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Description 

The  present  invention  relates  to  a  spectroscope  designed  to  obtain  a  spectral  distribution  of  the  incident 
light  by  Fourier-transforming  a  spatial  interferogram  that  is  formed  by  a  quadrangular  common  path  interfer- 

5  ometer.  More  particularly,  the  present  invention  relates  to  a  Fourier  transform  spectroscope  with  a  quadran- 
gular  common  path  interferometer  which  is  capable  of  highly  sensitive  spectroscopic  detection  of  light  from  a 
luminous  source  with  a  finite  area  and  hence  suitable  for  spectroscopic  detection  of  extremely  weak  lumines- 
cence,  for  example,  bioluminescence,  chemiluminescence,  fluorescence  from  a  biological  specimen,  etc. 

Conventional  spectroscopes  may  be  roughly  classified  into  the  following  three  types:  a  dispersive  spec- 
10  troscope  that  employs  a  spectroscopic  prism  or  a  diffraction  grating;  a  temporal  Fourier  transform  spectro- 

scope  designed  to  obtain  a  spectral  distribution  of  the  incident  light  by  Fourier-transforming  the  temporal  signal 
of  a  temporal  interferogram  that  is  formed  by  moving  a  moving  mirror  of  a  Michelson  interferometer;  and  a  spa- 
tial  Fourier  transform  spectroscope  designed  to  obtain  a  spectral  distribution  of  the  incident  light  by  Fourier- 
transforming  a  spatial  interferogram  that  is  formed  by  a  double  beam  interferometer,  for  example,  a  quadran- 

15  gular  common  path  interferometer. 
Referring  to  Fig.  13,  in  the  conventional  spatial  Fourier  transform  spectroscope  that  employs  a  quadran- 

gular  common  path  interferometer  as  previously  discussed  in  for  example  US  Patent  No.  4983041  (see  Figure 
6),  light  from  a  light  source  1  that  is  placed  at  the  front  focal  point  of  a  condenser  lens  L1  with  a  focal  length  f 
is  converted  into  a  parallel  light  beam  through  the  condenser  lens  L1  and  then  divided  into  two  beams,  that  is, 

20  transmitted  light  and  reflected  light  by  a  beam  splitter  BS.  The  transmitted  light  returns  to  the  beam  splitter 
BS  via  mirrors  M3,  M2  and  M1  and  passes  it  and  is  then  focused  by  an  imaging  lens  L2  with  a  focal  length  f 
to  form  a  light  source  image  once  at  the  back  focal  point  of  the  lens  L2.  Thereafter,  the  light,  which  is  now  in 
the  form  of  a  divergent  light  beam,  enters  a  one-  or  two-dimensional  photodetector  D  that  is  disposed  at  a  pos- 
ition  conjugate  with  the  mirror  M2.  Meantime,  the  reflected  light  from  the  beam  splitter  BS  returns  it  via  the 

25  mirrors  M1  ,  M2  and  M3  in  the  opposite  direction  to  the  above.  The  light  is  reflected  therefrom  and  then  focused 
by  the  imaging  lens  L2  to  form  a  light  source  image  once  at  the  back  focal  point  of  the  lens  L2.  Thereafter,  the 
light  enters  the  photodetector  D  where  it  interferes  with  the  above-described  transmitted  light,  thereby  forming 
a  spatial  interferogram  on  a  detecting  surface  of  the  photodetector  D.  The  distance  between  the  successive 
interference  fringes  of  the  interferogram  is  determined  by  the  inclination  angle  9  of  the  mirror  M2  from  the  45° 

30  plane.  The  interferogram  signal  that  is  obtained  by  the  one-  or  two-dimensional  photodetector  D  is  subjected 
to  spatial  Fourier  transform  to  analyze  the  spatial  frequency  distribution  of  the  signal,  thereby  obtaining  a  spec- 
tral  distribution  of  the  light  source  1. 

Incidentally,  the  spatial  Fourier  transform  spectroscope  is  superior  in  comparison  with  the  temporal  Fourier 
transform  spectroscope,  as  described  later.  Therefore,  it  may  be  considered  practical  to  use  the  conventional 

35  Fourier  transform  spectroscope  employing  a  quadrangular  common  path  interferometer  such  as  that  shown 
in  Fig.  13.  However,  it  is  not  necessarily  possible  to  say  that  the  conventional  quadrangular  common  path  in- 
terferometer  has  a  satisfactory  optical  arrangement.  In  particular,  it  needs  two  lenses,  that  is,  the  condenser 
lens  L1  and  the  imaging  lens  L2,  and  it  is  necessary  to  dispose  the  two-dimensional  photodetector  D  at  a  pos- 
ition  conjugate  with  the  mirror  M2. 

40  Fig.  14  shows  an  equivalent  optical  path  diagram  of  the  conventional  Fourier  transform  spectroscope  with 
a  quadrangular  common  path  interferometer.  Assuming  that  a  plane  that  passes  through  the  center  of  the  mirror 
M2  and  perpendicularly  intersects  the  optical  axis  is  defined  as  a  plane  A,  the  detecting  surface  of  the  photo- 
detector  D  as  a  plane  B,  the  distance  between  the  plane  A  and  the  imaging  lens  L2  as  a',  and  the  distance 
between  the  imaging  lens  L2  and  the  plane  B  as  b',  the  planes  A  and  B  have  a  positional  relationship  to  each 

45  other  in  terms  of  the  image  formation,  which  is  given  by 
1/a'  +  Mb'  =  1/f 

However,  the  light  source  1  and  the  plane  A  are  not  in  imagery  positional  relation  to  each  other.  Noting  the 
fact  that  light  beams  which  travel  counter  to  each  other  are  inclined  at  49  relative  to  each  other  by  the  mirror 
M2,  the  interference  occurring  on  the  plane  B  may  be  considered  equivalent  to  that  divergent  light  beams  which 

50  are  emitted  from  the  respective  light  sources  1  disposed  on  respective  axes  intersecting  each  other  at  the  pos- 
ition  of  the  plane  Awith  an  inclination  49  relative  to  each  other  are  converted  into  parallel  light  beams  through 
the  respective  condenser  lenses  L1,  and  these  two  plane  waves  enter  the  common  imaging  lens  L2  with  an 
inclination  49  relative  to  each  other  and  are  once  condensed  to  the  back  focal  point  of  the  lens  L2,  and  then 
the  light  beams  diverging  therefrom  interfere  with  each  other  to  form  Young's  interference  fringes  on  the  plane 

55  B  (interference  plane)  that  is  conjugate  with  the  plane  A. 
However,  as  will  be  clear  from  the  arrangement  shown  in  Fig.  14,  the  conventional  Fourier  transform  spec- 

troscope  with  a  quadrangular  common  path  interferometer  enables  interference  fringes  of  high  contrast  (con- 
trast  ratio  of  about  1)  to  be  obtained  on  the  plane  B  (also  on  another  plane)  only  when  the  light  source  1  can 
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be  approximated  to  a  point  source.  If  the  light  source  1  has  a  finite  area,  since  the  plane  A  is  not  a  geometrical 
optics  image  of  the  light  source  1  ,  light  at  each  point  on  the  plane  A  is  superposition  of  light  rays  from  various 
points  of  the  light  source  1  .  Accordingly,  since  the  plane  B  is  conjugated  with  the  plane  A,  light  rays  from  the 
entire  area  of  the  light  source  1  are  superimposed  at  each  point  on  the  plane  B  in  the  same  way  as  in  the  case 

5  of  the  plane  A.  As  the  light  source  1  increases  in  size,  the  number  of  light  rays  superimposed  increases.  There- 
fore,  although  the  plane  B  is  a  plane  where  interference  fringes  can  be  formed,  the  contrast  lowers  as  the  light 
source  1  increases  in  size. 

In  view  of  these  circumstances,  it  is  an  object  of  the  present  invention  to  solve  the  above-described  prob- 
lems  of  the  prior  art  and  provide  an  apparatus  for  effecting  spatial  Fourier  transform  spectroscopic  detection 

10  of  light  from  a  surface  luminescent  object  with  high  sensitivity  by  use  of  a  quadrangular  common  path  inter- 
ferometer. 

