  into  the  first  path  I 
and  the  second  path  II  are  caused  to  impinge  on  a 
variable  delay  system  13  that  can  change  the  op- 

50  tical  path.  The  pulses  transmitted  through  the  delay 
system  13  are  divided  by  a  half  mirror  4  into  one 
beam  traveling  in  the  first  path  I  and  the  other 
beam  propagating  in  the  second  path  II. 

The  optical  pulse  reflected  by  the  half  mirror  4 
55  is  reflected  by  a  mirror  5  disposed  in  the  first  path  I 

and  then  enters  a  nonlinear  optical  element  12 
from  one  direction.  The  light  transmitted  through 
the  half  mirror  4  is  reflected  by  a  mirror  6  disposed 

5 
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in  the  second  path  II  and  then  enters  the  optical 
element  12  from  the  opposite  direction.  The  optical 
element  12  is  disposed  between  the  mirrors  5  and 
6. 

The  travelling  distance  of  the  beam  propagat- 
ing  from  the  half  mirror  4  to  the  nonlinear  optical 
element  12  in  the  path  I  is  made  equal  to  that  of 
the  beam  propagating  from  the  half  mirror  4  to  the 
element  12  in  the  path  II.  The  triangular  mirror 
configuration  formed  by  the  half  mirror  4  and  mir- 
rors  5,  6  can  take  any  desired  form,  as  long  as  the 
geometrical  paths  I  and  II  are  identical  in  optical 
path  and  the  beams  enter  the  nonlinear  optical 
element  12  from  opposite  directions  to  each  other. 

The  nonlinear  optical  element  12  comprises 
crystalline  barium  titanate  (BaTiOs).  It  is  also  possi- 
ble  to  fabricate  the  element  from  a  thin  film  of  a 
dye  such  as  eosin  Y.  The  first  geometrical  path  I  is 
defined  herein  as  a  course  which  includes  the 
beam  splitter  2,  the  variable  light  delay  system  13, 
the  mirror  3,  the  half  mirror  4,  the  mirror  5,  and  the 
nonlinear  optical  element  12  and  which  permits  a 
beam  to  travel  so  as  to  pass  through  these  ele- 
ments  in  this  order.  The  second  geometrical  path  II 
is  defined  as  a  course  which  includes  the  beam 
splitter  2,  the  variable  light  delay  system  13,  the 
mirror  3,  the  half  mirror  4,  the  mirror  6,  and  the 
nonlinear  optical  element  12  and  which  enables  a 
beam  to  travel  so  as  to  pass  through  these  ele- 
ments  in  this  order. 

The  optical  pulses  of  the  quite  short  duration 
which  are  transmitted  through  the  beam  splitter  2 
travel  an  observed  wavefront  geometrical  path  III 
and  enter  the  nonlinear  optical  element  12.  The 
path  III  includes  the  mirror  7,  a  concave  lens  15  (an 
object),  a  plane  plate  8,  the  half  mirror  9,  a  lens  1  1  , 
and  the  nonlinear  optical  element  12.  The  path 
permits  a  beam  to  travel  therein  so  as  to  pass 
through  these  elements  in  this  order.  The  concave 
lens  15  varies  its  input  wavefront  and  forms  a 
wavefront  to  be  observed. 

The  plane  plate  8  disposed  in  the  path  III  forms 
a  diffusive  reflecting  surface.  The  path  III  is  once 
widened  by  the  concave  lens  15.  The  light  traveling 
in  this  path  is  reflected  by  the  plane  plate  8  dis- 
posed  at  an  angle  to  the  optical  axis.  Therefore,  the 
geometrical  path  III  includes  various  optical  paths. 
Only  when  a  beam  enters  the  nonlinear  optical 
element  12  after  traveling  over  the  same  optical 
length  as  the  fist  and  second  geometrical  paths  I 
and  II,  phase  conjugate  waves  propagating  in  the 
opposite  direction  to  the  incident  beam  are  pro- 
duced  by  four-wave  mixing. 

The  phase  conjugate  wave  is  obtained  by  in- 
verting,  in  time,  the  object  beam  which  is  incident 
upon  the  nonlinear  optical  element  12  and  interfers 
with  the  reference  beam  and  by  reflecting  it  along 
the  incident  geometrical  path.  This  phenomenon 

was  proved  by  Zeldovich  et  al.  of  P.  N.  Lebedev 
Physics  Laboratory,  Moscow,  in  1972. 

The  four-wave  mixing  means  a  mechanism  by 
which  phase  conjugate  waves  of  the  incident  object 

5  beam  are  produced  by  the  interaction  among  the 
four  beams,  i.e.,  three  incident  beams  (one  object 
beam  and  two  reference  beams)  and  one  reference 
beam  in  a  nonlinear  medium,  the  reflected  beam 
changing  into  the  phase  conjugate  waves. 

io  As  mentioned  previously,  the  phase  conjugate 
waves  are  generated  only  when  light  impinges  on 
the  nonlinear  optical  element  12  simultaneously 
with  optical  pulses  which  enter  the  nonlinear  optical 
element  12  after  traveling  in  the  first  or  second 

is  path  I  or  II.  The  conjugate  waves  are  reflected  by 
the  half  mirror  9  and  projected  onto  a  screen  10.  In 
this  way,  an  image  of  a  light  wavefront  is  projected 
on  the  screen  on  a  real-time  basis. 

Several  phase  conjugation  mechanisms  have 
20  been  theoretically  proposed,  and  particularly  two 

mechanisms  thereof  will  be  described  hereinafter. 
Referring  to  Fig.  8,  a  phase  conjugate  wave  is 

produced  by  degenerate  four-wave  mixing  in  the 
manner  described  below. 

