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ABSTRACT

This  d i s s e r t a t i o n  d i s cu s se s  th e  design and e v a lu a t io n  o f  l e n se s  

f o r  some co heren t  o p t i c a l  p ro c e ss in g  a p p l i c a t i o n s .  The f i r s t  o rd e r  

p r o p e r t i e s  a re  d e p ic t ed  by diagrams o f  l e n se s  with  p a r a x i a l  ray  pa ths  

through the  system. I t  i s  th e  purpose o f  t h i s  approach to  c a s t  th e  

p r o p e r t i e s  o f  a c o h e r e n t - o p t i c a l  p ro c e s s o r  in the  terms o f  image forming 

o p t i c s .  This  w i l l  c r e a t e  a c o m p a t i b i l i t y  with  e x i s t i n g  o p t i c a l  design 

o p t im iz a t io n  programs. A p roduc t  o f  such a fo rm ula t ion  i s  t h a t  the  

l e n se s  can be e v a lu a te d  w i th  th e  same program which performed the  o p t i - 

m iza t io n .  O b je c t -p u p i l  r e l a t i o n s h i p s  a re  shown. A methodology to  t r e a t  

the d i f f r a c t i o n  i n t e g r a l s  o f  p rocesso rs  i s  developed to  inc lude  an un­

d e rs tand ing  o f  l i n e a r  and q u a d r a t i c  phase f a c t o r s  in  terms o f  p a ra x ia l  

o p t i c s .  In th e  geometr ica l  o p t i c s  d e s c r i p t i o n  o f  a F o u r i e r  Transform 

Lens (FTL) ,  i t  i s  shown t h a t  the  d i f f r a c t i n g  o b je c t  d e f in e s  the  l o c a t i o n  

and the  e x t e n t  o f  th e  1e n s ' s a p e r tu r e  s to p .

The design and the  e v a lu a t io n  o f  s eve ra l  l e n se s  are  cons ide red .  

The u s e f u ln e s s  o f  a d oub le t  t e l e s c o p e  o b je c t iv e  as an FTL i s  d e sc r ib ed  

wi th  p o i n t  sp read  f u n c t io n  (ps f )  c a l c u l a t i o n s . A b e r ra t io n s  a r e  d ia g ­

nosed from ray  fan  d iag ram s. A Vander Lugt matched f i l t e r  c o r r e l a t o r  

c o n s t r u c te d  o f  doub le ts  i s  then e v a lu a te d .

A matched f i 1 t e r  c o r r e l a t o r  c o n s t r u c te d  from two FTL1s o f  d i f -  

f e r e n t  foca l  l e n g th s  was designed and e v a lu a te d .  The f a b r i c a t i o n  d a ta  

f o r  the l en se s  and pupil  and focal p lane  lo c a t io n s  a r e  s t a t e d .  Also 

l i s t e d  a re  the da ta  f o r  f a b r i c a t i o n  o f  a f o u r  element asymmetric FTL,
x



The design approach and a d e s c r i p t i o n  o f  the  d e f e c t  f u n c t io n  f o r  minimi­

z a t i o n  o f  a b e r r a t i o n s  a r e  g iven .

A u se f u l  concept in  coheren t  p ro c e ss in g  i s  th e  a p p l i c a t i o n  o f  

m u l t i c o l o r  l a s e r s  f o r  reasons  o f  pho tograph ic  emulsion s e n s i t i v i t y ,  i l ­

lumina t ion  u n i fo r m i ty ,  and in p u t  t r a n sp a ren c y  s p a t i a l  fr equency co n ten t .  

Chromatic c o r r e c t i o n  in  t h e  o rd in a ry  sense  i s  no t  r e q u i r e d .  The impact 

o f  t h i s  and coding o f  th e  o p t im iz a t io n  program t o  make e f f e c t i v e  use o f  

the  r e l a x e d  requ irem ents  a re  d i s cu s sed .  The f i n a l  diagrams p r e s e n t  d a ta  

and e v a lu a t io n  o f  FTL's s u i t a b l e  f o r  use a t  632.8  nm and a t  488 ran. The 

scheme to  design such l e n se s  using the  c a p a b i l i t y  o f  ACCOS V (ACCOS p ro ­

grams a re  the  copy r igh ted  p r o p e r ty  o f  S c i e n t i f i c  C a l c u l a t i o n s ,  I n c . ,  

R oches te r ,  New.York) f o r  zoom lens  o p t im iz a t io n  i s  demonstra ted .

xi



CHAPTER 1 

I INTRODUCTION

The r e a d e r  i s  assumed to  be f a m i l i a r  with  s c a l a r  d i f f r a c t i o n  

th e o ry ,  th e  F o u r ie r  t rans fo rm ing  p ro p e r ty  o f  l e n s e s ,  and image formation 

as p re sen ted  by Cathey (1974) o r  Goodman (1968).  However, Appendix A, 

Methods f o r  Studying Opt ica l  P r o c e s s o r s , develops  some methodology f o r  

t r e a t i n g  th e  d i f f r a c t i o n  c a l c u l a t i o n s  in a s t r a i g h t f o r w a r d  manner. Use 

o f  geometr ica l  o p t i c s  i s  made in the  t r e a t m e n t ,  but a l l  t h e  c a l c u l a t i o n s  

a r e . c l o s e l y  t i e d  to  the  use o f  th e  i f r e sn e l -K i rc h o f f  i n t e g r a l  d e s c r i p ­

t i o n  o f  th e  p a r t i c u l a r  s i t u a t i o n .  I t  i s  f e l t  t h a t  t h e  c o n s i s t e n t  use of  

a s i n g l e  method in t r e a t i n g  FTL's and v a r io u s  a p p l i c a t i o n s  makes f o r  

b e t t e r  unders tand ing  and a p p r e c i a t i o n .  The i n t e g r a l  approach i s  o f t e n  

abandoned a t  some p o i n t  in  f a v o r  of a l e s s  cumbersome method. We show 

t h a t ,  when supplemented with  some s imple  geometr ical  o p t i c s  p r i n c i p l e s ,  

the  i n t e g r a l  t r e a tm e n t  remains q u i t e  t r a c t a b l e .  In both Cathey and 

Goodman, the  pupil  f u n c t io n s  o f  th e  FTL's a r e  assumed to  be 

adequa te ly  d e sc r ib ed  by a q u a d r a t i c  phase f a c t o r  which i s  independent o f  

s p a t i a l  f requency .  Phase e r r o r s  in th e  pupil  fu n c t io n  (w avefront  a b e r ­

r a t i o n s )  and t h e i r  dependence on s p a t i a l  fr equency ( v i z . , f i e l d  angle)  

a r e  n e g lec ted  in  c o n s id e r a t i o n  o f  more b a s i c  concerns .

In t h i s  d i s s e r t a t i o n ,  we d i s c u s s  t h e  s i g n i f i c a n c e  o f  th e  p s f ,

c h a r a c t e r i z a t i o n  o f  the  pupil  f u n c t io n  in terms of geom et r ica l  o p t i c s ,

and th e  design o f  l e n se s  f o r  use as FTL's and f o r  use in th e  Vander Lugt

1



c o n f ig u r a t io n .  The Tens design c o n s i s t s  in a t tem pts  to  reduce the  wave- 

f r o n t  a b e r r a t i o n s  t o  a l ev e l  such t h a t  th e  wavefron t  converging to  any 

■point in  the  t r an s fo rm  p lane  be s p h e r i c a l .  Achievement o f  t h i s  idea l  i s  

s u b j e c t  to  s e v e r a l  c o n s t r a i n t s .  Implementation o f  the  c o n s t r a i n t s  i s  

d i f f e r e n t  f o r  th e  design o f  a lens  meant only  f o r  s p a t i a l  frequency map­

ping and f o r  th e  design  o f  l e n se s  t o  be used in  a Vander Lugt c o r r e l a ­

t o r .  Idea l  1i n e a r i t y  o f  the  c o r r e l a t o r  r e q u i r e s  no t  only  t h a t  the  wave- 

f r o n t  f o r  each p o i n t  in  th e  c o r r e l a t i o n  p iane  be s p h e r i c a l  upon leav ing  

the  l e n s ,  bu t t h a t  the  c h i e f  ray  f o r  th e  wavefron t  be normal t o  th e  c o r ­

r e l a t i o n  p lan e .  I f  t h e  c h i e f  ray  i s  no t  normal t o  t h i s  p l a n e ,  then th e  

Airy p a t t e r n  changes w i th  f i e l d  ang le .  This  l a s t  requ i rem ent  i s  known 

to  cause d i f f i c u l t i e s  w i th  computation o f  the  t r a n s v e r s e  ray  e r r o r s .

The e x i t  p u p i1 l i e s  a t  the  image space i n t e r s e c t i o n  o f  th e  c h i e f  ray  

with  the  o p t i c a l  a x i s .  I f  t h e  c h i e f  ray  i s  p a r a l l e l  t o  th e  a x i s , the  

i n t e r s e c t i o n  i s  i n f i n i t e l y  d i s t a n t .  Rays t r a c e d  through th e  l e n s ,  on to  

the  e x i t  p u p i l , and from th e r e  to  th e  r e a r  foca l  p lane  lo se  p r e c i s io n  

due to  l i m i t e d  word leng th  in  the  computer.  I t  may be argued t h a t  the  

a b e r r a t i o n s  a re  n o t  s t r o n g l y  dependent on en t rance  pupil  l o c a t io n  f o r  

small  f i e l d  ang le s .  The s o l u t i o n  i s  to  then move th e  s to p  some small 

d i s t a n c e  from t h e  f r o n t  foca l  p l a n e ,  and proceed to  e v a lu a t e  the l e n s , 

Though t h i s  techn ique  may work dur ing  e v a lu a t io n  w i th o u t  in t r o d u c in g  

n o n n e g l ig ib le  e r r o r s ,  i t  i s  u n s a t i s f a c t o r y  during th e  o p t im iz a t io n  p ro ­

cess .  Even w i th  the  foca l  l eng th  c o n s t r a i n e d ,  th e  fo ca l  d i s t a n c e s  may 

change s u f f i c i e n t l y  t o  pi ace the  focal p iane  too near  t h e  f ix e d  s to p .  

Then th e  d e f e c t  f u n c t io n  d iverges  due to  lack  o f  l eng th  in the  computer

2
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word. Preven t ion  of  t h i s  c a t a s t r o p h e  by using j u d i c i o u s l y  s e l e c t e d  i n ­

s t r u c t i o n s  f o r  ACCOS I I  and f o r  ACCOS V i s  d e sc r ibed  in  th e  Appendices.