To  attain  the  above-described  object,  the  present  invention  provides  a  Fourier  transform  spectroscope  with 
a  quadrangular  common  path  interferometer,  including  a  beam  splitter,  first,  second  and  third  reflecting  mirrors, 
an  imaging  optical  system,  and  a  detecting  means  disposed  at  a  position  which  is  substantially  conjugate  with 

15  the  second  reflecting  mirror  with  respect  to  the  imaging  optical  system  for  detecting  a  one-  ortwo-dimentional 
distribution  image  of  interference  fringes,  the  beam  splitter  and  the  first  to  third  reflecting  mirrors  being  dis- 
posed  respectively  at  the  vertices  of  a  quadrangle,  the  first  to  third  reflecting  mirrors  being  arranged  such  that 
a  light  beam  transmitted  through  the  beam  splitter  is  sequentially  reflected  so  as  to  return  to  a  plane  of  inci- 
dence  of  the  beam  splitter,  while  and  a  light  beam  reflected  from  the  beam  splitter  is  sequentially  reflected  in 

20  the  opposite  direction  to  the  above  so  as  to  return  to  a  plane  of  emergence  of  the  beam  splitter,  whereby  a 
light  beam  that  is  first  transmitted  through  the  beam  splitter  and  then  passed  via  the  first  to  third  reflecting 
mirrors  and  transmitted  through  the  beam  splitter  again  is  made  incident  on  the  imaging  optical  system,  to- 
gether  with  a  light  beam  that  is  first  reflected  from  the  beam  splitter  and  then  passed  via  the  third  to  first  re- 
flecting  mirrors  and  reflected  from  the  beam  splitter  again,  thereby  causing  the  two  light  beams  to  interfere 

25  with  each  other  at  a  position  which  is  substantially  conjugate  with  the  second  reflecting  mirror  with  respect  to 
the  imaging  optical  system,  and  the  resulting  interference  fringes  are  detected  with  the  detecting  means  and 
subjected  to  spatial  Fourier  transform  to  thereby  obtain  a  spectral  distribution  of  light  from  a  specimen,  wherein 
the  improvement  comprises  a  second  imaging  optical  system  which  converges  a  light  beam  from  the  specimen 
so  as  to  enter  the  beam  splitter,  the  second  imaging  optical  system  being  disposed  so  that  the  position  of  the 

30  focussed  image  of  said  specimen  (1)  is  substantially  coincident  with  the  position  of  the  second  reflecting  mirror. 
Preferably,  the  specimen  is  one  that  extends  perpendicularly  to  the  optical  axis,  for  example,  a  biological 

specimen  that  emits  extremely  weak  light. 
In  the  Fourier  transform  spectroscope  with  a  quadrangular  common  path  interferometer,  a  light  beam  from 

a  specimen  is  converged  by  the  second  imaging  optical  system  so  as  to  enter  the  beam  splitter,  the  second 
35  imaging  optical  system  being  disposed  so  that  an  imagery  position  thereof  is  substantially  coincident  with  the 

position  of  the  second  reflecting  mirror.  Accordingly,  the  light  beam  that  participates  in  the  interference  is  not 
the  superposition  of  light  rays  from  the  entire  area  of  the  specimen  as  in  the  prior  art,  but  it  is  determined  by 
the  aperture  angle  (i.e.  the  angle  of  reception  of  light)  which  is,  in  turn,  determined  by  the  angle  of  inclination 
of  the  second  reflecting  mirror,  the  aperture  of  the  imaging  optical  system  located  in  front  of  the  detecting 

40  means,  and  the  distance  from  this  optical  system  to  the  second  reflecting  mirror.  Thus,  the  contrast  becomes 
higher  than  in  the  prior  art.  In  addition,  as  the  specimen  increases  in  size,  the  contrast  of  interference  fringes 
becomes  progressively  higher  than  in  the  prior  art.  In  the  conventional  Fourier  transform  spectroscope  with  a 
quadrangular  common  path  interferometer,  as  the  specimen  increases  in  size,  the  contrast  becomes  lower, 
whereas,  in  the  present  invention,  as  the  inclination  angle  of  the  second  reflecting  mirror  increases,  the  contrast 

45  becomes  lower.  In  other  words,  if  the  resolving  power  is  lowered,  it  is  possible  to  measure  a  relatively  large 
specimen.  Further,  since  the  apparatus  of  the  present  invention  needs  no  movable  part,  it  is  possible  to  achieve 
spectroscopic  detection  of  high  sensitivity  with  a  simplified  arrangement.  Accordingly,  the  Fourier  transform 
spectroscope  with  a  quadrangular  common  path  interferometer  according  to  the  present  invention  is  suitable 
for  spectroscopic  detection  of  extremely  weak  luminescence,  for  example,  bioluminescence,  chemilumines- 

50  cence,  fluorescence  from  a  biological  specimen,  etc. 
Still  other  objects  and  advantages  of  the  invention  will  in  part  be  obvious  and  will  in  part  be  apparent  from 

the  specification. 
The  invention  accordingly  comprises  the  features  of  construction,  combinations  of  elements,  and  arrange- 

ment  of  parts  which  will  be  exemplified  in  the  construction  hereinafter  set  forth,  and  the  scope  of  the  invention 
55  will  be  indicated  in  the  claims. 
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BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Fig.  1  is  an  optical  path  diagram  showing  one  embodiment  of  the  Fourier  transform  spectroscope  with  a 
quadrangular  common  path  interferometer  according  to  the  present  invention; 

5  Fig.  2  is  an  equivalent  optical  path  diagram  of  the  apparatus  shown  in  Fig.  1; 
Fig.  3  illustrates  the  way  in  which  interference  occurs; 
Figs.  4  to  12  illustrate  examples  of  known  one-  or  two-dimensional  photodetectors; 
Fig.  13  is  an  optical  path  diagram  showing  a  conventional  spatial  Fourier  transform  spectroscope  employ- 
ing  a  quadrangular  common  path  interferometer;  and 

10  Fig.  14  is  an  equivalent  optical  path  diagram  of  the  apparatus  shown  in  Fig.  13. 
One  embodiment  of  the  Fourier  transform  spectroscope  with  a  quadrangular  common  path  interferometer 

according  to  the  present  invention  will  be  described  below  with  reference  to  the  accompanying  drawings. 
Fig.  1  is  an  optical  path  diagram  showing  one  embodiment  of  the  Fourier  transform  spectroscope  with  a 

quadrangular  common  path  interferometer  according  to  the  present  invention,  and  Fig.  2  is  an  equivalent  opt- 
15  ical  path  diagram  of  the  apparatus  shown  in  Fig.  1.  In  these  figures,  the  same  constituent  elements  as  those 

shown  in  Figs.  1  3  and  14  are  denoted  by  the  same  reference  numerals.  The  arrangement  shown  in  Figs.  1  and 
2  differs  from  the  prior  art  arrangement  shown  in  Figs.  13  and  14  in  that  the  spectroscope  of  the  present  in- 
vention  employs  an  imaging  lens  L  that  forms  an  image  of  the  light  source  1  on  the  mirror  M2  in  place  of  the 
condenser  lens  L1  that  converts  the  light  from  the  light  source  1  into  a  parallel  light  beam  as  in  the  prior  art. 

20  For  simplification,  the  focal  length  of  the  imaging  lens  L  is  assumed  to  be  f. 
More  specifically,  a  divergent  light  beam  from  a  light  source  1  which  is  placed  a  distance  a  (a>f)  forwardly 

from  a  first  imaging  lens  L  is  converted  into  a  convergent  light  beam  through  the  imaging  lens  Land  then  divided 
by  a  beam  splitter  BS  into  two  beams,  that  is,  transmitted  light  and  reflected  light.  The  transmitted  light  is  con- 
densed  (focused)  to  the  position  of  a  mirror  M2  via  a  mirror  M3.  The  optical  distance  from  the  imaging  lens  L 

25  to  the  mirror  M2  is  assumed  to  be  b.  The  light  beam  that  is  reflected  from  the  mirror  M2  returns  to  the  beam 
splitter  BS  via  the  mirror  M1  in  the  form  of  a  divergent  light  beam  again.  The  light  beam  is  transmitted  through 
the  beam  splitter  BS  and  condensed  through  an  imaging  lens  L2  with  a  focal  length  f  to  a  position  which  is 
conjugate  with  the  mirror  M2.  At  this  conjugate  position  is  disposed  a  one-  or  two-dimensional  photodetector 
D  that  detects  a  spatial  interferogram.  Meantime,  the  refected  light  from  the  beam  splitter  BS  is  reflected  by 

30  the  mirror  M1  in  the  opposite  direction  to  the  above  so  as  to  be  condensed  to  the  position  of  the  mirror  M2  and 
then  returns  to  the  beam  splitter  BS  via  the  mirror  M3.  The  reflected  light  is  further  reflected  by  the  beam  splitter 
BS  and  focused  through  the  imaging  lens  L2  to  a  detecting  surface  of  the  photodetector  D  conjugate  with  the 
mirror  M2,  thus  causing  interference  with  the  above-described  transmitted  light  to  thereby  form  a  spatial  in- 
terferogram  on  the  detecting  surface  of  the  photodetector  D.  The  distance  between  the  successive  interference 

35  fringes  of  the  interferogram  is  determined  by  the  inclination  angle  9  of  the  mirror  M2  from  the  45°  plane.  The 
interferogram  signal  that  is  obtained  by  the  one-  or  two-dimensional  photodetector  D  is  subjected  to  spatial 
Fourier  transform  to  analyze  the  spatial  frequency  distribution  of  the  signal,  thereby  obtaining  a  spectral  dis- 
tribution  of  the  light  source  1. 