25  As  described  above,  the  first  geometrical  path  I 
and  the  second  geometrical  path  II  have  the  same 
optical  path.  Optical  pulses  produced  by  the  pulsed 
laser  1  follow  these  paths  and  enter  the  nonlinear 
optical  element  12  simultaneously  from  opposite 

30  directions.  Those  optical  pulses  which  enter  the 
element  simultaneously  with  the  aforementioned 
optical  pulses  originating  from  the  same  light 
source  after  passing  the  path  III  are  reflected  by  a 
transient  diffraction  grating  produced  inside  the 

35  nonlinear  optical  element  12  by  the  light  entering 
through  the  first  and  second  paths.  Then,  a  phase 
conjugate  wave  propagating  in  the  opposite  direc- 
tion  to  the  path  III  is  produced  and  directed  into  a 
geometrical  path  IV.  As  a  result,  an  image  of  cer- 

40  tain  light  waves  is  produced  on  the  screen  10.  In 
this  example,  the  geometrical  path  IV  comprises 
the  nonlinear  optical  element  12,  the  lens  11,  the 
half  mirror  9,  and  the  screen  10.  Light  traveling  in 
this  path  passes  through  these  elements  in  this 

45  order. 
Another  mechanism  of  the  four-wave  mixing  is 

described  briefly  by  contrast  with  the  conventional 
holography.  The  nonlinear  optical  element  12  cor- 
responds  to  the  photographic  dry  plate  on  which 

50  interference  fringes  are  recorded.  Interaction  be- 
tween  the  object  beam  and  one  reference  beam, 
for  example  the  reference  beam  reflected  by  the 
mirror  5,  incident  upon  the  nonlinear  optical  ele- 
ment  12  forms  interference  fringes  which  are  a 

55  series  of  light  and  dark  bands  within  the  nonlinear 
optical  element  12.  The  fringes  correspond  to  the 
hologram.  However,  the  four-wave  mixing  does  not 
require  that  the  photographic  plate  be  developed. 

6 
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In  the  four-wave  mixing  method,  recording  and 
development  are  carried  out  simultaneously,  and 
one  corresponding  to  a  hologram  is  produced  in 
the  nonlinear  medium  on  a  real-time  basis,  unlike 
the  prior  art  holography.  This  hologram  created  in 
the  nonlinear  medium  on  a  real-time  basis  is  illumi- 
nated  with  the  other  reference  beam,  for  example 
the  reference  beam  reflected  by  the  mirror  6.  This 
reference  beam  is  reflected  as  phase  conjugate 
waves  by  the  hologram  created  on  a  real-time 
basis.  The  conjugate  waves  produce  images  re- 
created  by  the  real-time  hologram.  Only  those  in- 
cident  object  waves  which  have  substantially  the 
same  optical  path  as  the  reference  waves  contri- 
bute  to  the  formation  of  a  hologram.  That  is,  those 
object  waves  which  make  with  the  reference  waves 
optical-path  differences  less  than  the  coherence 
length  determined  by  the  duration  of  the  laser 
beam  contribute  to  interference.  Also,  it  can  be 
said  that  since  two  reference  beams  are  exactly  the 
same  except  that  they  propagate  in  opposite  direc- 
tions,  the  object  beam  interferes  with  the  reference 
beam  reflected  off  the  mirror  6  to  form  a  real-time 
hologram  within  the  nonlinear  medium,  and  that 
phase  conjugate  waves  are  delivered  by  the  refer- 
ence  beam  reflected  by  the  mirror  5.  In  any  case, 
these  four  waves  are  mixed  together  simultaneous- 
ly  and  so  that  object  beam  incident  upon  the 
nonlinear  optical  element  12  makes  substantially  no 
time  difference  with  its  phase  conjugate  waves. 

The  operation  of  an  apparatus  for  observing  a 
wavefront  of  light  according  to  one  aspect  of  this 
invention  will  be  described  in  detail  hereinafter. 
Those  optical  pulses  which  are  transmitted  through 
the  beam  splitter  2  are  broadened  by  the  concave 
lens  15  and  hit  the  plane  plate  8  obliquely.  The 
pulses  are  scattered  on  the  plate.  A  single  pulse  of 
a  quite  short  duration  first  enters  the  portion  of  the 
plane  plate  8  which  is  closest  to  the  lens  11.  Then, 
those  portions  which  are  remoter  from  the  lens  1  1 
are  successively  illuminated.  Therefore,  the  instant 
at  which  the  plane  plate  8  is  illuminated  differs 
from  location  to  location. 

Fig.  9  is  a  schematic  representation,  for  illus- 
trating  the  positions  illuminated  at  certain  instants 
of  time.  It  is  assumed  that  optical  pulses  produced 
by  the  pulsed  laser  1  at  time  0  arrive  at  different 
portions  of  the  plane  plate  8  at  times  ti  ,  t2,  t3, 
respectively,  as  shown  in  Fig.  9.  The  concave  lens 
15  is  located  to  the  left  in  Fig.  9.  Light  waves 
scattered  by  the  plane  plate  8  successively  at  the 
times  ti  ,  t2,  t3  are  transmitted  through  the  half 
mirror  9.  Then,  the  waves  are  converged  by  the 
lens  11,  and  enter  the  nonlinear  crystal  12  succes- 
sively  at  times  t/,  t2',  h'  ■ 

Assuming  that  lights  passed  through  the  paths 
I  and  II  reach  the  nonlinear  crystal  12  at  the  time 
t/,  the  light  reflected  by  the  plane  plate  at  the  time 

ti  and  the  lights  passed  through  the  paths  I  and  II 
produce  a  phase  conjugate  wave  by  the  above- 
described  degenerate  four-wave  mixing.  The  con- 
jugate  wave  travels  in  the  path  IV  and  arrives  on 

5  the  screen  10  at  a  time  t/'.  Under  the  aforemen- 
tioned  conditions,  an  image  Jt  (ti  ")  of  a  wavefront 
appears  on  the  screen  10,  as  shown  in  Fig.  10.  The 
plane  plate  8  is  disposed  to  the  left  in  Fig.  10.  The 
images  shown  in  Fig.  10  are  obtained  by  making 

io  observations  from  the  side  of  the  half  mirror  9.  It  is 
to  be  noted  that  any  image  of  wavefront  other  than 
Jt  (ti  ")  does  not  appear  on  the  screen  10  at  this 
time. 

Lights  passed  through  the  paths  I  and  II  reach 
is  the  nonlinear  crystal  12  at  the  time  fc'.  The  light 

reflected  by  the  plane  plate  at  the  time  t2  and  the 
light  passed  through  the  paths  I  and  II  develop  a 
phase  conjugate  wave  by  the  aforementioned  de- 
generate  four-wave  mixing.  At  this  time,  the  vari- 

20  able  light  delay  system  13  is  adjusted  to  greatly 
increase  the  optical  lengths  of  the  geometrical 
paths  I  and  II.  Similar  advantages  can  be  obtained 
by  inserting  the  variable  light  delay  system  13  in 
the  observed  wavefront  path  III,  for  example  be- 

25  tween  the  beam  splitter  2  and  the  mirror  7. 
The  phase  conjugate  wave  follows  the  path  IV 

and  arrives  on  the  screen  10  at  the  instant  t2  ".  As  a 
result,  an  image  1  (t2  ")  of  a  wavefront  appears  on 
the  screen  10  as  shown  in  Fig.  9. 