The des ign  approach i s  to  minimize a number o f  d e s ig n e r  s e l e c t e d  

t r a n s v e r s e  ray  e r r o r s .  I t  has been shown (Born and Wolf, 1959, p.  468) 

t h a t  th e  S t r eh l  r a t i o  (and hence th e  volume under th e  o p t i c a l  t r a n s f e r  

f u n c t io n )  i s  maximum when th e  w avefron t  v a r i a n ce  (wi th r e s p e c t  to  a 

sphere  c en te re d  a t  the  image) i s  minimum. The m in im iza t ion  o f  th e  mean 

squared sp o t  s i z e  on the  image p lane  f o r  a uniform g r id  o f  rays  t r a c e d  

through th e  e n t r a n c e  pup i l  le ads  to  a g e o m e t r i c a l l y  based c r i t e r i o n  f o r  

the  o p t im iz a t io n .  Between th e s e  extremes i s  the  c o n s t r u c t i o n  o f  a de­

f e c t  f u n c t io n  based on ray  a b e r r a t i o n s  which emula tes  th e  m in im iza t ion  

o f  wavefront  v a r i a n c e .  Implementation of such a d e f e c t  f u n c t io n  i s  

shown in th e  Appendixes.

The des ign  approach i s  to  minimize th e  va lues  o f  t r a n s v e r s e  ray  

e r r o r s .  Implementation o f  the  s p e c i f i c a t i o n s  imposed by th e  p a ra x ia l  

behav ior  o f  the  systems i s  demonstra ted  f o r  two d i f f e r e n t  lens  design 

programs, ACCOS I I  and ACCOS V.

Ray fan  diagrams and p s f  c ro s s  s e c t i o n s  a re  d i s p la y e d  f o r  e v a l ­

ua t ion  o f  th e  v a r ious  l e n s e s .  F igure  1.1 shows th e  r e f e r e n c e  a p e r tu re  

i n t e r c e p t s  o f  rays  ly ing  in th e  t a n g e n t i a l  (m er id iona l )  p lan e .  The 

o b j e c t  p o in t  i s  shown with  x = o ,  z -  0 ,  and y n e g a t i v e .  Negat ive  o b j e c t  

h e ig h t  i s  c o n v en t io n a l .  The c o o rd in a te  system i s  r i g h t -h a n d e d .

Tangent ia l  fans  a r e  t r a c e d  from th r e e  o b j e c t  p o i n t s :  a x i a l ,  .7

f u l l - f i e l d ,  and f u l l  f i e l d .  R ep r e s e n ta t i v e  p l o t s  a r e  a t  t h e  l e f t - h a n d  

s id e  o f  F igure  1 .2 .  The a x ia l  fan diagram i s  shown only  f o r  p o s i t i v e
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Figure 1.1. A Tangential Ray Fan.
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y c o o rd in a te  in th e  r e f e r e n c e  a p e r t u r e ,  because ( t r a n s v e r s e )  a x ia l  a b e r ­

r a t i o n s  have odd symmetry in a b i l a t e r a l l y  symmetric system. The o r i g i n  

in a t a n g e n t i a l  ray  fan diagram r e p r e s e n t s  t h e  y - h e i g h t  o f  the  c e n t r a l  

ray  o f  the  fan  ( c h i e f  r a y ) .  The h o r i z o n ta l  a x i s  in  th e  diagram 

r e p r e s e n t s  the  normalized y c o o rd in a te  a t  th e  r e f e r e n c e  a p e r t u r e .  The 

v e r t i c a l  a x i s  in  the  y fan  diagram r e p r e s e n t s  th e  y - h e i g h t  o f  a ray a t  

th e  image p lane  with  r e s p e c t  to  th e  y - h e i g h t  o f  th e  c h i e f  ray  a t  the  

image p lane .  The d i f f e r e n c e  i s  c a l l e d  e

Figure  1 .3  shows some rays  forming a s a g i t t a l  ( r a d i a l ) f a n . The 

rays  i n t e r s e c t  the  e n t ra n ce  a p e r t u r e  a long the  x - a x i s .  Rays o f  the  t a n ­

g e n t i a l  fan remain in th e  yz p lane  from o b j e c t  to  image i f  the  system 

has r e f l e c t i o n  symmetry about the  p la n e .  However, rays  o f  the  s a g i t t a l  

fan f a l l  along a l i n e  only  to  the  p rox im i ty  o f  th e  f i r s t  r e f r a c t i n g  or  

r e f l e c t i n g  s u r f a c e .  The general  case  i s  t h a t  the  i n t e r s e c t i o n s  with  th e  

f i r s t  s u r f a c e  do no t  l i e  in  a p la n e ,  due to  the  c u r v a tu re  o f  the  s u r ­

f a c e .

For a system with  b i l a t e r a l  symmetry, the  s a g i t t a l  fans  a re  

shown only  f o r  rays t r a c e d  through th e  h a l f  o f  the  pupil  w i th  y = 0 and 

x p o s i t i v e .  The h o r i z o n ta l  c o o rd in a te  i s  the  f r a c t i o n a l  pupil  rad iu s  

and t h e  v e r t i c a l  c o o rd in a te  i s  the  x i n t e r c e p t  o f  th e  ray  with  the  image 

s u r f a c e .  The pup i l  c o o r d in a t e  in c r e a s e s  to  the  r i g h t  in  th e  fan p l o t .  

There i s  u s u a l l y  a d i f f e r e n c e  between th e  y - h e i g h t  o f  a s a g i t t a l  ray 

and t h e  c h i e f  ray  h e ig h t  a t  the  image, but  t h i s  i s  t y p i c a l l y  an o rde r  

o f  magnitude s m a l l e r  than the  x e r r o r ,  c a l l e d  e
X
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Figure 1.3 A Sagittal Ray Fan.
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The s a g i t t a l  r ay  fan  diagram f o r  an ax ia l  o b j e c t  p o in t  i s  iden­

t i c a l  t o  th e  t a n g e n t i a l  one i f  the  system has r o t a t i o n a l  symmetry, so 

only two s a g i t t a l  ray  fan  diagrams a re  shown, one f o r  .7 f u l l  f i e l d  and 

one f o r  f u l l  f i e l d .  These a r e  a t  t h e  r i g h t  o f  Figure  1 .2 .

P o in t  sp read  fu n c t io n  c a l c u l a t i o n s  a re  based on th e  F r e s n e l - 

K irchhoff  d i f f r a c t i o n  formula .  From a given o b j e c t  p o i n t ,  ACCOS V uses 

a two dimensional a r r a y  o f  rays  to  sample th e  e n t ra n ce  a p e r t u r e .  O p t i ­

cal  pa th  d i f f e r e n c e s  a long th e se  rays  a re  c a l c u l a t e d .  The d i f f e r e n c e s  

a re  then approximated w i th  a polynomial in  x and y ,  and t h e  polynomial 

i s  used as the  t r a n s m i t t a n c e  (pure phase) f u n c t io n  in th e  d i f f r a c t i o n  

i n t e g r a l .  Cross s e c t i o n s  o f  th e  p s f  f o r  x = 0 a n d f o r  x > 0 y = con­

s t a n t  a t  the  image p lane  a re  c a l c u l a t e d .  The c ross  s e c t i o n  in  th e  yz  

p lane  i s  shown a t  the  l e f t  o f  th e  s e t  o f  diagrams (see  F igure  2 . 4 ) .  The 

r i g h t  s i d e  o f  th e  f i g u r e  g ives  the  s a g i t t a l  s e c t i o n s .  As in the  case  o f  

ray  fan d iag ram s, symmetry p r o p e r t i e s  o f  the  o p t i c a l  system e l im in a te d  

the  need to  p l o t  th e  s e c t i o n s  in t h e i r  e n t i r e t y .

An i n t e r e s t i n g  development was th e  design o f  an asymmetrical  

FTL. Such a design was d e sc r ib e d  in a Japanese  p u b l i c a t i o n  (M atsu i , 

Minami, and Yamaguchi, 1974) ,  b u t  w i th o u t  the  values  o f  th e  c o n s t r u c t i o n  

v a r i a b l e s .  Here,  a l e n s  is .  d e sc r ibed  and an e v a lu a t io n  p re s e n te d .  The 

d i f f r a c t i n g  a p e r t u r e  f o r  t h i s  lens  can be kept in t h e  p a r a x i a l  f r o n t  f o ­

cal p l a n e ,  bu t  th e  implementation o f  t h e  o p t im iz a t io n  i s  d i f f e r e n t  from 

the case o f  th e  symmetric l e n s .

Also ,  th e  FTL f o r  use wi th  d i f f e r e n t  l a s e r  wavelengths  i s  de­

s c r i b e d .  I f  we do no t  r e q u i r e  c o lo r  c o r r e c t io n  o f  th e  lens  in  the



conventional s e n s e ,  bu t  only  t h a t  th e  lens  be well  c o r r e c t e d  a t  s ev e ra l  

wavelengths  indep en d en t ly ,  w i th  back foca l  d i s t a n c e  and fo ca l  l en g th  

•varying wi th  w aveleng th ,  then  a usefu l  lens  can be r e a l i z e d .  The means 

to  perform t h i s  op t im iza t ion-  us ing th e  M u l t ip l e  C o n f ig u ra t io n s  Option 

o f  ACCOS V i s  given. Ray t r a c e  da ta  and p s f  c a l c u l a t i o n s  show how well  

the  l e n s  s u i t s  th e  requ i rem ents  a t  t h e  o p t im iz a t io n  waveleng ths .  The 

f e a s i b i l i t y  o f  d es ign ing  such a lens  w i th  only  one g l a s s  type i s  demon­

s t r a t e d .  The p o s s i b i l i t y  o f  such a s o l u t i o n  has been d i s cu s sed  in s e v ­

e r a l  p l a c e s ,  and concluded t o  be doubtfu l  f o r  va r ious  re a so n s .



CHAPTER 2

FOURIER TRANSFORM LENSES

Lenses and S p a t i a l  Frequency Mapping :

The f i r s t  o r d e r  geom et r ica l  o p t i c s  p r o p e r t i e s  o f  a F o u r ie r  

t rans fo rm  lens  a re  shown in  Figure  2 .1 .  A c o l l im a te d  co h e ren t  l i g h t  

beam, p a r a l l e l  to  th e  o p t i c a l  a x i s ,  i s  d i f f r a c t e d  a t  t h e  t r a n sp a ren c y  S. 