Assuming  that  a  plane  that  passes  through  the  center  of  the  mirror  M2  and  perpendicularly  intersects  the 
40  optical  axis  is  defined  as  a  plane  A,  the  detecting  surface  of  the  photodetector  D  as  a  plane  B,  the  distance 

between  the  plane  A  and  the  imaging  lens  L2  as  a',  and  the  distance  between  the  imaging  lens  L2  and  the 
plane  B  as  b',  the  light  source  1  and  the  plane  A  are  in  imagery  positional  relationship  with  each  other,  which 
is  given  by 

1/a  +  Mb  =  1/f 
45  and  the  planes  A  and  B  have  an  imagery  positional  relationship  which  is  given  by 

1/a'  +  Mb'  =  1/f 
Thus,  the  light  source  1  and  the  plane  B,  which  is  an  interference  plate,  are  in  imagery  positional  relation  with 
each  other.  Accordingly,  the  fact  that  light  beams  which  travel  counter  to  each  other  are  inclined  at  49  relative 
to  each  other  by  the  mirror  M2  is  equivalent  to  that  divergent  light  beams  which  are  emitted  from  respective 

so  points  on  different  surface  light  sources  1  disposed  on  respective  axes  intersecting  each  other  at  the  position 
of  the  plane  A  with  an  inclination  49  relative  to  each  other  are  converted  into  convergent  light  beams  through 
the  respective  imaging  lenses  L  and  condensed  so  as  to  be  focused  on  image  planes  which  are  inclined  for- 
wardly  and  backwardly,  respectively,  relative  to  each  other  at  an  angle  of  49,  including  the  plane  A  set  at  the 
position  of  the  mirror  M2.  With  each  of  the  inclined  light  source  images  defined  as  a  set  of  point  sources,  di- 

ss  vergent  light  beams  from  particular  corresponding  points  on  the  light  source  images  enter  the  imaging  lens 
L2  at  an  aperture  angle  (i.e.,  the  angle  of  reception  of  light)  which  is  determined  by  the  aperture  of  the  imaging 
lens  L2  and  the  distance  a'  (and  hence  the  distance  b')  and  are  condensed  again  to  the  corresponding  points 
on  the  respective  image  planes  including  the  plane  B.  Accordingly,  interference  fringes  based  on  the  distance 
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between  the  two  image  planes  are  produced  on  the  plane  B. 
The  interference  occurring  on  the  plane  B  will  be  explained  below  in  more  detail.  Referring  to  Fig.  3,  a  light 

source  image  that  is  formed  in  the  vicinity  of  the  plane  B  via  the  mirrors  M1,  M2  and  M3  is  defined  as  a  light 
source  image  I,  while  a  light  source  image  formed  in  the  vicinity  of  the  plane  B  via  the  mirrors  M3,  M2  and  M1 

5  is  defined  as  a  light  source  image  II.  Light  beams  I  and  II  that  are  emitted  from  a  particular  point  on  the  light 
source  1  and  condensed  to  the  respective  planes  of  the  light  source  images  I  and  II  are  shown  by  the  solid 
and  one-dot  chain  lines,  respectively,  as  illustrated.  Accordingly,  the  light  beam  I  that  is  condensed  to  the  plane 
of  the  light  source  iamge  I  and  then  diverged  again  and  the  light  beam  II  that  is  to  be  condensed  to  the  plane 
of  the  light  source  image  II  are  incident  on  the  plane  B.  Since  these  light  beams  I  and  II  are  light  emitted  from 

10  the  same  point  on  the  surface  light  source  1,  the  beams  I  and  II  interfere  with  each  other  on  the  plane  B.  Wheth- 
er  or  not  the  interference  is  the  one  that  enhance  the  two  beams  each  other  is  determined  according  to  whether 
or  not  the  distance  A  between  the  two  image  planes  is  an  integer  multiple  of  the  wavelength.  Therefore,  inter- 
ference  fringes  which  are  equally  spaced  are  produced  on  the  plane  B,  depending  upon  the  wavelength.  On 
the  plane  B,  the  spread  of  the  two  light  beams  becomes  larger  as  the  distance  from  the  center  O  increases; 

15  therefore,  the  remoter  from  the  center  O,  the  lower  the  contrast  of  the  interference  fringes.  Moreover,  the 
spread  of  the  light  beams  I  and  II  on  the  plane  B  is  determined  by  the  aperture  angle  (i.e.,  the  angle  of  reception 
of  light)  which  is,  in  turn,  determined  by  the  inclination  angle  9  of  the  mirror  M2,  the  aperture  of  the  imaging 
lens  L2  and  the  distance  a'  (and  hence  the  distance  b').  In  addition,  the  range  within  which  interference  fringes 
can  be  produced  is  determined  by  the  region  that  is  defined  by  the  light  source  images  I  and  II. 

20  As  has  been  described  above,  the  superposition  of  light  beams  on  the  plane  B  is  not  the  superposition  of 
light  beams  from  the  entire  area  of  the  light  source  1  as  in  the  prior  art,  but  it  is  determined  by  the  aperture 
angle  (i.e.,  the  angle  of  reception  of  light)  which  is,  in  turn,  determined  by  the  inclination  angle  9  of  the  mirror 
M2,  the  aperture  of  the  imaging  lens  L2  and  the  distance  a'  (and  hence  the  distance  b').  Accordingly,  when 
the  aperture  angle  (49)  that  is  determined  by  the  inclination  of  the  mirror  M2  is  smaller  than  the  angle  that  is 

25  estimated  for  a  finite  light  source  by  the  condenser  lens  in  the  prior  art  apparatus,  the  contrast  is  higher  in  the 
present  invention  than  in  the  prior  art.  In  other  words,  the  apparatus  of  the  present  invention  enables  the  con- 
trast  of  the  interference  fringes  to  become  progressively  higher  than  in  the  priorartas  the  light  source  increases 
in  size..  In  the  conventional  Fourier  transform  spectroscope  with  a  quadrangular  common  path  interferometer, 
the  contrast  lowers  as  the  specimen  increases  in  size,  whereas,  in  the  present  invention,  the  contrast  lowers 

30  as  the  inclination  angle  of  the  second  reflecting  mirror  increases.  In  other  words,  if  the  resolving  power  is  low- 
ered,  it  is  possible  to  measure  a  relatively  large  specimen.  Morover,  a  surface  light  source  does  not  necessitate 
points  thereon  to  be  coherent  to  each  other.  Since  the  apparatus  of  the  present  invention  needs  no  movable 
part,  it  is  possible  to  achieve  spectroscopic  detection  of  high  sensitivity  with  a  simplified  arrangement.  By  virtue 
of  the  foregoing  advantageous  features,  the  Fourier  transform  spectroscope  with  a  quadrangular  common  path 

35  interferometer  according  to  the  present  invention  is  suitable  for  spectroscopic  detection  of  extremely  weak  lu- 
minescence,  for  example,  bioluminescence,  chemiluminescence,  fluorescence  from  a  biological  specimen, 
etc. 

In  the  present  invention,  various  known  types  of  photodetector  may  be  employed  as  the  one-  or  two-di- 
mensional  photodetector  D.  Such  known  photodetectors  may  be  roughly  classifed  into  solid-state  image  sen- 

40  sors  and  photoelectric  conversion  image  sensors.  Examples  of  solid-state  image  sensors  include  a  parallel 
independent  processing  photodiode  array  shown  in  Fig.  4,  a  charge-coupled  device  (CCD)  type  image  sensor 
shown  in  Fig.  5,  and  a  field-effect  transistor  (MOS)  type  image  sensor  shown  in  Fig.  6. 