30  Similarly,  if  lights  transmitted  through  the  paths 
I  and  II  reach  the  nonlinear  crystal  12  at  the  time 
h'  ,  then  an  image  l(h  ")  of  a  wavefront  appears  on 
the  screen  10  at  the  time  h"  . 

As  shown  in  Fig.  7,  the  plane  plate  is  disposed 
35  at  angle  6  to  the  optical  axis  of  the  center  of  the 

light  beam  transmitted  through  the  beam  splitter  2. 
Therefore,  the  recreated  wavefront  on  the  screen 
10  placed  vertical  to  the  optical  axis  of  the  phase 
conjugate  wave  reflected  by  the  half  mirror  9  is  a 

40  cross  section  taken  along  a  surface  inclined  at  the 
angle  6. 

In  the  embodiment  described  above, 
wavefronts  can  be  observed  on  a  real-time  basis. 
Further,  by  scanning  the  beam  or  moving  the  con- 

45  cave  lens,  the  optical  characteristics  of  the  whole 
wavefront-modifying  optical  element,  for  example, 
the  concave  lens  15  can  be  measured.  Examples 
for  observing  a  wavefront  modified  by,  for  example, 
the  whole  concave  lens  will  be  next  described  with 

50  reference  to  Figs.  11-15. 
As  shown  in  Fig.  11,  a  beam  expander  16  is 

inserted  between  the  mirror  7  and  the  plane  plate  8 
of  the  apparatus.  The  observed  wavefronts  are 
modified  as  shown  in  Fig.  12  by  adjusting  the 

55  variable  delay  system  in  the  same  manner  as  in 
the  previous  example. 

After  the  completion  of  the  adjustment  de- 
scribed  above,  a  concave  lens  17  that  is  a 

7 
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wavefront-modifying  optical  element  is  inserted  be- 
tween  the  beam  expander  16  and  the  plane  plate  8 
as  shown  in  Fig.  13  and  the  variable  delay  system 
is  adjusted,  whereby  it  is  possible  to  observe  light 
wavefronts  after  they  pass  through  the  whole  con- 
cave  lens  17. 

Fig.  14  shows  wavefronts  appearing  on  the 
screen  10.  Some  portions  of  the  wavefronts  ap- 
pearing  on  the  screen  10  did  not  pass  through  the 
concave  lens. 

Fig.  15  schematically  shows  main  portions  of 
another  apparatus  for  observing  wavefronts  of  light. 
This  apparatus  is  similar  in  structure  to  the  appara- 
tus  shown  in  Fig.  13.  A  mask  18  is  disposed 
between  the  beam  expander  16  and  the  concave 
lens  17  so  as  to  conform  to  the  shape  of  the  lens 
17,  so  that  only  light  wavefronts  which  were  trans- 
mitted  through  the  concave  lens  17  are  observed. 

In  the  examples  described  above,  wavefronts 
of  light  are  recreated  on  the  screen  10.  This  screen 
may  be  a  phosphor  screen  to  observe  phosphor 
images  of  wavefronts.  When  a  single  optical  pulse 
is  used,  a  phosphor  screen  is  employed  as  the 
aforementioned  screen  10  and  monitored  by  a  tele- 
vision  for  use  in  optical  measurement,  so  that  an 
image  of  wavefront  can  be  observed  with  a  trigger 
operation.  It  is  also  possible  to  repeatedly  trigger  a 
pulsed  laser  to  produce  a  train  of  optical  pulses. 
The  phosphor  screen  is  repeatedly  excited  to  ob- 
serve  bright  images.  Further,  it  is  possible  to  place 
the  incident  face  of  a  camera  tube  or  image  inten- 
sifier  at  the  position  of  the  screen.  In  this  case, 
wavefronts  can  be  observed,  using  the  output  im- 
ages  or  output  signals. 

Next,  there  will  be  described  hereinafter  em- 
bodiments  of  an  apparatus  for  forming  equidistant 
images  from  a  three-dimensional  object  using  a 
technique  of  observing  light  wavefronts  as  de- 
scribed  above. 

Fig.  16  shows  the  structure  of  an  embodiment 
of  an  apparatus  according  to  the  invention,  the 
apparatus  as  shown  in  Fig.  16  being  substantially 
similar  to  the  apparatus  for  observing  light 
wavefronts,  except  for  an  object.  The  apparatus, 
generally  indicated  by  reference  numeral  101,  in- 
cludes  a  laser  102  which  produces  laser  pulses  of 
a  quite  short  duration  of  several  picoseconds.  A 
three-dimensional  object,  for  example  a  pyramid 
103,  from  which  equidistant  images  should  be  tak- 
en  are  mounted  on  an  inclined  surface  105  of  a 
mount  104.  In  this  specific  example,  the  mount  104 
is  rigidly  fixed  to  a  floor  surface  (not  shown)  and  so 
the  pyramid  103  does  not  move  during  observation 
of  equidistant  images. 

A  beam  splitter  106  divides  the  laser  beam 
from  the  laser  102  into  two,  one  of  which  is  used 
as  an  object  beam  and  caused  to  strike  the  pyr- 
amid  103  on  the  mount  104  after  passing  through  a 

lens  107.  Then,  the  light  is  reflected  by  the  pyr- 
amid  103,  passes  through  a  half  mirror  108  and  a 
lens  109  and  enters  a  nonlinear  optical  element 
110  made  from  a  nonlinear  medium.  The  other 

5  beam  derived  by  the  splitter  106  is  employed  as  a 
reference  beam  and  reflected  by  a  movable  mirror 
112  incorporated  in  a  variable  light  delay  system 
111.  The  reference  beam  then  enters  a  half  mirror 
113,  which  divides  the  beam  into  two.  These  di- 

io  vided  beams  are  caused  to  hit  mirrors  114  and 
115,  respectively. 