The beam i s  assumed to  be c o l l im a te d ,  f o r  a d i f f r a c t i o n  g r a t i n g  i n t r o ­

duces a b e r r a t i o n s  i n t o  d ive rg ing  o r  converging l i g h t .  A lso ,  th e  d i f ­

f r a c t i n g  t r a n s p a r e n c y  i s  taken  t o  be in th e  f r o n t  foca l  p lan e  o f  th e  

l e n s . For j u s t i f i c a t i o n  o f  t h i s  choices  the  r e a d e r  i s  r e f e r r e d  to  Ap­

pendix A, where we c o n s id e r  the  F r e s n e l -K i rc h h o f f  d i f f r a c t i o n  i n t e g r a l s  1 

f o r  the  Vender Lugt matched f i l t e r  c o r r e l a t o r .  The upper and lower rim 

rays  and the  c e n t r a l  r a y  ( c a l l e d  th e  c h i e f  ray) are  shown. The angle  

they make, w i th  the  a x i s  a t  the  r i g h t  o f  th e  d i f f r a c t i n g  p lane  i s  the  

maximum ang le  o f  d i f f r a c t i o n .  I f  the  maximum s p a t i a l  frequency in  S i s  

£max and the  i l l u m i n a t i n g  wavelength  i s  ,\, then the  r e l a t i o n s h i p  can be 

w r i t t e n  e v = s i n e m_ / A .  This r e s u l t  fo llows d i r e c t l y  from the  d i f -
fflaX fflaX

f r a c t i o n  g r a t i n g  eq u a t io n .  The rays  focus  a t  a h e ig h t  dmax above the  

a x i s .  Only th e  +1 o rd e r  i s  shown, though the  maximum s p a t i a l  frequency 

a l so  dete rmines  a -1 o r d e r ,  which i s  focused  an equal d i s t a n c e  below th e  

a x i s .

Consider  a lower s p a t i a l  f requency  £ = Cmax/ 2 .  The c h i e f  ray 

f o r  t h i s  f requency  l eav es  S a t  an angle  e ,  9 = s in "  (ex ) .  M uta t i s

10



Figure 2 .1 .  Lens with D i f f r a c t in g  Object  in Front  Focal Plane.
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m utand is» we have s in e  = s in e ^ a ^ / 2 .  To y i e l d  the  p ro p e r  m e t r i c  f o r  

F o u r i e r  sp ace ,  d = dm / 2 .  The i m p l i c a t io n  o f  t h i s  i s  t h a t  the  lens  i s
TTiaX

; /  . • ' . - ‘

to  l i n e a r l y  r e l a t e  th e  t r a n s v e r s e  d isp lacement  in t h e  f o c a l  p lane  to 

s p a t i a l  f requency:  d « 5 . The c h i e f  r a y  passes  through th e  f r o n t  foca l

p lane  and emerges p a r a l l e l  t o  the  o p t i c a l  a x i s .  In th e  p a r a x i a l  t h in  

lens  approx im at ion ,  i t  has reached a h e ig h t  o f  fe  a t  th e  l e n s ,  so we 

have d = f e .  However, £ i s  p r o p o r t i o n a l  t o  s i n e ,  and so a t  nonzero spa ­

t i a l  f r e q u e n c i e s ,  t h e  d i f f e r e n c e  between fe  and f s i n e  r e p r e s e n t s  a de­

p a r t u r e  from th e  i d e a l  FTL. A p ho tog raph ic  o b j e c t iv e  t y p i c a l l y  has a 

d = f t a n e  s c a l i n g  in  th e  image p l a n e ,  where e i s  t h e  semi f i e l d  ang le .

We s h a l l  comment l a t e r  on th e  (s ine  -  t a n e )  d i f f e r e n c e .

Marginal and Chie f  Rays f o r  a F o u r i e r  Transform Lens 

The c h i e f  r a y  t r a v e l i n g  a t  angle  0 c ro s se s  th e  a x i s  a t  the  d i f ­

f r a c t i n g  a p e r t u r e , so th e  d i f f r a c t e d  l i g h t  appears  t o  be coming from an 

i n f i n i t e l y  d i s t a n t  o b j e c t ,  w i th  the  a p e r t u r e  s top  a t  t h e  d i f f r a c t i n g  

a p e r t u r e .  This holds  f o r  the  continuum o f  angles  from -e  t o  +e,  so the  

d e s c r i p t i o n  o f  t h i s  f e a t u r e  o f  a FTL i s  th e  same as t h a t  f o r  an image 

forming lens  viewing an i n f i n i t e l y  d i s t a n t  monochromatic o b j e c t  f i e l d ,  

w i th  f i e l d  o f  view 2e ,  having th e  a p e r tu r e  s top  in the  f r o n t  focal p l a n e .  

In th e  FTL, p a r a l l e l  rays  in o b j e c t  space  r e p r e s e n t  l i g h t  d i f f r a c t e d  by 

a p a r t i c u l a r  s p a t i a l  frequency component in the  d i f f r a c t i n g  p lan e ,  and 

in  the  image forming l e n s ,  p a r a l l e l  rays r e p r e s e n t  l i g h t  from the  same 

i n f i n i t e l y  d i s t a n t  f i e l d  p o s i t i o n .  Thus,  the  same design  procedures  a re  

usab le  f o r  FTL design as a re  used f o r  the  design o f  imaging l e n s e s ,  so 

long as the  o b j e c t - p u p i l  and im age- t ransform  d u a l i t i e s  a r e  unders tood.



13
However9 implementa tion o f  th e  p rocedures  may be q u i t e  d i f f i c u l t .  The 

d e f e c t  fu n c t io n s  employed in  th e  o p t im iz a t io n  a re  d i f f e r e n t ,  o f  course ,  

f o r  th e  performance requ i rem ents  a re  d i f f e r e n t .

In F igure  2 . 2 ,  t h e  marginal  ray  and th e  c h i e f  r ay  f o r  a lens  a re  

dep ic ted .  The marginal  ray  leaves  an a x ia l  o b j e c t  p o i n t  i n f i n i t e l y  d i s ­

t a n t ,  p a sse s  through th e  edge o f  th e  a p e r tu r e  s t o p ,  and i n t e r s e c t s  the  

o p t i c a l  a x i s  again  a t  t h e  p a r a x i a l  fo ca l  p la n e .  The c h i e f  ray  leaves  a 

p o i n t  a t  t h e  edge o f  th e  f i e l d  of view and passes  through th e  c e n t e r  o f  

the  s to p .  The s to p  i s  l o c a t e d  a t  the  f r o n t  foca l  p lane  o f  th e  l e n s ,  so 

the  ray  i s  p a r a l l e l  t o  th e  ax is  to  th e  r i g h t  o f  th e  l e n s .  With the  

c h i e f  ray  normal t o  t h e  foca l  p lane  ( v i z . , the  lens  i s  t e l  a c e n t r i c  in  

image s p a c e ) ,  t h e r e  i s  no e x p l i c i t  dependence o f  th e  p s f  on s p a t i a l  f r e ­

quency ( f i e l d  a n g l e ) . T h e r e fo re ,  i f  t h e  a b e r r a t i o n s  do no t  change w i th  

f i e l d  angle  in  o b j e c t  sp ace ,  th e  system i s  i s o p l a n a t i c ,  whether  o r  no t  

i t  i s  a b e r r a t i o n  f r e e .

I f  the  c h i e f  ray i s  no t  normal t o  the  focal p l a n e ,  the  wavefron t  

i s  converging a t  a nonzero angle  from the  normal,  and so even a p e r f e c t  

wavefron t  w i l l  form an i r r a d i a n c e  p a t t e r n  wi th  an e l l i p t i c a l  shape f o r  

the  Airy d i sk .  For an o f f  ax is  o b j e c t  p o i n t  in th e  yz p la n e ,  the  x d i ­

mension o f  the  p s f  w i l l  be c o n s t a n t ,  bu t  the  y dimension w i l l  change 

w i th  th e  cos ine  o f  th e  f i e l d  an g le ,  even when the  w avef ron t  i s  s p h e r i c a l .  

Thus, the  system i s  no t  i s o p l a n a t i c ,  though t h i s  may a d m i t te d ly  be i n ­

co n se q u e n t i a l .



Figure 2 .2 .  Marginal Ray and Chief Ray of a Lens with Aperture  Stop 
in Front Focal Plane.
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Cemented Aplanat  as a F o u r ie r  Transform Lens

Before d i s c u s s in g  the  design o f  a F o u r ie r  t ran s fo rm  l e n s ,  l e t  

us see  how well a d o u b le t  t e l e s c o p e  o b j e c t i v e  s a t i s f i e s  the  requ irements  

d e l i n e a t e d  up to  t h i s  p o in t .  A foca l  l en g th  o f  235 mm, helium-neon l a ­

s e r  i l l u m i n a t i o n  (632.8  nm), and an in p u t  format  o f  18 mm ra d iu s  con­

t a i n i n g  F o u r ie r  components up to  30 1 p/mm were s e l e c t e d  as paramete rs  

f o r  th e  des ign  and e v a lu a t io n  o f  th e  lens  f o r  th e  s i n g l e  wavelength 

problem t r e a t e d  in t h i s  c h a p te r .  To g a th e r  a l l  the  l i g h t  d i f f r a c t e d  by 

the  t r a n sp a ren c y  a t  S (see  F igure  2 . 1 ) ,  th e  lens  must have a c l e a r  a p e r ­

t u r e  r a d iu s  l a r g e r  than th e  ra d iu s  o f  S by an amount f t a n e  , where f
. . . ITlaX

i s  t h e  d i s t a n c e  to the  lens  and em. v i s  the  maximum ang le  o f  d i f f r a c t i o nmaX

For a maximum s p a t i a l  fr equency o f  30 Ip/mm and a wavelength o f  

632.8  nm, we f i n d  t h a t  emav = s i n " ^ ( - | ^ - x  632.8 x 10™^) -  1 .1 ° .  As- 

suming t h a t  the  f r o n t  foca l  d i s t a n c e  i s  about 235 mm, we have fta ft0ffla 

= 4 .5  mm. Thus, the  lens  must have a 22.5 mm c l e a r  a p e r t u r e  r a d iu s .

The t r a n s p a r en c y  has a d iam eter  o f  36 mm and the  l e n s  has a d iameter  o f  

45 mm. The n ine  m i l l i m e t e r  d i f f e r e n c e  in  d iameter  a llows a l l  the l i g h t  

d i f f r a c t e d  by F o u r i e r  components up to 30 1p/mm to  be c o l l e c t e d  by the  

1 e n s .