The  parallel  independent  processing  photodiode  array  is  arranged  such  that  photodiodes  100  with  photo- 
voltaic  effect  are  arranged  in  the  form  of  an  array  and  wired,  as  shown  in  Fig.  4,  so  that  an  output  of  each  pho- 

45  todiode  can  be  taken  out  directly.  Since  a  signal  can  be  independently  extracted  from  each  photodiode,  it  is 
possible  to  access  a  specific  photodiode  according  to  need  and  perform  parallel  independent  processing  of 
signals  from  the  photodiodes,  for  example,  processing  of  changing  over  a  signal  having  the  background  light 
removed  therefrom  (i.e.,  AC  component  signal)  and  a  signal  having  the  background  light  left  therein  (i.e.,  DC 
component  signal)  from  one  to  the  other. 

so  The  CCD  type  image  sensor  is  arranged  such  that  a  p-type  layer  is  formed  on,  for  example,  an  n-type 
silicon  wafer  by  diffusion  or  or  epitaxial  growth  and  then  electrodes  are  provided  thereon  in  such  a  manner 
that  picture  elements  110  each  comprising  three  electrodes  are  arranged  in  a  matrix,  as  shown  in  Fig.  5.  By 
sequentially  and  selectively  switching  the  voltage  applied  to  three  electrodes  constituting  each  picture  ele- 
ment,  a  signal  charge  (e.g.,  holes)  induced  by  the  incident  light  is  sequentially  transferred  in  one  direction, 

55  thereby  taking  out  an  image  signal.  By  cooling  CCD,  it  is  possible  to  reduce  the  dark  current  and  fixed  noise, 
which  are  generated  at  ordinary  temperatures. 

The  MOS  type  image  sensor  is  arranged  such  that  picture  elements  120  each  comprising  two  electrodes 
which  correspond  respectively  to  X-  and  Y-coordinates  are  arranged  in  a  matrix,  as  shown  in  Fig.  6,  and  each 

5 



EP0  468  816  B1 

picture  element  constitutes  a  switching  circuit  together  with  a  scanning  circuit  formed  from  MOS  type  field- 
effect  transistor.  To  take  out  an  image  signal  from  the  sensor,  scanning  pulses  are  applied  to  the  picture  ele- 
ments  from  X-  and  Y-axis  scanning  signal  generators  shown  in  Fig.  6,  and  signal  charges  that  are  induced  in 
the  picture  elements  in  response  to  the  incident  light  are  taken  out  as  a  signal  current  from  picture  elements 

5  whose  electrodes  corresponding  to  the  X-and  Y-axes  are  0  in  voltage. 
Examples  of  photoelectric  conversion  image  sensors  include  a  static  focus  MCP  diode  array  which  com- 

prises  a  combination  of  a  microchannel  plate  (MCP)  and  a  diode  array,  as  shown  in  Fig.  7,  a  proximity  MCP 
diode  array  such  as  that  shown  in  Fig.  8,  an  image  orthicon  shown  in  Fig.  9,  a  vidicon  shown  in  Fig.  10,  a  pho- 
tonic  microscope  system  (VIM  system)  which  comprises  a  combination  of  a  MCP  and  a  vidicon,  as  shown  in 

10  Fig.  11,  and  a  photocounting  image  acquisition  system  (PIAS)  which  comprises  a  combination  of  a  MCP  and 
a  semiconductor  position  detecting  element,  as  shown  in  Fig.  12. 

In  the  static  focus  MCP  diode  array,  as  shown  in  Fig.  7,  incident  light  causes  emission  of  photoelectrons 
136  on  a  photoelectric  surface  130,  and  the  photoelectrons  are  accelerated  and  focused  by  an  electron  lens 
system  131  to  enter  an  MCP  132.  The  electrons  are  multiplied  in  the  MCP  132  and  made  incident  on  a  fluor- 

15  escent  screen  133  to  emit  light.  The  light  emitted  from  the  fluorescent  screen  133  enters  a  diode  array  135 
through  optical  fibers  134  to  output  an  image  signal. 

In  the  proximity  MCP  diode  array,  as  shown  in  Fig.  8,  incident  light  causes  emission  of  photoelectrons  on 
a  photoelectric  surface  140,  and  the  photoelectrons  enter  an  MCP  141  directly.  The  electrons  are  multiplied 
in  the  MCP  141  and  made  incident  on  a  fluorescent  screen  142  to  emit  light.  The  light  from  the  fluorescent 

20  screen  142  enters  a  diode  array  144  through  optical  fibers  143  to  output  an  image  signal. 
In  the  image  orthicon,  as  shown  in  Fig.  9,  photoelectrons  151  are  emitted  from  a  photoelectric  cathode 

150  in  accordance  with  the  incident  light,  and  the  photoelectrons  151  are  accelerated  to  pass  through  a  target 
mesh  152  and  collide  against  a  target  (low-resistance  glass  plate  with  a  thickness  of  several  urn)  153.  As  a 
result,  secondary  electrons  are  emitted  from  the  target  1  53  and  these  electrons  are  collected  on  a  target  mesh, 

25  so  that  a  positive  charge  image  corresponding  to  the  incident  light  is  formed  on  the  target.  When  the  target 
surface  is  scanned  with  an  electron  beam  154  in  this  state,  the  positive  charge  on  the  target  surface  is  neu- 
tralized  since  a  retarding  field  is  formed  near  the  target  surface.  The  electrons  left  after  the  neutralization  have 
been  density-modulated  by  the  positive  charge  on  the  target.  The  electron  beam  arrives  near  an  electron  gun 
155  through  substantially  the  same  orbit  as  the  previous  electron  orbit.  The  return  electron  beam  is  amplified 

30  by  a  secondary-electron  multiplier  156  that  is  disposed  near  the  electron  gun  155,  thereby  outputting  an  image 
signal. 

In  the  vidicon,  a  target  has  a  structure  in  which  a  transparent  conductive  film  161  and  a  photoconductive 
film  162  with  a  high  resistivity  are  stacked  up  on  a  transparent  faceplate  160,  as  shown  in  Fig.  10.  If  there  is 
incident  light  after  scanning  with  an  electron  beam  163,  electron-hole  pairs  are  generated.  The  electrons  flow 

35  through  the  transparent  conductive  film  161  to  a  signal  electrode  164,  whereas  the  holes  move  to  the  scanned 
surface  of  the  photoconductuve  film  162.  When  the  surface  of  the  photoconductive  film  162  is  scanned  again 
with  the  electron  beam  163,  the  electron  beam  flows  into  the  target  in  accordance  with  the  size  of  surface  po- 
tential  built  up  by  the  holes  and  comes  out  through  the  signal  electrode  164  in  the  form  of  an  image  signal. 

The  VIM  system  comprises  a  combination  of  a  two-dimensional  photon  counting  tube  170  and  a  low-visual 
40  persistence  vidicon  171,  as  shown  in  Fig.  11.  Light  that  enters  the  two-dimensional  photon  counting  tube  171 

generates  photoelectrons  on  a  photoelectric  surface  172,  and  the  photoelectrons  pass  through  a  mesh  173 
and  an  electron  lens  174  to  enter  an  MCP  (a  two-stage  MCP  in  the  example  shown  in  Fig.  11)  175  where  the 
photoelectrons  are  amplified  and  then  strike  on  a  fluorescent  screen  176  as  a  plane  of  emergence  to  form 
bright  dots,  which  are  focused  to  a  photoelectric  surface  of  the  low-visual  persistance  vidicon  171  through  a 

45  lens  system  177,  thereby  obtaining  an  image  signal  corresponding  to  the  incident  light  from  the  output  of  the 
vidicon  171. 

The  PIAS  system  comprises  a  combination  of  a  two-dimensional  photon  counting  tube  180  similar  to  that 
employed  in  the  VIM  system  (however,  the  photon  counting  tube  180  has  a  three-stage  MCP)  and  a  silicon 
semiconductordetecting  element  181,  as  shown  in  Fig.  12.  Photoelectrons  from  the  MCP  182,  which  have  been 

so  multiplied  and  accelerated,  enter  the  semiconductor  position  detecting  element  181  where  they  are  further  mul- 
tiplied  by  the  electron  bombardment  effect  produced  when  entering  the  detector  181,  and  are  then  output  in 
the  form  of  currrentf  rom  four  electrodes  1  83  around  the  detector  181  through  a  resistance  layer  of  the  detecting 
element  181.  By  inputting  the  four  outputs  to  a  position  computing  unit  (not  shown),  a  position  signal  corre- 
sponding  to  the  incident  light  is  obtained. 