The  mirrors  114  and  115  are  so  located  that 
the  two  reference  beams  divided  by  the  half  mirror 
113  propagate  in  opposite  directions  over  the  same 

is  optical  length  to  the  nonlinear  optical  element  110. 
The  movable  mirror  112  of  the  variable  light  delay 
system  111  can  move  a  distance  greater  than 
approximately  half  the  depth  L  of  the  pyramid  103 
that  is  a  three-dimensional  object.  This  permits  the 

20  optical  path  of  the  two  reference  beams  incident 
upon  the  nonlinear  optical  element  110  to  be  made 
different  from  the  optical  path  of  the  object  beam. 

Three  beams  are  incident  upon  the  nonlinear 
optical  element  110  as  mentioned  previously.  In 

25  particular,  one  incident  beam  is  the  object  beam 
reflected  by  the  pyramid  103.  The  remaining  two 
are  the  reference  beams  which  enter  the  element 
from  opposite  directions.  The  nonlinear  optical  ele- 
ment  110  comprises  a  nonlinear  medium  consisting 

30  of  crystalline  titanate  barium  or  a  thin  film  of  eosin 
Y,  or  other  dye.  The  incidence  of  the  object  beam 
and  the  two  reference  beams  to  the  nonlinear  op- 
tical  element  produces  phase  conjugate  waves  of 
the  object  beam  by  the  four-wave  mixing  as  de- 

35  scribed  above. 
In  this  case,  only  those  object  waves  from  the 

pyramid  103  which  make  optical-path  differences 
less  than  the  coherence  length  with  the  reference 
waves  are  reconstructed  on  a  real-time  basis  and 

40  produced  as  the  phase  conjugate  waves. 
The  phase  conjugate  waves  produced  by  the 

nonlinear  optical  element  110  passes  through  the 
lens  109  and  goes  to  the  half  mirror  108  along  the 
incident  geometrical  path  for  object  waves.  Then, 

45  the  conjugate  waves  are  reflected  by  the  half  mirror 
108  and  reach  the  image  pick-up  device,  such  as  a 
screen  116. 

The  screen  116  comprises  a  phosphor  screen, 
the  photosensitive  surface  of  an  image  tube,  or  the 

50  like.  The  screen  116  permits  one  to  observe  with 
the  naked  eye  image  information  contained  in  the 
phase  conjugate  waves  as  recreated  images.  Thus, 
images  projected  on  the  screen  116  are  recreated 
from  those  object  waves  from  the  pyramid  103 

55  which  have  substantially  the  same  optical  paths  as 
the  reference  beam.  Hence,  two-dimensional  im- 
ages  at  positions  taken  in  the  direction  of  the  depth 
of  the  pyramid  103,  i.e.,  equidistant  images,  are 

8 
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projected  on  the  screen  116  in  the  substantially 
same  manner  as  described  in  the  apparatus  for 
observing  light  wavefront. 

The  apparatus  101  constructed  as  described 
above  for  observing  equidistant  images  operates  in 
the  manner  described  below.  First,  the  movable 
mirror  112  of  the  movable  light  delay  system  111 
is  set  at  position  A3.  Under  this  condition,  the 
optical  path  of  the  reference  beam  is  equal  to  the 
optical  path  of  the  object  beam  reflected  at  the 
position  T3  taken  in  the  direction  of  the  depth  of 
the  pyramid  103.  As  a  result,  only  the  phase  con- 
jugate  waves  of  the  object  beam  reflected  at  the 
position  T3  are  generated  through  the  nonlinear 
optical  element  110.  Then,  the  conjugate  waves 
pass  through  the  lens  109,  are  reflected  by  the  half 
mirror  108,  and  reach  the  screen  116,  where  a  two- 
dimensional  image  at  the  position  T3,  i.e.,  an  equi- 
distant  image  C3,  is  projected  as  shown  in  Fig.  17. 

Subsequently,  the  movable  mirror  112  of  the 
variable  light  delay  system  111  is  moved  into  the 
position  A2  from  the  position  A3.  In  this  state,  the 
optical  path  of  the  reference  beam  equals  the  op- 
tical  path  of  the  object  beam  reflected  at  the  posi- 
tion  T2.  Consequently,  only  the  phase  conjugate 
waves  of  the  object  beams  originating  from  the 
position  T2  are  generated  by  the  nonlinear  optical 
element  110  and  projected  on  the  screen  116.  As 
shown  in  Fig.  17,  an  equidistant  image  C2  taken  at 
the  position  T2  is  projected  on  the  screen  116. 

Similarly,  when  the  movable  mirror  112  of  the 
variable  light  delay  system  111  is  shifted  from  the 
position  A2  to  the  position  A1,  the  optical  path  of 
the  reference  beam  is  equal  to  the  optical  path  of 
the  object  beam  reflected  at  the  position  T1  .  As  a 
result,  an  equidistant  image  C1  taken  at  the  posi- 
tion  T1  is  project  on  the  screen  116  as  shown  in 
Fig.  17. 

Referring  particularly  to  Fig.  17,  the  two-dimen- 
sional  images  at  the  positions  T1  ,  T2,  T3  taken  in 
the  direction  of  the  depth  of  the  pyramid  103,  i.e., 
the  equidistant  images  C1  ,  C2,  C3  projected  on  the 
screen  116,  have  a  bright  line  width  d  which  is 
related  to  the  coherence  length  of  the  laser  beam 
emitted  by  the  laser  102.  More  specifically,  when 
the  difference  in  optical  path  between  reference 
and  object  laser  beams  is  less  than  the  coherence 
length,  interference  takes  place.  For  example,  for 
the  equidistant  image  C2,  the  band  the  center  of 
which  is  located  at  the  position  T2  and  the  width  of 
which  is  a  coherence  length  of  r  is  projected  on  the 
screen  116.  The  projected  band  has  a  bright  line 
width  d.  Accordingly,  where  a  laser  producing  a 
laser  beam  having  a  long  coherence  length  is 
used,  the  line  width  d  is  increased.  This  makes  it 
impossible  to  accurately  observe  equidistant  im- 
ages  taken  at  a  certain  position.  In  this  apparatus, 
the  laser  102  produces  a  laser  beam  having  a 

duration  of  the  order  of  several  picoseconds,  i.e., 
having  a  quite  short  coherence  length,  and  so  the 
line  width  d  is  quite  small.  Hence,  equidistant  im- 
ages  can  be  accurately  observed. 