Design o f  a Cemented Aplant

A cemented d o u b le t  with  the  s to p  a t  th e  lens  can be co r re c t ed  

fo r  s p h e r i c a l  a b e r r a t i o n  and ax ia l  c o lo r  (chromatic  v a r i a t i o n  of back 

focal d i s t a n c e ) .  I f  th e  d e s ig n e r  i s  f r e e  to  choose g la s s  t y p e s ,  t h e  co­

ma can be suppressed  and p o s s ib ly  e l im in a te d .  The s to p  i s  p laced a t  the
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lens  f o r  use as a t e l e s c o p e  o b j e c t i v e .  The dou b le t  i s  to be used l a t e r  

as a.FTL with  c l e a r  a p e r t u r e  d iam eter  o f  45 mm and e f l  o f  235 mm. With 

th e  s top  lo c a t e d  a t  th e  l e n s ,  th e  s top  must have a d iam eter  o f  45 mm to 

a llow use o f  the  e n t i r e  lens  c l e a r  a p e r t u r e .  This y i e l d s  a focal r a t i o  

o f  F5 .2 .  Typical  an g u la r  f i e l d  d iam eter  l i s t e d  by one m anufac turer  f o r  

a d o u b le t  o f  t h i s  foca l  l eng th  and foca l  r a t i o  was 3 .5 ° ,  so the  achromat 

was designed to cover t h i s  f i e l d  an g le .  (When the  l e n s  i s  ev a lua ted  as 

a FTL, th e  s top  i s  moved to  th e  f r o n t  foca l  p lane  and th e  s to p  d iam eter  

i s  reduced to 36 mm. The le n s  d iam e te r  i s  c o n s t a n t ;  th e  foca l  r a t i o  i n ­

c re a se s  from F / 5 .2 (235 /45)  to  F 6 .5 (2 3 5 /3 6 ) . )  S e l e c t i o n  o f  g la s s e s  from 

th e  S c h o t t  l i s t  o f  p r e f e r r e d  g l a s s e s  was made a f t e r  th e  design  was i n i ­

t i a l l y  optimized  by the  lens  o p t im iz a t io n  program ACCOS V. These con­

s i d e r a t i o n s  were made so t h a t  t h i s  des ign  would r e p r e s e n t  a cemented 

achromat o f  high q u a l i t y ,  r e a d i l y  a v a i l a b l e  to  th e  c o h e r en t  o p t i c s  ex­

pe r im en te r .

The o p t im iz a t io n  o f  t h i s  l e n s  was based on an e x a c t  ray  t r a c e .  

S pher ica l  a b e r r a t i o n  and ax ia l  c o lo r  were minimized using th re e  zonal 

r a y s ,  and the  coma was minimized by comparing the  average  o f  f u l l  f i e l d  

upper and lower rim rays  with  the  c h i e f  r a y .  The primary wavelength f o r  

the d es ign  was 587.6 nm, a customary cho ice  f o r  v i su a l  o p t i c s .  Table 

2.1 co n ta in s  a d e s c r i p t i o n  o f  the  l e n s .

Eva lua t ion  o f  a F o u r ie r  Transform Lens

In o rd e r  to  e v a lu a t e  the  d o u b le t  as a F o u r ie r  t r a n s fo rm  l e n s ,  

the  s top  was moved to  the  f r o n t  foca l  p la n e .  S e l e c t i o n  o f  th e  b e s t  

t rans fo rm  p lan e ,  n e a r e r  the  Tens than th e  pa rax ia l  back focus due to



Table  2 .1 .  Cemented Aplanat as a F o u r ie r  Transform Lens.

Radius (mm) Thickness  (mm) Glass Type

1010 A ir

Stop 233.1593 A i r

173.6676 9 .4 SK5

-83.0344 2.35 SF12

-405.2721 229.19885 A ir

EFL a t  632 .8  nm = 234.9475 mm

P arax ia l  back foca l  d i s t a n c e  = 229.3353 mm

P a ra x ia l  f r o n t  foca l  d i s t a n c e  = 233.1593 mm

Program was given a f i e l d  angle  o f  1.08849° = tan"^  .019

P a ra x ia l  c h i e f  ray  h e ig h t  a t  p a r a x i a l  focus = 4.46400 mm

Real c h i e f  ray  h e ig h t  a t  b e s t  focus  = 4.46175 mm

f s i n e  -  234 .9 4 7 s i n l . 08849° = 4.46320 mm

Airy d i sk  r a d iu s  = 0.005 mm
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u n d e rc o r re c te d  f i e l d  c u rv a tu re  and a s t ig m a t i sm ,  was done by us ing  a de­

f e c t  f u n c t io n  developed f o r  th e  o p t im iz a t io n  o f  a FTL (see  Appendix A).  

The only  pa ram ete r  a llowed to  vary  dur ing  t h i s  o p t im iz a t io n  was the  

d i s t a n c e  from th e  lens  t o  th e  t r a n s fo rm  p la n e .  The p a r a x i a l  back foca l  

d i s t a n c e  o f  th e  dou b le t  a t  587.6 nm i s  229.382 mm; a t  632 .8  nm, i t  i s  

229.335 mm, and the  s e l e c t e d  back foca l  d i s t a n c e  was 229.199 mm.

The ray  fans  in  F igure  2 .3  and t h e  c ross  s e c t i o n s  o f  th e  p o i n t  

sp read  fu n c t io n s  in  F igure  2 .4  were c a l c u l a t e d  f o r  t h i s  p la n e .  The ray  

fans  a r e  f o r  a x i a l , .7  f u l l  f i e l d ,  and f u l l  f i e l d  o b j e c t s . Tangen t ia l  

fans  a r e  t r a c e d  from th e  bottom to  the  top  o f  th e  e n t r a n c e  p u p i l ;  s a g i t ­

t a l  fans  a re  t r a c e d  from th e  c e n t e r  t o  a va lue  o f  +1 in  th e  normalized 

p u p i l .  (The program recogn izes  o b j e c t  h e i g h t s ,  v i z . , t a n g en t s  o f  an­

g l e . )  The c h i e f  ray  h e ig h t s  a t  t h i s  p lane  f o r  th e  two f i e l d  angles  a re  

3.12404 mm and 4.46175 mm. The f u l l  f i e l d  angle  o f  tan"^ .019 c o r r e ­

sponds t o  30 Ip/mm. The f i e l d  angle  i s  measured as a t a n g e n t ,  so the  .7  

f u l l  f i e l d  angle  i s  .76199°.  The d i s t o r t i o n  measured by c o n s id e r a t i o n  

o f  the  c h i e f  ray  i n t e r c e p t  w i th  th e  b e s t  foca l  s u r f a c e  shows t h a t  the  

d i f f e r e n c e s  a r e  in c o n se q u e n t ia l  in  t h i s  i n s t a n c e .  However, an i n t e r ­

e s t i n g  and s a l i e n t  f e a t u r e  o f  the  problem i s  d i sp lay ed  g r a p h i c a l l y  in  

F igure  2 . 4 .  The v e r t i c a l  l i n e  a t  t h e  c e n t e r  o f  the  c ros s  s e c t i o n s  r e p ­

r e s e n t s  two pa ram ete rs .  I t s  l o c a t io n  corresponds to  t h e  i n t e r s e c t i o n  o f  

the  c h i e f  ray  w i th  the  s e l e c t e d  foca l  s u r f a c e ,  and i t s  h e i g h t  r e p r e s e n t s  

the  i r r a d i a n c e  in  th e  p o i n t  sp read  fu n c t io n  o f  an a b e r r a t i o n  f r e e  system. 

Note t h a t  a t  th e  foca l  p o i n t s  f o r  th e  o f f  ax is  angles  (nonzero s p a t i a l  

f r e q u e n c i e s )  t h a t  th e  p s f ' s  a r e  no t  maximized a t  the  c h i e f  ray  l o c a t i o n .



19

.015 mm

Tangent ia l  Fans S a g i t t a l  Fans

Figure 2 .3 .  Ray Fans f o r  the  Cemented Aplanat .
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Figure 2.4. PSF's of the Cemented Aplanat as a
Fourier Transform Lens, F6.5.



Thus, we see  t h a t  I t  i s  dece iv in g  to  measure e i t h e r  d i s t o r t i o n  o r  ( s in e  

-  ta n e )  in  terms o f  c h ie f  ra y  i n t e r c e p t s .  The c h ie f  ray  i s  n o t  id e n t i c  

f i e d  by a d e t e c to r ;  th e  i r r a d ia n c e  i s  th e  q u a n t i ty  measured.

In h is  s tu d y  o f  ho lo g rap h ic  matched f i l t e r  c o r r e l a t o r s ,  Fienup 

(1977) has shown th e  re le v an c e  o f  w av efro n t v a r ia n ce  in  e v a lu a t in g  sy s ­

tem perform ance. The p ro c e s s o r  i s  designed  to  form th e  a u to c o r r e la t i o n  

of th e  in p u t  to  which the  f i l t e r  i s  matched. He shows t h a t  th e  r a t i o  o f  

the  peak va lue  o f  th e  i r r a d ia n c e  in  t h i s  a u to c o r r e la t i o n  to  th e  t h e o r e t ­

i c a l  maximum i s  a l i n e a r  fu n c t io n  o f  w avefron t v a r ia n c e .  The dependence 

on th e  v a r ia n c e  i s  i d e n t i c a l  to  th e  S tr e h l  r a t i o  r e l a t i o n  (Born and 

Wolf, 1959, p. 468 ), b u t  th e  c r i t e r i o n  f o r  a c c e p t a b i l i t y  i s  d i f f e r e n t .  

Fienup assumes t h a t  an i r r a d ia n c e  o f  o n e -h a l f  w i l l  a llow  d e te c t io n  o f  

the  a u to c o r r e l a t i o n .  At t h i s  l e v e l , th e  equa tion  r e l a t i n g  th e  r a t i o  to  

the  w avefron t v a r ian ce  becomes in a c c u ra te  to  th e  e x te n t  t h a t  a d i g i t a l  

model i s  re q u i re d .