55  Although  some  typical  one-  or  two-dimensional  photodetectors  have  been  described  above,  it  should  be 
noted  that  photodetectors  which  can  be  used  in  the  Fourier  transform  spectroscope  with  a  quadrangular  com- 
mon  path  interferometeraccording  to  the  present  invention  are  not  necessarily  limited  to  those  described  above 
and  that  any  type  of  detector  which  can  detect  light  in  a  one-  or  two-dimensional  manner  can  be  employed. 
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The  following  is  a  description  of  advantages  of  the  spatial  Fourier  transform  spectroscopy,  which  is  utilized 
in  the  present  invention,  over  the  temporal  Fourier  transform  spectroscopy. 

The  Fourier  transform  spectroscopy  in  which  a  temporal  interferogram  is  subjected  to  Fourier  transform 
is  superior  to  the  conventional  dispersive  spectroscopy  and  therefore  it  has  been  developed  and  put  to  practical 

5  use  as  an  apparatus  that  provides  high  brightness  and  high  resolving  power.  More  specifically,  the  temporal 
Fourier  transform  spectroscopy  has  heretofore  been  considered  superior  to  the  dispersive  spectroscopy  be- 
cause  of  two  advantages: 

(1)  Advantage  of  simultaneous  photometry  (multiplex  advantage  or  Fellgett  advantage) 
(2)  Advantage  of  the  utilization  of  light  flux  (Jacquinot  advantage) 

10  However,  the  conventional  Fourier  transform  infrared  spectroscopy  has  been  mostly  applied  to  the  meas- 
urement  of  absorption  of  light,  and  it  has  not  been  employed  for  spectroscopic  detection  of  a  weak  light  source 
or  luminescent  object.  For  this  reason,  researchers  in  this  field  have  believed  the  above-described  advantages 
to  be  true  like  theorem  for  a  long  time  without  making  experimental  confirmation. 

In  the  spectroscopic  detection  of  extremely  weak  light  such  as  biological  photons,  however,  whether  a  par- 
rs  ticular  spectroscopy  is  superior  or  not  is  readily  known  from  the  results  of  the  measurement.  We  conducted  a 

comparative  examination  of  various  kinds  of  spectroscopy  in  order  to  achieve  high-brightness  spectroscopic 
detection  of  biological  photons  which  are  so  weak  as  to  be  invisible  to  the  human  eye  and,  as  a  result,  have 
revealed  that  the  above-described  advantages  are  not  valid. 

First,  in  the  examination  of  the  advantage  of  simultaneous  photometry  (in  general,  this  advantage  is  ex- 
20  pressed  as  multiplex  advantage  in  terms  of  the  Fourier  transform  spectroscopy,  while  it  is  expressed  as  the 

advantage  of  simultaneous  photometry  in  terms  of  the  multichannel  detection  photometry,  for  distinction;  how- 
ever,  the  physical  contents  are  common  to  these  two).  This  advantage  has  heretofore  been  believed  as  follows: 
Assuming  that  the  overall  measuring  time  is  T,  the  measuring  time  for  one  spectral  element  is  T  in  the  temporal 
Fourier  transform  spectroscopy,  and  T/N  (N:  the  number  of  spectral  elements)  in  the  dispersive  spectroscopy. 

25  However,  comparison  of  three  different  types  of  spectroscopy,  that  is,  (1)  FT-IR,  (2)  wavelength  scanning  dis- 
persive  monochromator,  and  (3)  polychromator,  reveals  that  the  contents  of  the  above  statement  are  false. 

In  comparison  of  the  FT-IR  and  the  wavelength  scanning  dispersive  monochromator,  the  FT-IR  is  arranged 
to  detect  interference  fringes  in  a  time-base  domain  from  a  detector,  with  a  moving  mirror  being  scanned,  and 
subject  the  detected  fringes  to  Fourier  transform,  thereby  obtaining  spectral  information  (spectroscopic  infor- 

30  mation).  Accordingly,  scanning  is  effected  for  the  interference  regions  in  place  of  the  spectral  regions  to  take 
in  observation  wavelengths.  The  information  obtained  from  the  interference  regions  and  the  spectral  informa- 
tion  are  in  mathematical  connection  to  each  other,  so  that,  if  the  time  required  to  take  in  all  the  elements  is 
the  same,  the  same  result  is  obtained  with  the  two  methods.  In  other  words,  if  the  wavelength  scanning  of  the 
wavelength  scanning  monochromator  is  performed  in  the  same  way  as  the  moving  mirror  of  the  FT-IR  is  driven, 

35  the  process  is  equivalent  to  that  the  observation  wavelengths  are  taken  in  for  the  spectral  regions.  Thus,  the 
two  methods  differ  from  each  other  only  in  the  way  of  taking  in  observation  wavelengths,  that  is,  whether  wa- 
velengths  are  taken  in  for  the  interference  regions  or  for  the  spectral  regions;  otherwise,  the  two  methods  are 
the  same  as  long  as  the  measuring  time  is  the  same.  In  other  words,  even  if  the  scanning  time  of  the  moving 
mirror  in  the  FT-IR  is  lengthened,  there  is  no  advantageous  effect  to  reduce  variations  of  the  signal  light  as  in 

40  the  polychromator.  If  a  detector  noize,  however,  is  overwhelmingly  high,  this  cannot  be  applied. 
Accordingly,  the  advantage  that  has  heretofore  been  pointed  out  is  not  valid. 

In  contrast,  a  simultaneous  measurement  type  polychromator  wherein,  in  a  dispersive  spectroscope,  no 
exit  split  is  provided  and  a  large  number  of  spectral  elements  are  observed  with  an  array  type  detector,  such 
as  the  polychromator  (Japanese  Patent  Application  No.  01-208744)  developed  by  the  present  inventors,  has 

45  no  scanning  part  and  therefore  the  measuring  time  for  one  spectral  element  is  T.  Accordingly,  unlike  the  above- 
described  (1)  FT-IR  and  (2)  wavelength  scanning  dispersive  monochromator,  the  polychromator  has  the  ad- 
vantage  that  the  observation  time  can  be  lengthened  by  an  amount  corresponding  to  the  number  of  spectral 
elements. 

That  is,  the  advantage  of  simultaneous  photometry,  which  has  heretofore  been  pointed  out,  applies  to  the 
so  simultaneous  measurement  type  polychromator.  The  Fourier  transform  spectroscopy  that  employs  a  static  tri- 

angular  or  quadrangular  common  path  interferometer  has  this  advantage. 
Table  belowshows  the  natures  of  various  kinds  of  spectroscope  in  regard  to  the  advantage  of  simultaneous 

photometry. 

55 
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A d v a n t a g e   of  s i m u l t a n e o u s   p h o t o m e t r y  

A v a i l a b l e   U n a v a i l a b l e  

D i s p e r s i v e   m u l t i w a v e l e n g t h   S c a n n i n g   d i s p e r s i v e   m o n o -  
s i m u l t a n e o u s   m e a s u r e m e n t   c h r o m a t o r   (wi th   s c a n n i n g   p a r t )  

p o l y c h r o m a t o r  

S p a t i a l   F o u r i e r   t r a n s f o r m   M i c h e l s o n   F o u r i e r   t r a n s f o r m  

s p e c t r o s c o p e   wi th   t r i a n g u l a r   s p e c t r o s c o p e   (with  s c a n n i n g  
or  q u a d r a n g u l a r   common  pa th   p a r t )  

i n t e r f e r o m e t e r  

25 
The  advantage  of  the  utilization  of  light  flux  (the  advantage  of  brightness,  Jacquinot  advantage)  will  next 

be  examined.  Hitherto,  the  utilization  of  light  flux  has  been  defined  as  the  product  of  the  effective  cross- 
sectional  area  of  a  spectroscopic  element  and  the  solid  angle  that  is  formed  by  an  exit  opening  (slit  or  aperture) 
for  taking  out  light  with  respect  to  the  center  of  the  spectroscopic  element,  and  used  to  make  a  comparison 

30  between  various  kinds  of  spectroscopy.  However,  it  is  necessary  in  an  actual  spectroscope  to  take  into  con- 
sideration  that,  when  the  exit  opening  defines  the  imagery  plane  of  the  entrance  opening,  the  effects  produced 
by  the  slit  width  and  height  of  the  exit  opening  are  not  the  same.  When  the  exit  opening  defines  not  an  imagery 
plane  but  an  interference  plane,  the  contrast  of  the  interference  fringes  lowers  as  the  entrance  slit  width  in- 
creases.  This  means  that  it  is  necessary  to  take  into  consideration  the  partial  coherence  that  is  determined  by 

35  the  relationship  between  the  entrance  lens  aperture  and  the  slit  width.  Thus,  it  is  necessary  to  take  into  con- 
sideration  the  effects  of  the  slit  width  and  the  slit  height  and  the  contrast  of  the  interference  fringes. 