5  As  an  example,  if  a  CPM  ring  dye  laser  is  used 
as  the  light  source,  the  produced  optical  pulses 
have  a  duration  of  the  order  of  0.1  picosecond. 
Thus,  it  is  possible  to  observe  the  change  in  the 
dimension  taken  in  the  direction  of  the  depth  up  to 

io  approximately  30  urn. 
In  the  first  example  described  above,  equidis- 

tant  images  can  be  projected  on  the  screen  116 
after  the  lapse  of  a  quite  short  interval  since  the 
object  beam  from  the  pyramid  103  enters  the  non- 

75  linear  optical  element  110.  Also,  it  is  only  neces- 
sary  to  move  the  movable  mirror  112  of  the  vari- 
able  light  delay  system  111  to  obtain  equidistant 
images  at  positions  taken  in  the  direction  of  the 
depth.  Therefore,  these  equidistant  images  can  be 

20  accurately  observed  on  a  real-time  basis  by  per- 
forming  quite  simple  operations. 

It  is  also  possible  to  install  the  variable  light 
delay  system  in  the  geometrical  path  for  the  object 
beam,  for  example  between  the  beam  splitter  116 

25  and  the  lens  107  as  shown  in  Fig.  18,  instead  of  in 
the  geometrical  path  for  the  reference  beam,  in 
order  to  gradually  vary  the  optical  path  of  the 
object  beam.  In  Fig.  18,  when  the  movable  mirror 
121  of  the  variable  light  delay  system  120  are  set 

30  at  positions  F1,  F2,  F3,  it  is  possible  to  observe 
equidistant  images  C1  ,  C2,  C3,  respectively,  at  the 
positions  T1,  T2,  T3  taken  in  the  direction  of  the 
depth  of  the  pyramid  103,  on  the  screen  116  in 
exactly  the  same  way  as  in  Fig.  1.  Further,  the 

35  variable  light  delay  system  1  1  1  and  a  second  vari- 
able  light  delay  system  120  may  be  installed  in  the 
geometrical  paths  for  the  reference  beam  and  the 
object  beam,  respectively,  to  make  their  optical 
paths  variable. 

40  When  the  variable  light  delay  systems  1  1  1  and 
120  are  installed  in  the  geometrical  path  in  this 
way,  their  optical  paths  can  be  changed.  In  addi- 
tion,  when  the  distance  between  the  laser  102  and 
the  three-dimensional  object  is  large  and  it  is  dif- 

45  ficult  to  control  the  position  of  the  object,  or  when 
the  object  is  heavy  and  difficult  to  move,  the  vari- 
able  light  delay  systems  are  useful.  In  particular, 
the  position  of  the  three-dimensional  object  can  be 
controlled  simply  by  varying  the  optical  path  of  the 

50  reference  or  object  beam  or  the  optical  paths  of 
both  without  the  need  to  move  the  object  itself. 
When  one  portion  of  the  geometrical  path  for  the 
reference  or  object  beam  is  vertically  spaced  at  a 
distance  n  from  the  remaining  portion  as  shown  in 

55  Fig.  19(A),  or  when  an  obstacle  125  exists  in  either 
geometrical  path  as  shown  in  Fig.  19(B),  the  laser 
beam  from  the  laser  102  can  be  correctly  guided  to 
a  destination  by  the  provision  of  the  variable  light 

9 
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delay  systems  111  and  120  in  the  geometrical 
paths.  In  the  system  shown  in  Fig.  19(A),  movable 
mirrors  123  and  124  reflect  the  laser  beam  which  is 
either  directed  to  the  variable  light  delay  systems 
111  and  120  or  transmitted  through  these  light 
delay  systems.  The  mirrors  123  and  124  are  verti- 
cally  spaced  from  each  other  thereby  to  easily  and 
certainly  guide  the  laser  beam  from  the  laser  to  a 
destination.  In  the  system  shown  in  Fig.  19(B), 
mirrors  126  and  127  are  used  so  that  the  geometri- 
cal  path  may  bypass  the  obstacle  125.  Hence,  the 
laser  beam  can  be  guided  to  a  destination  without 
being  blocked  by  the  obstacle  125. 

Fig.  20  shows  the  structure  of  another  appara- 
tus  according  to  the  invention.  It  is  to  be  noted  that 
similar  components  are  represented  by  same  refer- 
ence  numerals  in  both  Figs.  16  and  20  and  that 
those  components  which  have  been  already  de- 
scribed  will  not  be  described  again  below. 

In  the  second  example  shown  in  Fig.  20,  the 
apparatus  for  observing  equidistant  images  is  gen- 
erally  represented  by  numeral  130.  A  reference 
beam  split  off  by  a  beam  splitter  106  is  reflected 
by  a  stationary  mirror  131  and  then  directed  into  a 
nonlinear  optical  element  110  either  via  a  half  mir- 
ror  113  and  a  mirror  114  or  via  a  mirror  115.  Since 
the  stationary  mirror  131  is  used,  the  optical  path 
of  the  reference  beam  is  kept  constant. 

A  pyramid  103  that  is  a  three-dimensional  ob- 
ject  is  mounted  on  an  inclined  surface  133  of  a 
mount  132,  which  is  disposed  so  as  to  be  slidable 
on  rails  135  in  the  direction  of  the  x-axis,  the  rails 
135  being  mounted  on  a  base  134.  When  the 
mount  132  is  slid  along  the  rails  135,  the  pyramid 
103  shifts  in  the  direction  of  the  x-axis  to  thereby 
vary  the  optical  path  of  the  object  beam.  The  base 
134  is  designed  to  be  rotatable  about  the  y-axis 
and  the  z-axis.  Therefore,  the  angle  of  the  pyramid 
103  to  the  laser  beam  incident  upon  the  pyramid 
103  can  be  varied. 

In  the  apparatus  130  constructed  in  this  way, 
the  mount  132  is  moved  into  a  certain  position  on 
the  rails  135  and  held  in  this  position.  When  the 
mount  132  is  held  in  a  position  E3,  the  optical  path 
of  the  object  beam  reflected  at  the  position  T3  is 
equal  to  the  optical  path  of  the  reference  beam.  As 
a  result,  phase  conjugate  waves  of  the  object  beam 
from  the  position  T3  are  delivered  from  the  non- 
linear  optical  element  110,  and  an  equidistant  im- 
age  similar  to  the  image  C3  shown  in  Fig.  17  is 
projected  on  a  screen  116. 