Using a quasi-random  o b je c t  and a computer model o f  the  p ro c e s ­

s o r ,  he shows th e  a u to c o r r e l a t i o n  o f  th e  o b je c t  f o r  phase e r r o r s  through 

s i x t h  o rd e r  w ith  s ta n d a rd  d e v ia t io n s  as la rg e  as one w aveleng th . From 

th e se  s im u la t io n s ,  i t  can be deduced t h a t  "a s ta n d a rd  d e v ia t io n  o f  1 /8  

w avelengths o f  phase e r r o r  r e s u l t s  in  a  g r e a t l y  reduced , b u t  s t i l l  de­

t e c t a b l e  a u to c o r r e l a t i o n  p e a k ." A lso ,  "a s tan d a rd  d e v ia t io n  of 1 /4  wave­

len g th s  r e s u l t s  in  an a u to c o r r e la t i o n  peak t h a t  would be l o s t  in the  

n o i s e . "

Although th e  peak phase e r r o r  corresponding  to  a s ta n d a rd  d e v ia ­

t io n  o f  1 /8  depends upon th e  o rd e r  o f  th e  a b e r r a t i o n ,  the

21
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a u to c o r r e l a t i o n  seems to  be f a i r l y  independent o f  th e  a b e r r a t io n  type  

when th e  s ta n d a rd  d e v ia t io n  i s  t h i s  sm a l l .

F ie n u p 's  t re a tm e n t  d ea ls  only w ith  th e  r a t i o  as a fu n c t io n  o f  

th e  f i r s t  F o u r ie r  t ran s fo rm in g  e le m e n t 's  e f f e c t  on w avefron t v a r ia n c e .  

The w avefron t v a r ia n c e  f o r  th e  second len s  o f  th e  c o r r e l a t o r  i s  assumed 

to. v an ish .  From h is  t r e a tm e n t9 we deduce then  t h a t  th e  F o u r ie r  t r a n s ­

form len s  must have a s ta n d a rd  d e v ia t io n  no worse than  x / 8 . I f  the  

w avefron t i s  worse than  x/ 8  s ta n d a rd  d e v ia t io n ,  then an im p e rfec t  second 

elem ent a s s u re s  u n s a t i s f a c to r y  perform ance.

We no te  t h a t  a s ta n d a rd  d e v ia t io n  o f  x/ 8  corresponds to  a S t r e h l  

r a t i o  o f  0 .383 . The le v e l  o f  a c c e p t a b i l i t y  f o r  an imaging lens  i s  o f te n  

taken  to  be x/14 s ta n d a rd  d e v ia t io n ,  o r  a S t re h l  r a t i o  o f  0 .8 .  We see  

t h a t  th e  cemented a p ia n a t  given in  th e  t a b le  s a t i s f i e s  even th e  s t r o n g e r  

o f  th e se  c r i t e r i a .

The requ irem en ts  to  y i e l d  a F o u r ie r  tran s fo rm  in  th e  r e a r  foca l 

p lan e  c re a te d  no need f o r  th e  lens  to  be symmetric. F o u r ie r  t ran s fo rm  

le n se s  a re  o f te n  seen w ith  f s in e  = R, th e  in p u t  fo rm at ra d iu s  (Bland- 

fo r d ,  1970; von B ie ren ,  1971; S t e e l ,  1974; Wynne, 1974a, b ) .  However i f  

the  maximum s p a t i a l  f requency  o f  i n t e r e s t  i s  cmaxJ we n o te  t h a t  th e  

F o u r ie r  tran s fo rm  form at i s  o f ra d iu s  f^ 5 max, r e g a rd !e s s  o f  R.



CHAPTER 3

THE VANDER LUGT MATCHED FILTER CORRELATOR

Geometrical O ptics  o f  the. C o r r e la to r  

F igu re  3.1 r e p re s e n ts  th e  g eom etr ica l  o p t ic s  o f  th e  Vender Lugt 

f i l t e r  c o r r e l a t o r .  Inpu t to  th e  c o r r e l a t o r  i s  lo c a te d  in  th e  p lane  S^. 

I t  i s  th e  f r o n t  fo ca l  p lan e  o f  len s  L-j. The F o u r ie r  t ra n s fo rm  p lane  i s  

a t  $2 . The c l e a r  a p e r tu re  o f  Sg r e p re s e n ts  th e  t r a n s m is s io n  hologram 

(matched f i l t e r )  which i s  to  be i l lu m in a te d  w ith  the  F o u r ie r  spectrum 

o f  th e  in p u t .  I t  l i e s  in  th e  f r o n t  foca l p lane  o f  Lg. The lens  Lg w i l l  

F o u r ie r  t ran sfo rm  the  am plitude  t r a n s m i t t e d  through Sg and form a con­

v o lu t io n ,  a c ro ss  c o r r e l a t i o n ,  and an image a t  Sg (Goodman, 1968, p. 

176).

In p r e s e n t in g  t h i s  ray  t r e a tm e n t ,  we could assume t h a t  the  r e f ­

e rence  beam ang le  used in  exposing th e  matched f i l t e r  was z e ro .  In 

a c t u a l i t y  a prism and a t i l t e d  p l a t e  assembly a re  in tro d u ce d  between th e  

hologram and in  o rd e r  to  b r in g  th e  ax is  o f th e  beam leav in g  the  f i l ­

t e r  in to  co in c id en ce  w ith  th e  o p t ic a l  a x i s .  We thus reduce  th e  c l e a r  

a p e r tu re  and th e  f i e l d  ang le  requ irem en ts  on th e  second l e n s .  This i s  

e s p e c i a l l y  im p o r tan t  in  the  case where th e  f i l t e r  i s  r o t a t e d  in  o rd e r  to  

implement an o r i e n t a t i o n  sea rc h  f o r  a matching s i g n a l . To see  t h i s ,  

c o n s id e r  an in p u t  which i s  matched to  th e  f i l t e r .  A lso ,  c o n s id e r  th e  

in p u t  to  be on a x i s ;  then the  c o l l im a te d  beam emanating from i s  f o ­

cused a t  and forms th e  a u to c o r r e la t i o n  o f  th e  in p u t  convolved w ith
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Figure 3. . Marginal Ray and Chief Ray f o r  Coherent Imaging 
in the  C o r re la to r .

IX)



th e  p s f  o f  th e  o p t ic a l  system .. This a u to c o r r e la t i o n  appears  o f f  th e  

ax is  in  S3 . Now i f  a p rism  i s  in tro d u ced  to  r e f r a c t  th e  beam coming 

•from S3 i n to  p a r a l l e l i s m  w ith  th e  a x i s , and a t i l t e d  p l a t e  b r in g s  i t  i n ­

to  c o l l i n e a r i t y  w ith  th e  a x i s , th e  a u to c o r r e l a t i o n  appears  on a x i s . The 

a u to c o r r e la t i o n  l i e s  in  th e  same p lane  as th e  image. T h e re fo re ,  we ex­

amine th e  perform ance o f  th e  system  by look ing  a t  th e  imaging p s f  o f  th e  

o p t i c s .  (Me assume th e  prism  and p l a t e ,  as o p t i c a l l y  p e r f e c t  and power­

l e s s  elem ents  in  a c o l l im a te d  beam, in tro d u c e  no a b e r r a t i o n s . )  The 

p s f ' s  a t  S3 f o r  o f f  a x is  p o in ts  in S-j t e l l  us w hether th e  Vander Lugt 

o p t ic s  t r u l y  form a s h i f t  i n v a r i a n t  system (Goodman, 1968, p .  194, Prob­

lem 7 ).  For a d is c u s s io n  o f  th e  lo c a t io n s  o f  th e  c o r r e l a t o r ' s  focused  

l i g h t ,  we r e f e r  th e  r e a d e r  to  Appendix A.

Ray R-j emanates from th e  a x i s .  I t  reaches  a t  a h e ig h t  such 

t h a t  i t  meets th e  hologram a t  i t s  edge. The ray  c o n tin u es  to  S3 . S-j 

i s  in  th e  f r o n t  foca l p lane  o f  , so th e  ray i s  p a r a l l e l  to  the  ax is  

a f t e r  r e f r a c t i o n  and th e r e f o r e  c ro s se s  th e  ax is  again  a t  th e  r e a r  fo ca l  

p lane  o f  Lg. I t s  i n t e r s e c t i o n  w ith  th e  ax is  lo c a te s  th e  image o f  S^. A 

second ray  beg ins  a t  th e  edge o f  th e  in p u t  format and i s  p a r a l l e l  to  th e  

o p t i c a l  a x i s .  Because S3 i s  th e  f r o n t  fo ca l  p lane of Lg, th e  ray leav es  

1_2 p a r a l l e l  to  th e  a x is  and reaches  $3 a t  a h e ig h t  de te rm in ing  the  edge 

o f  th e  o u tp u t  fo rm at. The le n se s  a re  a rranged  w ith  t h e i r  fo c i  c o in c i ­

den t a t  $2 ». g iv ing  an a fo ca l  imaging system . The t r a n s v e r s e  m ag n if ica ­

t io n  o f  such a system i s  p ro p o r t io n a l  to  th e  r a t i o  o f  fo ca l  le n g th s .  

M ag n if ica t io n  = -  fo ca l  le n g th  o f  l ^ / f o c a l  le n g th  o f  L-j.
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Now we can d is c u s s  th e  design f i e l d  ang le  and f - r a t i o  r e q u i r e ­

ments f o r  L2  to  work w ith  L-j. The f - r a t i o  o f  L-j, N-j, was determ ined 

•from th e  chosen fo ca l  l e n g th ,  f-j s and th e  d e s i r e d  in p u t  fo rm at d iam e te r ,  

D-j. N-j “= f-j/D-j. Rg i s  p a r a l l e l  to  th e  o p t ic a l  a x is  to  th e  l e f t  o f  L-j, 

and p asses  through th e  edge o f  th e  in p u t  fo rm at.  T h e re fo re ,  i t  i s  a . 

m a rg in a l  ray  f o r  L p  and th e  ang le  i t  makes between L-j and Lg i s  th e  

numerical a p e r tu r e  o f  L-j. Lg i s  t o  F o u r ie r  t ra n s fo rm  th e  am plitude 

t r a n s m i t ta n c e  o f  Sg, f o r  Sg l i e s  in  i t s  f r o n t  foca l p la n e .  As seen in  

Chapter 2 , Sg i s  now c o n s id e red  the  a p e r tu re  s to p  f o r  Lg, and Rg i s  a 

c h i e f  ray  f o r  Lg. As a c h ie f  r a y ,  i t s  ang le  w ith  the  a x is  a t  (which 

i s  a l s o  L g 's  e n tra n ce  p u p i l ) i s  th e  f i e l d  angle f o r  Lg* T hus, the  

a n g u la r  f i e l d  o f  view f o r  L2 was no t a f r e e  v a r ia b le  once th e  f - r a t i o  

o f L-j was determ ined .
'i

R-j passes  through th e  edge o f  Sg and i s  a m arginal ray f o r  L2 . 