The  above-described  advantage  of  the  Michelson  Fourier  transform  spectroscope  has  heretofore  been 
considered  such  that  the  spectroscopy  that  employs  an  interferometer  needs  no  slit  but  can  employ  an  en- 
trance  opening  (exit  opening)  with  a  large  area  instead  and  can  use  an  optical  system  with  a  large  solid  angle. 

40  Let  us  consider  first  the  size  of  the  light  source.  In  the  Michelson  interferometer,  the  distance  of  travel  of  the 
moving  mirror  determines  the  number  of  moving  interference  fringes  and  hence  determines  the  resolving  power 
of  the  apparatus.  The  longer  the  path  difference,  the  higher  the  resolving  power.  It  is  assumed  that  the  moving 
mirror  has  moved  through  the  same  distance  d  as  the  size  (width)  of  the  diffraction  grating  of  a  dispersive  spec- 
troscope.  If  the  object  is  assumed  to  be  monochromatic  light  of  wavelength  X,  26IX  interference  fringes  are 

45  obtained.  At  this  time,  in  order  to  enable  a  photodetector  to  detect  interference  fringes  in  the  time  domain,  it 
is  necessary  to  detect  only  the  light  that  is  coincident  with  the  size  of  the  central  fringe  (i.e.,  the  size  of  the 
light  source)  of  concentric  interference  fringes  formed  by  the  Michelson  interferometer.  This  condition  is  equiv- 
alent  to  a  circular  opening  or  a  lens  with  an  aperture  d  and  the  angle  of  diffraction  of  a  0-order  Fraunhofer 
diffraction  pattern  by  a  diff  ration  grating.  In  other  words,  assuming  that  the  size  of  the  converging  mirror  and 

so  the  size  of  the  diffraction  grating  in  the  dispersive  diff  ration  grating  spectroscope  and  the  size  of  the  collimat- 
ing  lens  and  the  path  difference  d  in  the  Michelson  interferometer  are  equal  to  each  other,  the  incident  angle 
of  the  light  source  is  equal  to  the  diffraction  angle  of  the  0-order  diffraction  pattern.  Accordingly,  the  following 
conclusion  is  reached: 

(1)  When  interference  fringes  are  detected  with  a  photodetector,  a  slit  is  needed  at  the  incident  side  of  the 
55  light  source  or  in  front  of  the  photodetector  in  order  to  detect  only  the  central  fringe  of  the  concentric  in- 

terference  fringes  formed  by  the  Michelson  interferometer  (i.e.,  the  statement  that  no  slit  is  needed  is 
false). 
(2)  It  is  possible  to  use  only  an  entrance  opening  with  an  area  which  is  equal  to  the  size  of  the  0-order 
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Fraunhofer  diffraction  pattern  for  an  aperture  equal  to  the  size  of  the  entrance  lens,  the  converging  mirror 
and  the  diffraction  grating  (i.e.,  the  statement  that  an  entrance  opening  with  a  large  area  can  be  used  is 
false). 
Next,  let  us  consider  the  slit  effect.  The  Michelson  interferometer  takes  out  light  at  and  near  the  central 

5  portion  of  concentric  interference  fringes  with  a  circular  opening.  If  a  longitudinal  slit  is  used  as  in  the  dispersive 
spectroscope,  interference  fringes  of  lateral  stripes  are  produced  in  the  central  portion  of  the  concentric  in- 
terference  fringes,  so  that  cancellation  of  intensity  occurs  when  the  light  is  taken  out  with  a  photodetector. 
Therefore,  it  is  possible  to  take  out  only  the  light  of  the  size  equal  to  that  of  the  circular  opening.  In  the  dispersive 
spectroscope,  the  slit  width  participates  in  the  resolving  power  of  the  spectroscope,  and  the  longitudinal  axis 

10  thereof  has  energy  addition  effect.  When  the  width  of  the  slit  is  set  to  the  size  of  the  0-order  diffraction  pattern 
and  the  slit  height  is  set  to  h,  the  energy  addition  effect  is  given  by  h/(Xd).  This  represents  the  number  of  0- 
order  diffraction  patterns  which  can  be  contained  within  the  slit  height,  and  this  number  is  much  larger  than 
in  the  Michelson  interferometer.  In  triangular  and  quadrangular  common  path  interferometers,  an  increase  in 
the  slit  width  causes  a  lowering  in  the  contrast  of  the  interference  fringes,  so  that  the  region  of  the  interference 

15  fringes  decreases,  resulting  in  a  lowering  in  the  resoling  power.  However,  since  the  interference  fringes  are 
longitudinal  lines,  an  increase  in  the  slit  height  provides  energy  addition  effect.  This  is  the  same  as  in  the  case 
of  the  dispersive  spectroscope. 

Thus,  the  above-stated  advantage  of  the  utilization  of  light  flux  is  false,  and  the  conclusion  is  contrary  to 

20  Table  belowshows  the  natures  of  various  kinds  of  spectroscope  in  regard  to  the  advantage  of  the  utilization 
of  light  flux. 

A d v a n t a g e   of  u t i l i z a t i o n   of  l i g h t   f l u x  

A v a i l a b l e   U n a v a i l a b l e  

D i s p e r s i v e   s p e c t r o s o p e   M i c h e l s o n   i n t e r f e r o m e t e r  

S p a t i a l   F o u r i e r   t r a n s f o r m  

s p e c t r o s c o p e   w i t h   t r i a n g u l a r  

or  q u a d r a n g u l a r   common  p a t h  

i n t e r f e r o m e t e r  

45  Thus,  the  Fourier  transform  spectroscope  with  a  quadrangular  common  path  interferometer  according  to 
the  present  invention  is  excellent  in  terms  of  both  the  advantage  of  simultaneous  photometry  and  the  advan- 
tage  of  the  utilization  of  light  flux  in  comparison  to  the  temporal  Fourier  transform  spectroscope. 

To  further  explain  the  merits  of  the  present  invention,  the  following  three  different  types  of  spectroscope 
will  be  compared:  i)  the  high-sensitivity  multiwavelength  simultaneous  photometry  type  spectroscope  (i.e.,  the 

so  above-described  simultanous  measurement  polychromator;  already  filed  as  Japanese  Patent  Application  No. 
01-208744)  wherein  a  one-  or  two-dimensional  photodetector  is  combined  with  a  dispersive  spectroscope  that 
employs  a  diffration  grating  to  form  a  novel  spectroscopic  optical  system  with  a  view  to  achieving  high  sensi- 
tivity;  ii)  the  Fourier  transform  spectroscope  with  a  Michelson  interferometer  (i.e.,  the  above-described  FT-IR) 
wherein  a  temporal  interferogram  is  formed  with  amoving  mirror  of  the  Michelson  interferometer,  which  iswide- 

55  |y  employed  for  infrared  spectroscopy,  being  moved,  and  the  temporal  signal  is  subjected  to  Fourier  transform 
to  thereby  obtain  a  spectrum  of  the  incident  light;  and  iii)  the  Fourier  transform  spectroscope  with  a  quadran- 
gular  common  path  interferometer  according  to  the  present  invention  wherein  a  spatial  interferogram  is  sub- 
jected  to  Fourier  transform  to  obtain  a  spectral  distribution  of  the  incident  light. 
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(1)  Features  of  multiwavelength  simultaneous  photometry  type  spectroscope  (simultanous  measurement 
polychromator) 

1.  It  is  possible  to  select  an  observation  wavelength  region  by  selecting  a  region  where  a  multichannel 
5  detector  is  installed. 

2.  High  sensitivity  is  provided  by  virtue  of  the  advantage  of  simultaneous  photometry  and  the  advantage 
of  the  utilization  of  light  flux. 
3.  If  the  width  of  the  entrance  slit  for  the  specimen  light  is  increased,  the  detection  sensitivity  can  be  im- 
proved  correspondingly  at  the  sacrifice  of  the  resolving  power. 

10  4.  Since  the  factor  that  determines  the  maximum  resolving  power  is  the  width  of  the  diffraction  grating 
and  the  practicable  width  thereof  is  limited,  the  maximum  resolving  power  of  this  apparatus  is  lower  than 
that  of  the  Fourier  transform  spectroscope  with  a  Michelson  interferometer  described  below.  Since  the 
width  of  the  diffraction  grating  can  be  made  larger  than  the  width  of  the  multichannel  detector,  the  maxi- 
mum  resolving  power  is  higher  than  that  of  the  quadrangular  common  path  simultaneous  photometry  spec- 

is  troscope. 