When  the  mount  are  held  in  positions  E2  and 
E1  successively,  the  optical  paths  of  the  object 
beams  reflected  at  positions  T2  and  T1,  respec- 
tively,  are  equal  to  the  optical  path  of  the  reference 
beam.  Thus,  equidistant  images  similar  to  the  im- 
ages  C2  and  C1,  respectively,  shown  in  Fig.  17  are 
successively  projected  on  the  screen  116.  This 

permits  one  to  observe  the  images. 
The  aforementioned  operations  are  performed 

to  observe  equidistant  images  of  the  pyramid  103 
taken  in  a  certain  direction.  In  some  cases,  it  is 

5  desired  to  observe  equidistant  images  of  the  pyr- 
amid  103  taken  in  other  directions.  For  this  pur- 
pose,  the  base  134  is  rotated  about  the  y-axis  or 
the  z-axis  or  about  both  axes  to  incline  the  pyramid 
103  at  a  desired  angle.  Thereafter,  the  mount  132 

io  is  successively  slid  on  the  rails  135  into  other 
positions  to  observe  equidistant  images  at  positions 
taken  in  the  direction  of  the  depth. 

In  the  second  example  described  above,  the 
three-dimensional  object  is  moved  without  shifting 

is  the  components  of  the  optical  system,  i.e.,  the 
movable  mirrors  112  and  121  of  the  variable  light 
delay  systems  111  and  120.  Therefore,  the  accu- 
racy  of  the  optical  system  does  not  deteriorate 
even  if  the  apparatus  is  operated  for  a  long  period. 

20  This  apparatus  enables  one  to  easily  observe  equi- 
distant  images  stably  and  with  improved  accuracy 
on  a  real-time  basis.  Furthermore,  not  only  equidis- 
tant  images  of  a  three-dimensional  object  taken  in 
a  certain  direction  but  also  equidistant  images  tak- 

25  en  in  any  other  direction  can  be  observed  simply 
by  rotating  the  base  134. 

As  described  above,  in  accordance  with  the 
present  invention,  only  the  object  beam  interfering 
with  the  reference  beam  within  the  nonlinear  optical 

30  element  is  delivered  in  the  form  of  phase  conjugate 
waves.  The  light  delay  system  enables  the  dif- 
ference  in  optical  path  between  the  object  beam 
and  the  reference  beam  incident  upon  the  non- 
linear  optical  element  to  be  successively  changed, 

35  so  that  light  wavefronts  are  observed  on  a  real  time 
basis  to  measure  an  optical  characteristic  such  as 
aberration  or  the  like  of  an  object  on  a  real-time 
basis,  and  so  that  using  the  light  wavefront  observ- 
ing  technique,  two-dimensional  images  at  positions 

40  taken  in  the  direction  of  the  depth  of  a  three- 
dimensional  object,  i.e.,  equidistant  images,  can  be 
observed  on  a  real-time  basis  by  performing  quite 
simple  operations. 

45  Claims 

1.  An  apparatus  for  analyzing  the  wavefront  of 
light  originating  from  a  diffusely  reflecting  ob- 
ject  (15)  using  a  four  wave  mixing  technique, 

50  the  apparatus  comprising: 
a  laser  source  (1)  for  producing  a  pulsed 

laser  beam; 
a  non-linear  optical  element  (12)  for  pro- 

ducing  a  phase  conjugate  wave  in  accordance 
55  with  a  beam  incident  on  it; 

a  first  beam  splitting  means  (2)  for  splitting 
the  pulsed  laser  beam  into  a  pulsed  reference 
beam  (I,  II),  and  a  pulsed  object  beam  (III); 

10 
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a  first  guide  means  (3,  4,  5,6)  for  guiding 
the  reference  beam  (I,  II)  along  a  reference 
beam  path  to  enter  the  nonlinear  optical  ele- 
ment  (12); 

a  second  beam  splitting  means  (4)  posi-  5 
tioned  along  the  reference  beam  path  to  split 
the  reference  beam  into  two  beams  having 
substantially  the  same  optical  path  length,  one 
(I)  entering  the  non-linear  optical  element  from 
a  first  direction,  and  the  other  (II)  entering  from  10 
a  second  direction  opposite  to  the  first  direc- 
tion; 

a  second  guide  means  (7)  for  guiding  the 
object  beam  (III); 

a  third  guide  means  (9)  for  projecting  the  is 
phase  conjugate  object  wave  from  the  non- 
linear  optical  element  (12)  onto  image  observ- 
ing  means  (10);  characterised  in  that  the  sec- 
ond  guide  means  (7)  include  beam  expanding 
means  for  illuminating  the  object,  and  a  focus-  20 
ing  lens  (11)  for  focusing  the  light  reflected 
from  the  object  to  the  non-linear  optical  ele- 
ment  (12);  and  in  that  a  variable  optical  delay 
means  (13)  is  disposed  in  at  least  one  of  the 
optical  paths  of  the  reference  beam  (I,  II)  or  the  25 
object  beam  (III)  for  varying  the  optical  path 
length  of  the  reference  beam  (I,  II)  with  respect 
to  the  object  beam  (III)  in  order  to  obtain  an 
image  and  representing  the  wavefront  reflected 
from  the  object.  30 

An  apparatus  according  to  claim  1  ,  wherein  the 
optical  delay  means  (13)  comprises  a  movable 
mirror. 

35 
An  apparatus  according  to  any  of  the  preced- 
ing  claims,  wherein  the  first  guide  means  com- 
prises  a  semi-transparent  mirror  (4)  for  splitting 
the  reference  beam  into  the  two  beams  (I  and 
II)  and  two  reflecting  mirrors  (5,  6)  for  receiving  40 
and  directing  the  two  beams  (I  and  II)  to  the 
nonlinear  optical  element  (12)  from  opposite 
directions. 

An  apparatus  according  to  any  one  of  the  45 
preceding  claims,  wherein  the  third  guide 
means  comprises  a  semi-transparent  mirror  (9) 
for  passing  the  object  beam  from  the  object  to 
the  nonlinear  element  (12)  and  reflecting  the 
phase  conjugate  wave  from  the  nonlinear  op-  so 
tical  element  to  the  image  observing  means 
(10). 