The s i z e  o f  th e  a p e r tu re  s to p  a t  Sg f o r  Lg was determ ined  by 5 and f-j. 

The num erical a p e r tu re  o f  Lg now depends s o l e l y  on th e  cho ice  o f  the  

foca l le n g th  o f  Lg, fg .  However, may have been chosen by th e  d e te c ­

t o r  s i z e ,  f o r  th e  d e t e c to r  can be no s m a l le r  than  D - j ^ / f p  as seen from 

th e  equ a tio n  f o r  a foca l t r a n s v e r s e  m a g n if ic a t io n .

F igure  3 .2  shows a cone o f  rays c o n s t ru c te d  abou t th e  ray Rg o f  

F igure  3.1 to  r e p r e s e n t  imaging from th e  edge o f  th e  in p u t .  In p e r ­

forming as a FTL, had to  form an image from rays le a v in g  an o b je c t  

i n f i n i t e l y  d i s t a n t  to  th e  l e f t .  As a p a r t  o f  the  c o r r e l a t o r ,  i t  must 

c o l l im a te  rays le av in g  a p o in t  o f  S p  Lg forms an image o f  a p o in t  

which i s  ( a p p a re n t ly )  i n f i n i t e l y  d i s t a n t .  I t  need no t  be sym m etrica l.
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Doublets as th e  C o r r e la to r  Lenses

Table  3.1 d e sc r ib e s  a p a i r  o f  d o u b le ts  a rranged  in  th e  a fo ca l  

‘imaging c o n f ig u r a t i o n . The common fo c a l  p o in t  i s  what would o r d in a r i l y  

be th e  r e a r  fo c a l  p o in t  o f  each o f  th e  le n s e s .  The rays t r a c e d  f o r  

a n a ly s i s  a re  t r a c e d  from- th re e  p o in ts  in  th e  in p u t  p la n e .  The f i r s t  

p o in t  i s  on a x i s ,  th e  second i s  1 2 .6  mm below ( .7  f i e l d ) ,  and f u l l  f i e l d  

rays  a re  t r a c e d  from 18 mm below th e  a x i s .  This  choice  o f  in v e r te d  ob­

j e c t  i s  merely a len s  d e s ig n e r s '  conven tion . Two fans  o f  rays  a re  

t r a c e d  from each p o in t .  The y - f a n  f i l l s  th e  m erid iona l d iam e te r  o f  th e  

hologram a p e r tu re  a t  Sg, and th e  x -fan  covers th e  l e f t  h a l f  o f  th e  s a ­

g i t t a l  d iam eter .

The p lane  o f  i s  th e  p a ra x ia l  ( a t  632.8  nm) f r o n t  fo ca l  p lane  

of L y  Sg l i e s  as th e  d is ta n c e  s e l e c t e d  by d e fe c t  fu n c t io n  given in  Ap­

pendix A, w ith  L'j d e sc r ib e d  as a FTL. The le n se s  a re  a rran g ed  symmet-
V

r i c a l l y  about Sg. (Reversing the  o r i e n t a t i o n  o f  the  second d o u b le t  i s  

n o t  o f much i n t e r e s t . ) was s e l e c t e d  by a s i m i l a r  ACCOS V d e fe c t  

f u n c t io n ,  b u t  w ith  the  f i e l d  of view and o b je c t  lo c a t io n  being d e t e r ­

mined by th e  in p u t  fo rm at r a t h e r  than by g. A lso , th e  a p e r tu re  s to p  

fo r  t h i s  o p t im iz a t io n  l i e s  a t  Because o f  u n d e rc o rre c te d  f i e l d  c u r ­

v a tu r e ,  S3 l i e s  c lo s e r  to  Lg than l i e s  from .

The system i s  doubly t e l e c e n t r i c  and can le ad  t o  p re v io u s ly  men­

t io n e d  d i f f i c u l t i e s  in  e v a lu a t io n .  Given in  Appendix B i s  a s e t  o f  

ACCOS V card  images which w i l l  n o t  induce any d i f f i c u l t i e s .  Some v e r ­

s io n s  o f  ACCOS I I  r e q u i re d  th e  u se r  to  aim rays a t  th e  f i r s t  g la ss  s u r ­

f a c e ,  examine t h e i r  i n t e r s e c t i o n s  w ith  Sg, and realm them. A lso ,



Table 3 .1 . Cemented A planats  in Imaging C o n f ig u ra t io n .

Radius (mm) Thickness (mm) Glass Type

233.1593 A ir

173.6676 9 .4 SK5

-83 .0344 2 .35 SF12

-405.2721 229.199 A ir  '

Stop 229.199 A ir

405.2721 2.35 SF12

83.0344 9 .4 SK5

-173.6676 . 231.4724 A i r .....

A iry  d isk  ra d iu s  = .020 itm



c o n s t r u c t io n  o f  an ACCOS I I  d e f e c t  fu n c t io n  to  s e l e c t  b e s t  focus o f  th e  

doubly t e l e c e n t r i e  system  was n o t  a ta s k  which could be f u l l y  c o n t r o l l e d  

.as w ith  ACCOS V.

ACCOS I I  used a l e f t  handed c o o rd in a te  system . The y - a x i s  was 

v e r t i c a l  and th e  2-a x is  was th e  optical a x i s .  The x - a x is  was p o s i t i v e  

to  th e  r i g h t ,  as we looked along th e  p o s i t i v e  z - a x i s .  I t  became custom­

ary  to  p l o t  th e  s a g i t t a l  ray  fans, f o r  j u s t  the  r i g h t  h a l f  o f  th e  pup il 

f o r  c i r c u l a r l y  symmetric o p t ic a l  sy stem s. ACCOS V uses a r ig h t-h an d e d  

c o o rd in a te  system , w ith  x in c re a s in g  to  th e  l e f t .  The s a g i t t a l  ray  fans  

a re  s t i l l  p l o t t e d  w ith  x = 0 a t  th e  l e f t  edge and x = 1 a t  th e  r i g h t  

edge o f  th e  norm alized  pup il  ( h o r i z o n t a l ) a x i s .

Comparing th e  ray  fans  in  F igure  3 .3 ,  one can see  t h a t  th e re  i s  

a s i g n i f i c a n t  amount o f  f i e l d  c u rv a tu re  and a s tigm atism  in  th e  system. 

The p s f ' s  in  F igu re  3 .4  show, as we ex p ec t  f o r  a symmetric system , no 

coma, b u t  la rg e  amounts o f  even a b e r r a t io n  term s. (The A iry  d isk  ra d iu s  

is .020 mm.)

We have now seen a lens  which behaved rea so n ab ly  w ell as a FTL 

f a i l e d  to  s a t i s f y  requ irem en ts  in  the  c o r r e l a t o r  c o n f ig u r a t io n .  When 

re q u ire d  to  form good images f o r  two p a i r s  o f  c o n ju g a te s ,  th e  lens  

f a i l e d ,  f o r  i t  had h o t  been designed  f o r  such an a p p l i c a t i o n .  Now con­

s i d e r  th e  design  o f  a len s  ab le  to  focus l i g h t  from one d i r e c t i o n  (Fou­

r i e r  t ransfo rm  th e  in p u t)  and a lso  a b le  t o  c o l l im a te  l i g h t  coming from 

p o in ts  in  i t s  f r o n t  fo c a l  p lane  ( f i r s t  h a l f  o f  c o r r e l a t o r ' s  imaging 

p a i r ) .  A lso , i f  th e  len s  i s  to  be used to  make matched f i l t e r s ,  i t  must 

have a back fo c a l  d i s ta n c e  la rg e  enough to  allow a r e f e re n c e  beam to

30
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.030 mm

T angen tia l Fans S a g i t t a l  Fans

Figure 3 .3 .  Ray Fans f o r  A planats  in Imaging C o n f ig u ra t io n .
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.045 mm

Figure 3.4. PSF's of the Aplanats in Imaging
Configuration, F26.
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i l l u m in a te  th e  F o u r ie r  spectrum  o f  th e  in p u t .  (The s e l e c t i o n  o f  back 

foca l d is ta n c e  i s  a fu n c t io n  o f  in p u t  d iam e te r  s i z e ,  s p a t i a l  f req u en cy , 

and re f e re n c e  beam a n g le .  The r e l a t i o n s h i p s  a re  e a s i l y  unders tood  and 

b e s t  in v e s t i g a t e d  w ith  a diagram. We w i l l  assume here  t h a t  th e  r e a d e r  

can de term ine  th e  l im i t s  on th e  back fo c a l  d is ta n c e  and then  implement 

them as c o n s t r a in t s  on the  o p t i m i z a t i o n . )

Unequal Focal Length le n se s

Though th e  in p u t  d iam e te r  o f  36 mm i s  d i f f e r e n t  from th e  sp ec ­

trum d iam e te r  o f 9 mm, th e  nex t le n se s  were op tim ized  as symmetrical 

l e n s e s . This in s u re d  t h a t  th e  perform ance in  both d i r e c t i o n s  would be 

good. A len s  in p u t  d e s c r ip t i o n  i s  given in  Appendix B. The in p u t  lo c a ­

t io n  ( s to p )  and F o u r ie r  p lan e  were a u to m a t ic a l ly  kept sy m m etr ica lly  lo ­

ca ted  about th e  le n s .  The d e fe c t  fu n c t io n  was e v a lu a te d  a t  a p lane  d i f ­

f e r e n t  from th e  p a ra x ia l  p la n e ,  i t s  lo c a t io n  determ ined by th e  o p tim iz a ­

t io n  p ro c e ss .

A second lens  o f  s h o r t e r  fo c a l  l e n g th ,  w ith  f i e l d  ang le  d e t e r ­

mined from the  f - r a t i o  o f  th e  f i r s t ,  was a l s o  designed . I t  has a l re a d y  

been shown t h a t  th e  s p e c t r a l  mapping requ irem en ts  could  be s a t i s f i e d  

much more e a s i l y  than  th e  t e l e c e n t r i c  im aging, so th e  e v a lu a t io n  p re ­

s e n te d  h e re  in c lu d e s  on ly  th e  l a t t e r  f o r  th e se  two l e n s e s .  Note t h a t  

the  second len s  i s  n o t  merely a s c a le d  down v e rs io n  o f  th e  f i r s t  l e n s .  

I t s  f i e l d  ang le  and num erical a p e r tu re  a re  d i f f e r e n t  from th e  f i r s t ,  so 

th e  o p t im iz a t io n  produces a d i s t i n c t l y  d i f f e r e n t  l e n s .