(2)  Features  of  FT-IR 

1.  An  observation  wavelength  region  cannot  be  selected  with  the  same  detector,  so  that  all  the  sensitivity 
20  regions  of  the  detector  are  measured. 

2.  Since  neither  the  advantage  of  simultaneous  photometry  nor  the  advantage  of  the  utilization  of  light 
flux  is  available,  as  described  above,  the  sensitivity  is  the  lowest  of  the  three  spectroscopes. 
3.  If  the  path  difference  between  two  beams  in  the  Michelson  interferometer  is  reduced  and  the  diameter 
of  the  entrance  pinhole  (needed,  as  stated  above)  for  the  specimen  light  is  increased,  the  quantity  of  en- 

25  ergy  entering  the  detector  is  increased  correspondingly,  so  that  the  sensitivity  can  be  improved  at  the  sac- 
rifice  of  the  resolving  power.  Although  it  is  possible  to  increase  the  slit  width  in  an  actual  multiwavelength 
simultaneous  photometry  type  spectroscope  (1),  it  has  not  yet  been  contrived  to  enable  the  scanning  dis- 
tance  of  the  reflecting  mirror  to  be  variable  in  the  Michelson  interferometer  due  to  technical  difficulties. 
4.  The  factor  that  determines  the  maximum  resolving  power  is  the  path  difference  between  two  beams, 

30  and  the  path  difference  can  be  made  larger  than  the  width  of  the  diffraction  grating  and  the  width  of  the 
multichannel  detector,  which  are  the  factors  that  determine  the  maximum  resolving  power  in  the  other  spec- 
troscopes.  Accordingly,  this  type  of  spectroscope  can  provide  the  highest  resolving  power  of  the  three. 

(3)  Features  of  the  quadrangular  common  path  simultaneous  photometry  spectroscope  according  to  the 
35  present  invention 

1  .  An  observation  wavelength  region  cannot  be  selected,  so  that  all  the  sensitivity  regions  of  the  detector 
are  measured. 
2.  The  spatial  interferogram  Fourier  transform  spectroscope  has  both  the  advantage  of  simultaneous  pho- 

40  tometry  and  the  advantage  of  the  utilization  of  light  flux  (pointed  out  in  the  foregoing  description). 
3.  Since  the  width  of  the  multichannel  detector  and  the  number  of  channels,  which  are  factors  that  deter- 
mine  the  maximum  resolving  power,  are  smaller  than  the  width  of  the  diffraction  grating  and  the  number 
of  grooves,  this  type  of  spectroscope  provides  the  lowest  resolving  power  of  the  three  at  the  present  time. 
4.  In  comparison  to  the  conventional  triangular  and  quadrangular  common  path  interferometers,  which  are 

45  spatial  interferogram  Fourier  transform  spectroscopes,  this  type  of  spectroscope  enables  interference  of 
excellent  contrast  to  be  obtained  even  if  the  specimen  light  is  large  in  size,  and  hence  provides  high  sen- 
sitivity.  However,  since  the  contrast  around  the  interference  fringes  lowers  as  the  inclination  angle  of  the 
second  reflecting  mirror  increases,  the  effective  specimen  light  area  decreases  as  the  resolving  power  is 
raised.  Accordingly,  the  detection  sensitivity  can  be  improved  by  increasing  the  size  of  specimen  light  at 

so  the  sacrifice  of  the  resolving  power. 
Thus,  the  spectroscope  of  the  present  invention  is  suitably  used  when  it  is  desired  to  effect  spectroscopic 

detection  of  an  emission  spectrum  from  a  surface  luminescent  specimen  with  high  sensitivity  over  the  whole 
sensitivity  region  of  the  detector  by  making  use  of  the  advantage  of  simultaneous  photometry,  regardless  of 
the  resolving  power. 

55  As  has  been  described  above,  in  the  Fourier  transform  spectroscope  with  a  quadrangular  common  path 
interferometer  according  to  the  present  invention,  a  light  beam  from  a  specimen  is  converged  by  the  second 
imaging  optical  system  so  as  to  enter  the  beam  splitter,  the  second  imaging  optical  system  being  disposed  so 
that  an  imagery  position  thereof  is  substantially  coincident  with  the  position  of  the  second  reflecting  mirror  of 
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the  quadrangular  common  path  interferometer.  Accordingly,  the  light  beam  that  participates  in  the  interference 
is  not  the  superposition  of  light  rays  from  the  entire  area  of  the  specimen  as  in  the  prior  art,  but  it  is  determined 
by  the  aperture  angle  (i.e.  the  angle  of  reception  of  light)  which  is,  in  turn,  determined  by  the  angle  of  inclination 
of  the  second  reflecting  mirror,  the  aperture  of  the  imaging  optical  system  located  in  front  of  the  detecting 

5  means,  and  the  distance  from  this  optial  system  to  the  second  reflecting  mirror.  Thus,  the  contrast  becomes 
higher  than  in  the  prior  art.  In  addition,  as  the  specimen  increases  in  size,  the  contrast  of  interference  fringes 
becomes  progressively  higher  than  in  the  prior  art.  Further,  since  the  apparatus  of  the  present  invention  needs 
no  movable  part,  it  is  possible  to  achieve  spectroscopic  detection  of  high  sensitivity  with  a  simplified  arrange- 
ment.  Accordingly,  the  Fourier  transform  spectroscope  with  a  quadrangular  common  path  interferometer  ae- 

ro  cording  to  the  present  invention  is  suitable  for  spectroscopic  detection  of  extremely  weak  luminescence,  for 
example,  bioluminescence,  chemiluminescence,  fluorescence  from  a  biological  specimen,  etc. 

Claims 
15 

1.  A  Fourier  transform  spectroscope  with  a  quadrangular  common  path  interferometer,  including  a  beam 
splitter  (BS),  first,  second  and  third  reflecting  mirrors  (M1-M3),  an  imaging  optical  system  (L2),  and  a  de- 
tecting  means  (D)  disposed  at  a  position  which  is  substantially  conjugate  with  said  second  reflecting  mirror 
(M2)  with  respect  to  said  imaging  optical  system  (L2)  for  detecting  a  one-  or  two-dimensional  distribution 

20  image  of  interference  fringes,  said  beam  splitter  (BS)  and  said  first  to  third  reflecting  mirrors  (M1-M3) 
being  disposed  respectively  at  the  vertices  of  a  quadrangle,  said  first  to  third  reflecting  mirrors  (M1-M3) 
being  arranged  such  that  a  light  beam  transmitted  through  said  beam  splitter  (BS)  is  sequentially  reflected 
so  as  to  return  to  a  plane  of  incidence  of  said  beam  splitter  (BS),  while  a  light  beam  reflected  from  said 
beam  splitter  (BS)  is  sequentially  reflected  in  the  opposite  direction  to  the  above  so  as  to  return  to  a  plane 

25  of  emergence  of  said  beam  splitter  (BS),  whereby  a  light  beam  that  is  first  transmitted  through  said  beam 
splitter  (BS)  and  then  passed  via  said  first  to  third  reflecting  mirrors  (M1-M3)  and  transmitted  through 
said  beam  splitter  (BS)  again  is  made  incident  on  said  imaging  optical  system  (L2),  together  with  a  light 
beam  that  is  first  reflected  from  said  beam  splitter  (BS)  and  then  passed  via  said  third  to  first  reflecting 
mirrors  (M3-M1)  and  reflected  from  said  beam  splitter  (BS)  again,  thereby  causing  said  two  light  beams 

30  to  interfere  with  each  other  at  a  position  which  is  substantially  conjugate  with  said  second  reflecting  mirror 
(M2)  with  respect  to  said  imaging  optical  system  (L2),  and  the  resulting  interference  fringes  are  detected 
with  said  detecting  means  (D)  and  subjected  to  spatial  Fourier  transform  to  thereby  obtain  a  spectral  dis- 
tribution  of  lightfrom  a  specimen  (1),  characterised  in  that  said  spectroscope  comprises  a  second  imaging 
optical  system  (L)  which  converges  a  light  beam  from  said  specimen  (1)  so  as  to  enter  said  beam  splitter 

35  (BS),  said  second  imaging  optical  system  (L)  being  disposed  so  that  the  position  of  the  focussed  image 
of  said  specimen  (1)  is  substantially  coincident  with  the  position  of  said  second  reflecting  mirror  (M2). 

2.  A  Fourier  transform  spectroscope  with  a  quadrangular  common  path  interferometer  according  to  Claim 
1,  wherein  said  specimen  (1)  is  one  that  extends  perpendicularly  to  the  optical  axis. 