An  apparatus  according  to  claim  4,  wherein  a 
mask  (18)  for  passing  only  the  object  beam  55 
transmitted  through  the  object  is  disposed  in 
the  optical  path  between  the  object  and  the 
non-linear  optical  element  (12). 

6.  An  apparatus  according  to  any  one  of  the 
preceding  claims,  wherein  the  image  observing 
means  (10)  comprises  an  image  pickup  device, 
a  phosphor  screen  or  the  photosensitive  sur- 
face  of  an  image  tube. 

7.  An  apparatus  according  to  any  one  of  the 
preceding  claims,  wherein  the  pulsed  beam 
from  the  laser  source  (1)  has  a  duration  of  the 
order  of  several  picoseconds. 

8.  An  apparatus  according  to  any  one  of  the 
preceding  claims  further  comprising  a  mount- 
ing  plate  (132)  on  which  the  object  is  mounted 
and  which  is  rotatable  with  two  axis  of  rectan- 
gular  three-dimensional  coordinates  and  slida- 
ble  along  the  remaining  axis. 

Patentanspruche 

1.  Eine  Vorrichtung  zum  Analysieren  der  Wellen- 
front  von  Licht,  das  von  einem  diffusreflektie- 
renden  Gegenstand  (15)  reflektiert  wird,  wobei 
eine  Vier-Wellen-Mischtechnik  verwendet  wird 
und  die  Vorrichtung  umfaBt: 

eine  Laserquelle  (1)  zum  Erzeugen  eines 
gepulsten  Laserstrahls; 

ein  nichtlineares  optisches  Element  (12) 
zum  Erzeugen  einer  phasenkonjugierten  Welle 
in  Ubereinstimmung  mit  einem  auf  es  einfallen- 
den  Strahls; 

eine  erste  Strahlteilereinrichtung  (2)  zum 
Teilen  des  gepulsten  Laserstrahls  in  einen  ge- 
pulsten  Bezugsstrahl  (I,  II)  und  in  einen  gepuls- 
ten  Gegenstandsstrahl  (III); 

eine  erste  Fuhrungseinrichtung  (3,  4,  5,  6) 
zum  Leiten  des  Bezugsstrahls  (I,  II)  langs  eines 
Bezugsstrahlweges,  urn  in  das  nichtlineare,  op- 
tische  Element  (12)  einzutreten; 

eine  zweite  Strahlteilereinrichtung  (4),  die 
in  dem  Bezugsstrahl  (I,  II)  angeordnet  ist,  urn 
den  Bezugsstrahl  in  zwei  Strahlen  mit  im  we- 
sentlichen  der  gleichen  optischen  Weglange 
zu  teilen,  wobei  einer  (I)  in  das  nichtlineare 
Element  von  einer  ersten  Richtung  und  der 
andere  (II)  von  einer  zu  der  ersten  Richtung 
entgegengesetzten  Richtung  eintritt; 

eine  zweite  Fuhrungseinrichtung  (7)  zum 
Leiten  des  Gegenstandsstrahls  (III); 

eine  dritte  Fuhrungseinrichtung  (9)  zum 
Projizieren  der  phasenkonjugierten  Gegen- 
standswelle  von  dem  nichtlinearen  optischen 
Element  (12)  auf  eine  Bildbeobachtungsein- 
richtung  (10);  dadurch  gekennzeichnet,  dal3  die 
zweite  Fuhrungseinrichtung  (7)  eine  Strahldeh- 
nungseinrichtung  zum  Beleuchten  des  Gegen- 
standes  und  eine  Fokussierungslinse  (11)  zum 
Fokussieren  des  von  dem  Gegenstand  zu  dem 
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nichtlinearen,  optischen  Element  (12)  reflektier- 
ten  Lichtes  enthalt;  und  dal3  eine  veranderbare, 
optische  Verzogerungseinrichtung  (13)  in  we- 
nigstens  einem  der  optischen  Wege  des  Ge- 
genstandsstrahls  (I,  II)  oder  des  Bezugsstrahls 
(III)  angeordnet  ist,  urn  die  optische  Weglange 
des  Bezugsstrahls  (I,  II)  in  Bezug  auf  den  Ge- 
genstandsstrahl  (III)  zu  andern,  urn  ein  Bild  zu 
erhalten,  und  die  von  dem  Gegenstand  reflek- 
tierte  Wellenfront  darzustellen. 

2.  Eine  Vorrichtung  nach  Anspruch  1,  worin  die 
optische  Verzogerungseinrichtung  (13)  einen 
bewegbaren  Spiegel  umfaBt. 

3.  Eine  Vorrichtung  nach  einem  beliebigen  der 
vorhergehenden  Anspruche,  worin  die  erste 
Fuhrungseinrichtung  einen  halbdurchlassigen 
Spiegel  (4)  zum  Teilen  des  Bezugsstrahls  in 
zwei  Strahlen  (I  und  II)  und  zwei  reflektierende 
Spiegel  (5,  6)  zum  Empfangen  und  Lenken  der 
zwei  Strahlen  (I  und  II)  zu  dem  nichtlinearen, 
optischen  Element  (12)  von  entgegengesetzten 
Richtungen  aus  umfaBt. 

4.  Eine  Vorrichtung  nach  einem  beliebigen  der 
vorhergehenden  Anspruche,  worin  die  dritte 
Fuhrungseinrichtung  einen  halbdurchlassigen 
Spiegel  (9)  zum  Hindurchlassen  des  Gegen- 
standsstrahls  von  dem  Gegenstand  zu  dem 
nichtlinearen,  optischen  Element  (12)  und  Re- 
flektieren  der  phasenkonjugierten  Welle  von 
dem  nichtlinearen,  optischen  Element  zu  der 
Bildbeobachtungseinrichtung  umfaBt. 

5.  Eine  Vorrichtung  nach  Anspruch  4,  worin  eine 
Maske  (18)  zum  Hindurchlassen  nur  des  Ge- 
genstandsstrahls,  der  durch  den  Gegenstand 
hindurchgegangen  ist,  in  dem  optischen  Weg 
zwischen  dem  Gegenstand  und  dem  nichtli- 
nearen,  optischen  Element  (12)  angeordnet  ist. 

6.  Eine  Vorrichtung  nach  einem  beliebigen  der 
vorhergehenden  Anspruche,  worin  die  Bildbe- 
obachtungseinrichtung  (10)  eine  Bildaufneh- 
mereinrichtung,  einen  Leuchtstoffschirm  oder 
die  photoempfindliche  Oberflache  einer  Bild- 
rohre  umfaBt. 