The r e l a t i o n s h i p s  o f  f i e l d  an g les  and f - r a t i o s  were mentioned 

e a r l i e r .  We w i l l  use t h i s  p a i r  as an example. For L-j, th e  in p u t
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d iam ete r  = 36 mm and fo c a l  le n g th  = 235 ran. This g ives  an f - r a t i o  o f  

6 .5 .  (The num erical a p e r tu re  i s  .0 7 6 .)  The l i m i t  on o u tp u t  d iam eter  

•was 13 ran. So we f i n d  th e  fo ca l  le n g th  o f  Lg to  have an upper l i m i t  o f  

85 ran (13/36 x 235). We know t h a t  th e  in p u t  s p a t i a l  f requency  ex tends 

to  30 lp/mm5 so  th e  spectrum  has d iam e te r  9 mm (2»3 0 -6 .3 2 8 “10"^ ran).

This  means Lg w i l l  t a v e  an f - r a t i o  o f  9 .4  o r  f a s t e r  (8 5 /9 ) .  The f i e l d  

angle  f o r  Lg i s  .076 o r  about 4 .4 ° .  (Note a lso  t h a t  t a n " ^ (1 /2  x 13/85)

= 4 .4 ° . )  Back fo c a l  d i s ta n c e  c o n s t r a in t s  were determ ined  by r e fe re n c e  

beam requ irem en ts  and e lec tro m ech an ica l  dev ices  f o r  th e  c o r r e l a t o r .  The 

Tens system d e s c r ip t i o n  i s  given in  Table  3 . 2 . The e v a lu a t io n s  a re  seen  

in  F ig u res  3 .5  and 3 .6 .  A comment on th e  d i f f r a c t i o n  i n t e g r a l s  f o r  t h i s  

c o n f ig u ra t io n  i s  g iven  in  Appendix A.

I t  was mentioned a t  th e  end of th e  f i r s t  s e c t io n  o f  t h i s  c h a p te r  

t h a t  one could  design  the  second len s  w ith o u t  re g a rd  to  symmetry. All 

t h a t  i s  r e q u ire d  i s  t h a t  th e  second len s  be c o r re c te d  w ith  th e  a p e r tu re  

s to p  a t  th e  hologram p o s i t io n  in  th e  f r o n t  fo ca l  p la n e .  Such a c o n f ig ­

u ra t io n  i s  s t i l l  t e l e c e n t r i c  and a f o c a l ,  w ith  th e  same F re sn e l-K irc h h o f f  

i n t e g r a l s  as th e  f u l l y  symmetric c o n f ig u r a t io n .

Asymmetric Lenses

The design  o f  an asymmetric len s  which images w ell f o r  two s e t s  

o f  con juga tes  can be done a u to m a t ic a l ly  by some o p t im iz a t io n  programs. 

There i s  th e  r e s t r i c t i o n ,  however, t h a t  th e  foc i be a c c e s s ib l e .  Even 

th e n ,  i t  may prove im poss ib le  to  impose th e  c o n s t r a in t s  n e ce ssa ry  to  

make th e  le n s  f i t  th e  a p p l i c a t i o n .  Because the  Vender Lugt c o r r e l a t o r



Table  3 .2 .  Unequal Focal Length Lenses in  Imaging C o n f ig u ra t io n .

Radius (mm) Thickness (mm) Index a t  632.8  nm

191.372 A ir

124.3725 10 . 1.77866

-923.249 24.8036 Ai r

-141.441 . 10 . 1.77866

141.441 24.8036 A ir

923.249 1 0 . 1.77866

-124.3725 191.372 A ir

S t o p ....................... - - ■ 69.3718 A ir

65.2574 5. 1.77866

-126 .774 6.4078 A ir

-62 .3629 5. 1.77866

62.3629 6.4078 A ir

126.774 ' 5. 1.77866

-65 .2574 69.3401 A ir

EFL o f  f i r s t  t r i p l e t  a t  632.8  nm = 234.3956 mm 

P a ra x ia l  back fo ca l  d is ta n c e  = 191.4421 mm 

EFL o f  second t r i p l e t  a t  632.8  nm = 82.145367 mm 

P a ra x ia l  back fo ca l  d is ta n c e  = 69.494597 mm 

A iry  d isk  ra d iu s  = .007 mm
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.005 mm

T angen tia l  Fans

™—x

S a g i t t a l  Fans

F igure  3 .5 .  Ray Fans f o r  Unequal Focal Length Lenses.
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.010 mm

Figure  3 .6 .  PSF's o f  the  Unequal Focal 
Length L en ses , F9.1.
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c a l l s  f o r  both  s e t s  o f  co n ju g a tes  to  inv o lv e  i n f i n i t e  d is ta n c e s  in  th e  

s in g l e  FTL, th e  approach to  th e  design  could  no t  be f u l l y  au to m atic .

According to  t h i r d  o rd e r  a b e r r a t io n  th eo ry  f o r  a th in  l e n s ,  con­

ju g a te  s h i f t  has a s i g n i f i c a n t  e f f e c t  on s p h e r ic a l  a b e r r a t i o n ,  bu t no 

e f f e c t  on a s t ig m a tism . T h e re fo re ,  i t  seems re a so n ab le  to  begin  w ith  th e  

c o r r e c t io n  o f  s p h e r ic a l  a b e r r a t io n  as th e  most im p o r tan t  c o n s id e ra t io n .  

Because th e  in p u t  fo rm at i s  so much l a r g e r  than the  F o u r ie r  transfo rm  

d iam e te r  in  t h i s  c a s e , th e  o p t im iz a t io n  shou ld  proceed from th e  in p u t  

end o f  th e  le n s .  C onsidering  two id e n t i c a l  asymmetric l e n s e s ,  we see  

t h a t  in  one d i r e c t i o n  th e  in p u t  d iam e te r  and foca l le n g th  determ ine  th e  

f - r a t i o ,  and t h a t  s p a t i a l  frequency  determ ines the  f i e l d  an g le .  On th e  

o th e r  s id e  o f th e  hologram, f - r a t i o  i s  de term ined by hologram s i z e  and 

f i e l d  ang le  by f - r a t i o  o f  th e  f i r s t  l e n s .  We design th e  len s  in  one d i ­

r e c t i o n ,  th en  check th e  performance in  th e  o th e r .  T h is  w i l l  t e l  1 us how 

w ell th e  len s  w i l l  mate w ith  an i d e n t i c a l  lens  in th e  c o r r e l a t o r .

The design  was i n i t i a t e d  from a fo u r  elem ent p h o tog raph ic  ob­

j e c t i v e .  The s to p  was kep t in  th e  p a ra x ia l  f r o n t  fo ca l  p lane  with a
v

p a ra x ia l  c h ie f  ray  ang le  so lv e  on th e  l a s t  g la ss  s u r f a c e .  The d e fe c t  

fu n c t io n  was i d e n t i c a l  to  t h a t  used f o r  th e  o p t im iz a t io n  o f  symmetric 

t r i p l e t s .  A f te r  convergence o f  th e  o p t im iz a t io n  on a v e rs io n  o f  ACCOS, 

th e  lens  was s e t  up in  th e  o p p o s ite  d i r e c t i o n  w ith  a p p r o p r ia te  f i e l d  

ang le  and s to p  d iam e te r  a l t e r a t i o n s .  A su c c e ss fu l  ray  t r a c e  in d ic a te d  

t h a t  th e  len s  would work in  th e  c o r r e l a t o r  c o n f ig u ra t io n .

To e v a lu a te  the  len s  in th e  imaging c o n f ig u r a t io n ,  th e  in p u t  was 

p laced  a t  th e  p a ra x ia l  f r o n t  foca l p la n e .  The hologram was p laced  a t
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th e  focus chosen in  th e  o p t im iz a t io n  as a FTL. An i d e n t i c a l  f o u r  e l e ­

ment Tens was p laced  sy m m etr ica l ly  abou t th e  hologram p la n e .  The f i n a l  

image p lan e  was then  chosen by th e  d e f e c t  fu n c t io n .  I t  i s  in s id e  th e  

p a ra x ia l  focus due t o  some u n d e rc o rre c te d  f i e l d  c u rv a tu re .  We could 

e a s i l y  make th e  va lu es  o f  154.921 and 154.7 converge to  a common va lue  

by moving th e  in p u t  p lane  towards th e  f i r s t  l e n s .  Stop lo c a t io n  has a 

weak e f f e c t  on perform ance in  th e  FTL c o n f ig u r a t io n ,  so th e  va lue  o f  

140.184 as th e  b e s t  fo ca l  d is ta n c e  would no t  change a p p re c ia b ly  during  

t h i s  ad ju s tm en t.

Table  3 .3  c o n ta in s  a d e s c r ip t i o n  o f  th e  l e n s ,  and F igures  3 .7  

and 3 .8  dem onstra te  i t s  perform ance in  th e  c o r r e l a t o r .  I t  i s  e s s e n t i a l ­

ly  a b e r r a t io n  f r e e  a t  a l l  f i e l d  p o s i t i o n s .



Table 3 .3 . Asymmetric Lens in Imaging C o n f ig u ra t io n .

Radius (mm) Thickness (mm) , Index a t  632.8  nm

154.921 A ir
197.9414 18. 1.6138

-844.1525 1.17 A ir

105.604 44.6 1.6138

170.7815 10.56 A ir

-362.8605 4.7 1.72

78.5885 44.6 A ir  ,

311.4411 18.8 1.6138

-119.8658 140.184 A ir

Stop 140.184 A ir

119.8658 18.8 1.6138

-311.4411 44.6 A ir

-78 .5885 4 .7 1.72

362.8605 10.56 A ir

-170.7815 44.6 1.6138

-105 .604 1.17 A ir

844.1525 18. 1.6138

-197.9414 154.7 A ir

EFL a t  632 .8  nm = 233.7738 irm 

P a ra x ia l  f r o n t  fo ca l  d i s ta n c e  = 154.9208 mm 

P a ra x ia l  b a c k .foca l d is ta n c e  = 140.1955 mm 

Airy d isk  ra d iu s  = .020 mm
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T angen tia l Fans S a g i t t a l  Fans

Figure 3 .7 .  Ray Fans f o r  Asymmetric Lenses 
in  Imaging C o n fig u ra t io n .
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y

Figure 3 .8 .  PSF's of the  Asymmetric Lenses, F26.