40 
3.  A  Fourier  transform  spectroscope  with  a  quadrangular  common  path  interferometer  according  to  Claim 

1  or  2,  wherein  said  specimen  (1)  is  a  biological  specimen. 

Patentanspruche 

1.  Fourier-Transformationsspektroskop  mit  einem  Interferometer  mit  gemeinsamem  rechteckformigem 
Weg,  umfassend  einen  Strahlteiler(BS),  erste,  zweite  und  dritte  Reflexionsspiegel  (M1-M3),  ein  optisches 
Abbildungssystem  (L2)  und  eine  Detektoreinrichtung  (D),  die  in  einer  Position  angeordnet  ist,  die  mit  dem 
genannten  zweiten  Reflexionsspiegel  (M2)  bezuglich  des  genannten  optischen  Abbildungssystems  (L2) 
konjugiert  ist,  urn  ein  ein-  oderzweidimensionales  Verteilungsbild  von  Interferenzstreifen  festzustellen, 
wobei  der  Strahlteiler  (BS)  und  die  ersten  bis  dritten  Reflexionsspiegel  (M1-M3)  jeweils  an  den  Scheiteln 
eines  Vierecks  angeordnet  sind  und  die  Anordnung  der  ersten  bis  dritten  Reflexionsspiegel  (M1-M3)  so 
getroffen  ist,  dali  ein  vom  Strahlteiler  (BS)  durchgelassener  Lichtstrahl  nacheinander  ref  lektiert  wird,  so 
dalierindie  Einfallebene  des  Strahlteilers  (BS)  zuruckkehrt,  wahrend  ein  Lichtstrahl,  der  vom  Strahlteiler 
(BS)  ref  lektiert  worden  ist,  nacheinander  in  umgekehrter  Richtung  zum  vorstehenden  Lichtstrahl  reflek- 
tiert  wird,  so  dali  er  in  die  Austrittsebene  des  Strahlteilers  (BS)  zuruckkehrt,  wodurch  ein  Lichtstrahl,  der 
zunachst  durch  den  Strahlteiler  (BS)  durchgelassen  worden  und  dann  uber  die  ersten  bis  dritten  Refle- 
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xionsspiegel  (M1-M3)  gelaufen  ist  und  schlielilich  den  Strahlteiler  (BS)  durchsetzt  hat,  wiederum  in  das 
optische  Abbildungssystem  (L2)  eintritt,  zusammen  mit  einem  Lichtstrahl,  der  zunachst  vom  Strahlteiler 
(BS)  ref  lektiert  wurde  und  dann  uber  die  ersten  bis  dritten  Reflexionsspiegel  (M3-M1)  umgelenkt  vom 
Strahlteiler  (BS)  wiederum  ref  lektiert  wird,  wodurch  zwei  Lichtstrahlen  miteinander  interferieren  in  einer 

5  Position,  die  im  wesentlichen  konjugiert  ist  mit  dem  zweiten  Reflexionsspiegel  (M2)  bezuglich  des  opti- 
schen  Abbildungssystems  (L2),  und  die  resultierenden  Interferenzstreifen  durch  die  Detektoreinrichtung 
(D)  festgestellt  und  einer  raumlichen  Fourier-Transformation  unterworfen  werden,  urn  dadurch  eine  Spek- 
tralverteilung  des  Lichts  von  einer  Probe  (1)  zu  erhalten,  dadurch  gekennzeichnet,  dali  das  Spektroskop 
ein  zweites  optisches  Abbildungssystem  (L)  enthalt,  welches  einen  Lichtstrahl  von  der  Probe  (1)  bundelt, 

10  so  dali  er  in  den  Strahlteiler  (BS)  eintritt,  wobei  das  zweite  optische  Abbildungssystem  (L)  so  angeordnet 
ist,  dali  die  Position  des  fokussierten  Bildes  der  Probe  (1)  im  wesentlichen  mit  der  Position  des  zweiten 
Reflexionsspiegels  (M2)  zusammenfallt. 

2.  Fourier-Transformationsspektroskop  mit  einem  Interferometer  mit  reckteckformigem  gemeinsamem  Weg 
15  nach  Anspruch  1,  dadurch  gekennzeichnet,  dali  die  Probe  (1)  sich  senkrecht  zur  optischen  Achse  er- 

st  reckt. 

3.  Fourier-Transformationsspektroskop  mit  einem  Interferometer  mit  rechteckformigem  gemeinsam  Weg 
nach  Anspruch  1  oder2,  wobei  die  Probe  (1)  eine  biologische  Probe  ist. 

20 

Revendications 

1.  Un  spectroscope  a  transformation  de  Fourier  avec  interferometre  quadrangulaire  chemin  commun, 
25  comprenant  un  diviseur  de  faisceau  (BS),  un  premier,  un  deuxieme  et  un  troisieme  miroirs  reflechissants 

(M1-M3),  un  systeme  optique  imageur  (L2)  et  un  moyen  detecteur  (D)  situe  a  une  position  qui  est  prati- 
quement  conjuguee  a  ce  deuxieme  miroir  reflecteur  (M2)  par  rapport  au  systeme  optique  imageur  (L2) 
pour  la  detection  d'une  image  uni-  ou  bidimensionnelle  de  f  ranges  d'interference,  le  diviseur  de  faisceau 
(BS)  et  les  premier  a  troisieme  miroirs  ref  lechissants  (M1-M3)  etant  situes  respectivement  aux  sommets 

30  d'un  quadrangle,  les  premier  a  troisieme  miroirs  (M1-M3)  etant  disposes  de  telle  sorte  qu'un  faisceau  lu- 
mineux  transmis  via  le  diviseur  de  faisceau  (BS)  soit  reflechi  sequentiellement  de  facon  a  revenir  dans 
un  plan  d'incidence  dudit  diviseur  de  faisceau  (BS),  tandis  qu'un  faisceau  lumineux  reflechi  par  le  diviseur 
de  faisceau  (BS)  est  reflechi  sequentiellement  dans  un  sens  oppose  au  precedent  de  facon  a  revenir  dans 
un  plan  d'emergence  du  diviseur  de  faisceau  (BS),  un  faisceau  lumineux  qui  est  d'abord  transmis  via  le 

35  diviseur  de  faisceau  (BS),  puis  via  les  premier  a  troisieme  miroirs  reflechissants  (M1-M3),  puis  a  nouveau 
transmis  via  le  diviseur  de  faisceau  (BS),  etant  ainsi  rendu  incident  au  systeme  optique  imageur  (L2),  avec 
un  faisceau  lumineux  qui  est  d'abord  reflechi  par  le  diviseur  de  faisceau  (BS),  puis  transmis  via  les  premier 
a  troisieme  miroirs  reflechissants  (M3-M1)  et  a  nouveau  reflechi  par  le  diviseur  de  faisceau  (BS),  ce  qui 
a  pour  effet  que  les  deux  faisceaux  lumineux  interferent  entre  eux  a  une  position  qui  est  pratiquement 

40  conjuguee  avec  le  deuxieme  miroir  reflechissant  (M2)  par  rapport  au  systeme  optique  imageur  (L2),  et 
que  les  franges  d'interference  resultantes  sont  detectees  par  le  moyen  de  detection  (D)  et  soumises  a 
une  transformation  spatiale  de  Fourier  pour  obtenir  une  repartition  spectrale  de  la  lumiere  a  partir  d'un 
echantillon  (1),  caracterise  en  ce  que  le  spectroscope  comprend  un  second  systeme  optique  imageur  (L) 
qui  fait  converger  un  faisceau  lumineux  a  partir  de  cet  echantillon  (1)  de  facon  a  le  faire  entrer  dans  le 

45  diviseur  de  faisceau  (BS),  le  second  systeme  optique  (L)  etant  dispose  de  telle  sorte  que  la  position  de 
I'image  focal  isee  de  I'echantillon  (1)  coincide  pratiquement  avec  la  position  du  deuxieme  miroir  reflechis- 
sant  (M2). 
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Un  spectroscope  a  transformation  de  Fourier  avec  interferometre  quadrangulaire  chemin  commun  selon 
la  Revendication  1,  dans  lequel  I'echantillon  (1)  est  place  perpendiculairement  a  I'axe  optique. 

Un  spectroscope  a  transformation  de  Fourier  avec  interferometre  quadrangulaire  chemin  commun  selon 
la  Revendication  1  ou  2,  dans  lequel  I'echantillon  (i)  est  un  echantillon  biologique. 
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