7.  Eine  Vorrichtung  nach  einem  beliebigen  der 
vorhergehenden  Anspruche,  worin  der  gepuls- 
te  Strahl  von  der  Laserquelle  (1)  eine  Dauer  in 
der  GroBenordnung  von  Piko-Sekunden  auf- 
weist. 

8.  Eine  Vorrichtung  nach  einem  beliebigen  der 
vorhergehenden  Anspruche,  die  ferner  eine 
Befestigungsplatte  (132)  umfaBt,  an  der  der 

Gegenstand  befestigt  ist  und  die  mit  zwei  Ach- 
sen  von  rechtwinkligen,  dreidimensionalen  Ko- 
ordinaten  drehbar  und  langs  der  verbleibenden 
Achse  verschiebbar  ist. 

5 
Revendicatlons 

1.  Appareil  d'analyse  du  front  d'onde  de  lumiere 
provenant  d'un  objet  de  reflexion  diffuse  (15) 

io  exploitant  la  technique  du  melange  de  quatre 
ondes,  I'appareil  comportant: 

une  source  de  laser  (1)  produisant  un  fais- 
ceau  pulse  de  laser; 

un  element  optique  non-lineaire  (12)  qui 
is  produit  une  onde  a  phase  complementaire  en 

conformite  avec  un  faisceau  incident; 
un  premier  moyen  de  dedoublement  de 

faisceau  (2)  qui  dedouble  le  faisceau  pulse  de 
laser  en  faisceau  pulse  de  reference  (1,11)  et  en 

20  faisceau  pulse  objet  (III); 
un  premier  moyen  de  guidage  (3,4,5,6)  qui 

guide  le  faisceau  de  reference  (1,11)  le  long  d'un 
chemin  de  faisceau  de  reference  pour  entrer 
dans  I'element  optique  non-lineaire  (12); 

25  un  deuxieme  moyen  de  dedoublement  de 
faisceau  (4)  situe  sur  le  chemin  du  faisceau  de 
reference  qui  dedouble  le  faisceau  de  referen- 
ce  en  deux  faisceaux  de  chemin  optique  es- 
sentiellement  de  meme  longueur,  dont  un  fais- 

30  ceau  (I)  entre  d'un  sens  dans  I'element  optique 
non-lineaire,  et  I'autre  (II)  entre  d'un  deuxieme 
sens  oppose  au  premier  sens; 

un  deuxieme  moyen  de  guidage  (7)  qui 
guide  le  faisceau  objet  (III); 

35  un  troisieme  moyen  de  guidage  (9)  qui 
projette  la  phase  complementaire  de  I'onde 
d'objet  de  I'element  optique  non-lineaire  (12) 
sur  un  moyen  d'observation  d'image  (10);  ca- 
racterise  en  ce  que  le  deuxieme  moyen  de 

40  guidage  (7)  prevoit  un  moyen  d'expansion  de 
faisceau  qui  eclaire  I'objet  et  une  lentille  de 
focalisation  (11)  qui  focalise  la  lumiere  refletee 
de  I'objet  sur  I'element  optique  non-lineaire 
(12);  et  en  ce  qu'un  moyen  optique  a  retard 

45  variable  (13)  est  situe  au  minimum  sur  un  des 
chemins  optiques  du  faisceau  de  reference 
(I,  II)  ou  du  faisceau  objet  (III)  afin  de  varier  la 
longueur  la  longueur  de  chemin  optique  du 
faisceau  de  reference  (I,  II)  par  rapport  au  fais- 

50  ceau  d'objet  (III)  afin  d'obtenir  une  image  et  de 
representer  le  front  d'onde  reflete  de  I'objet. 

2.  Appareil  selon  la  revendication  1,  dont  le 
moyen  optique  de  retard  (13)  comportent  un 

55  miroir  mobile. 

3.  Appareil  selon  I'une  ou  I'autre  des  revendica- 
tions  precedentes,  dont  le  premier  moyen  de 

12 



21  EP  0  271  339  B1  22 

guidage  comporte  un  miroir  semi-transparent 
(4)  qui  dedouble  le  faisceau  de  reference  en 
deux  faisceaux  (I  et  II)  et  deux  miroirs  reflec- 
teurs  (5,6)  qui  regoivent  et  dirigent  depuis  des 
sens  opposes  les  deux  faisceaux  (I  et  II)  vers  5 
I'element  optique  non-lineaire  (12). 

4.  Appareil  selon  I'une  ou  I'autre  des  revendica- 
tions  precedentes,  dont  le  premier  moyen  de 
guidage  comporte  un  miroir  semi-transparent  10 
(9)  qui  passe  le  faisceau  objet  depuis  I'objet  a 
I'element  non-lineaire  (12)  et  reflete  I'onde  a 
phase  complementaire  de  I'element  optique 
non-lineaire  au  moyen  d'observation  d'image- 
(10)  .  75 

5.  Appareil  selon  la  revendication  4,  dont  un  mas- 
que  pour  passer  exclusivement  le  faisceau  ob- 
jet  transmis  par  I'objet  est  situe  sur  le  chemin 
optique  entre  I'objet  et  I'element  optique  non-  20 
lineaire  (12). 

6.  Appareil  selon  I'une  ou  I'autre  des  revendica- 
tions  precedentes,  dont  le  moyen  d'observa- 
tion  d'image  (10)  comporte  un  dispositif  cap-  25 
teur  d'image,  un  ecran  luminophore  ou  la  sur- 
face  photosensible  d'un  tube  de  visualisation. 

7.  Appareil  selon  I'une  ou  I'autre  des  revendica- 
tions  precedentes,  dont  le  faisceau  pulse  de-  30 
puis  la  source  laser  (1)  prevoit  une  duree  de 
I'ordre  de  plusieurs  picosecondes. 

8.  Appareil  selon  I'une  ou  I'autre  des  revendica- 
tions  precedentes  comportant  en  outre  une  35 
plaque  de  montage  (132)  sur  laquelle  I'objet 
est  monte  et  qui  admet  la  rotation  en  deux 
axes  de  coordonnees  tri-dimensionnelles  rec- 
tangulaires  et  le  glissement  le  long  du  dernier 
axe.  40 

45 
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