CHAPTER 4

THE MULTIWAVELENGTH PROBLEM

In employing a len s  f o r  a FTL, th e  q u es t io n  o f  th e  l e n s ' s  wave­

le n g th  v e r s a t i l i t y  sometimes a r i s e s .  There can be reasons  to  change 

wavelengths f o r  s p e c t r a l  s e n s i t i v i t y  o f  th e  f i lm  o r  o f  th e  a u to c o r r e la ­

t io n  d e t e c t o r ,  o r  f o r  l a s e r  s t a b i l i t y  c h a r a c t e r i s t i c s .

P a rax ia l  P r o p e r t ie s

There a re  a number o f  new f a c e t s  to  be co n s id e red  in  moving to  

th e  design  o f  a len s  f o r  s e v e ra l  w aveleng ths . F igure  4.1 shows a t r a n s ­

parency and a s i n g l e t  FTL being  used a t  th r e e  w a v e le n g th s . The s h o r t e s t  

w avelength  i s  d e p ic te d  in  th e  topmost l e n s .  The fo ca l  le n g th  in c re a s e s  

by 5% between th e  c o n f ig u r a t io n s .  (G lasses  have lower in d ic e s  o f  r e ­

f r a c t i o n  w ith  in c r e a s in g  X in  th e  v i s i b l e . )  F i r s t  th e  t ra n sp a ren c y  i s  

moved to  th e  l e f t  and th e  foca l p lane  to  th e  r i g h t  because o f  the  i n ­

c reased  fo c a l  le n g th .  A lso , emQX in c r e a s e s .  (For t h i s  d iagram , the  

wavelength r a t i o  between l e v e l s  i s  1 .2 5 . )  The in c re a s e  in  c l e a r  a p e r­

tu r e  a t  th e  len s  is . p ro p o r t io n a l  to  th e  p ro d u c t  o f  th e s e  e f f e c t s .

F igure  4.1 shows a len s  w ith  f - r a t i o  3 .3  a t  th e  s h o r t  w avelength 

and w ith  emax equal to  0 .1 .  This i s  a low F number, l a rg e  f i e l d  ang le  

FTL. The va lues  f o r  th e  f i e l d  ang les  Were chosen to make the  d i f f e r ­

ences in  th e  diagrams more ap p a ren t .  However, the  changes in  foca l 

le n g th  and f i e l d  ang le  a re  r e p r e s e n t a t i v e  o f  what is. seen in  changing 

from b lue  to  red  i l l u m in a t io n .  Thus, i t  i s  no t  u n reasonab le  to a llow  .
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f o r  chrom atic  v a r i a t i o n  o f  th e  t r a n s p a r e n c y - to -̂ 1 ens d is ta n c e  and back 

foca l d is ta n c e  (a x ia l  c o lo r ) .  T y p ic a l ly ,  th e  change would be le s s  than 

a few c e n t im e te r s . For a m u lt ie le m e n t  l e n s ,  we w i l l  r e q u i r e  t h a t  th e  

elem ent sp ac in g s  remain f ix e d  and t h a t  th e  in p u t  and focus lo c a t io n s  be 

symmetric about th e  len s  f o r  a l l  w aveleng ths . We s h a l l  a llow  a change 

in  th e  fo ca l  le n g th  w ith  c o lo r  ( l a t e r a l  c o lo r )  so long as th e  change i s  

w i th in  p r a c t i c a l  l i m i t s .

O p tim iza tion

There a re  th r e e  le n se s  and t h e i r  e v a lu a t io n s  p re s e n te d  in  t h i s  

c h a p te r .  In th e  f i r s t ,  i t  i s  assumed t h a t  th e  design f i e l d  ang le  i s  i n ­

dependent o f  w aveleng th . I t  can be t h a t  e a t  th e  lo n g e s t  wavelength 

i s  used as th e  design  f i e l d  a n g le ,  o r  t h a t  th e  maximum s p a t i a l  frequency 

of th e  in p u t  i s  lower f o r  th e  lo n g e r  w aveleng ths . In t h i s  f i r s t  l e n s ,  

we a lso  assume t h a t  two g la s s e s  w ith  d i f f e r e n t  d i s p e r s io n  va lues  a re  

needed to  cope w ith  c o lo r  c o r r e c t io n  a t  w ide ly  s e p a ra te d  w aveleng ths .

The s t a r t i n g  design i s  S t e e l ' s  (1974) w e l l - c o r r e c t e d  t r i p l e t .  The main 

r e s u l t  o f  th e  p ro cess  i s  th e  dem onstra tion  t h a t  au tom atic  o p t im iz a t io n  

a t  two w avelengths w ith o u t  a ch ro m atiza t io n  can be done w ith  a ray  de­

f in e d  d e fe c t  fu n c t io n .  (See Appendix D f o r  card  images to  implement th e  

ACCOS V d e fe c t io n  f u n c t i o n . ) The le n s  i s  d e sc r ib ed  in  T ab le  4 .1 .  F ig ­

ures  4 .2  through 4 .5  g ive  an e v a lu a t io n  o f  the  le n s .

In th e  second l e n s ,  only one g la s s  type was a llow ed . The nega­

t i v e  elem ent o f  th e  f i r s t  len s  was given th e  same index and d is p e r s io n  

as th e  p o s i t i v e  e le m e n ts . A lso , new c u rv a tu re s  f o r  th e  n e g a t iv e  e lem ent 

were c a lc u la te d  to  p re se rv e  th e  foca l le n g th  and back fo c a l  d is ta n c e  a t



Table  4 .1 . M u lt ip le  Wavelength Lens.

Radius (mm) Thickness (mm) Glass Type

1010 A ir

Stop Red 430.8115 
Blue 421.1499

A ir

240.20176 12.5 BaKl

-932,95894 48.68299 A ir

-242.03726 8 . Bk7

242.03726 48.68299 A ir

932.95894 12.5 BaKl

-240.20176 Red 430.8115 
Blue 421.1499

A ir

Inpu t fo rm at d iam e te r  = 40 mm

S em if ie ld  ang le  = t a n -  ̂ .04 (63 Ip/nrn a t  632.8  nm
82 Ip/mm a t  488 nm)

EFL a t  632.8  nm = 502.286321 mm

P a ra x ia l  back fo ca l  d is ta n c e  = 431,049247 mm

Real c h ie f  ray  h e ig h t  a t  b e s t  focus = 20.07449 mm

f s in e  = 20.07540 mm

EFL a t  488.0 nm. = 492.841963 rrm

P a ra x ia l  back fo c a l  d is ta n c e  -  421.460506 mm
Real c h i e f  ray  h e ig h t  a t  b e s t  focus = 19.69553 mm

fs in e  = 19.69793 rnn

A iry  d is k  r a d i i :  a t  488 nm = .0074 mm
a t  632.8  nm = .0097 mm
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.010 mm

— -  y

T angen tia l  Fans S a g i t t a l  Fans

Figure 4.2. Ray Fans for Multiple Wavelength Lens, Red.
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1.

.015 mm

Figure 4.3. PSF's of Multiple Wavelength Lens Red.
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.010 mm

i

T angen tia l  Fans S a g i t t a l  Fans

Figure 4.4. Ray Fans for Multiple Wavelength Lens, Blue.
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.015 mm
TT? X

Figure 4.5. PSF's of Multiple Wavelength Lens, Blue.



one w avelength . The index and d i s p e r s io n  were v a r i a b le s  in  th e  o p t im i­

z a t i o n ,  bu t a l l  e lem ents have th e  same va lues  f o r  index and d i s p e r s io n .  

A f te r  s ev e ra l  o p t im iz a t io n  p a s s e s ,  a g la s s  type  w ith  d i s p e r s io n  and i n ­

dex c lo se  go th o se  o f  th e  op tim ized  g la s s  was s e le c te d  from th e  S c h o t t  

g la ss  t a b l e .  Several more passes  were then  made w ith  only  a i r  t h i c k ­

nesses  and elem ent c u rv a tu re s  as v a r i a b l e .  The o p t im iz a t io n  q u ick ly  ' 

converged to  th e  va lues  given in Table  4 .2 .  E v a lu a tio n s  a re  given in  

F igures  4 .6  through 4 .9 .

The t h i r d  len s  c o n s id e rs  a n o th e r  f a c e t  o f  th e  problem . The de­

f e c t  fu n c t io n  i s  so c o n s t ru c te d  t h a t  th e  design  f i e l d  ang le  i s  th e  maxi­

mum angle  o f  d i f f r a c t i o n  f o r  red  l i g h t .  The s to p  p o s i t io n  i s  allowed to  

be a t  d i f f e r e n t  lo c a t io n s  f o r  red l i g h t  and f o r  b lue  l i g h t ,  as in th e  

f i r s t  two c a s e s ,  bu t now th e  design  f i e l d  ang le  f o r  b lu e  i s  sm a l le r  . 

than t h a t  f o r  red in  d i r e c t  p ro p o r t io n  to  th e  r a t i o  o f  w aveleng ths .

This d e f e c t  fu n c t io n  r e q u i r e s  an a d d i t io n  o f  two card  images to  the  de^ 

f e e t  fu n c t io n  o f  Appendix D. Table 4 .3  d e sc r ib e s  th e  l e n s .  Evalua­

t io n s  a re  given in  F igu res  4 .10  through 4 .1 3 .

We can make a comparison o f  th e  th r e e  le n se s  to  see  how much 

each c o n s id e ra t io n  a f f e c t s  th e  f i n a l  design  and th e  perform ance. The 

f r a c t i o n a l  f i e l d  h e ig h ts  a re  0 , .7 ,  and 1 in a l l  th r e e  len s  e v a lu a t io n s .  

In doing t h i s , no te  t h a t  th e  maximum f i e ! d  h e ig h ts  f o r  red  and blue 

a re  th e  same in th e  e v a lu a t io n  o f  th e  f i r s t  two le n s e s ,  b u t  t h a t  the  

a c tu a l  f i e l d  h e ig h ts  a re  d i f f e r e n t  f o r  th e  two c o lo rs  in th e  e v a lu a t io n  

o f  th e  t h i r d  le n s .  (The f i e l d  h e ig h t  i s  20 mm f o r  red and 15.2 mm f o r  

b lue  in th e  t h i r d  l e n s . )
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TabTe 4 ,2 .  S in g le  61ass Lens.

Radius.(mm) Thickness (him) Glass Type

1010 A ir

Stop Red 447.6051 
Blue 437.4584

A ir

241.33766 12.5 BaF6

-904.13521 40.55215 A ir

-262.65326 8 . BaF6

262.65326 40.55215 A ir

904.13521 12.5 BaF6

-241.33766 Red 447.6051 
Blue 437.4584

Ai r

In p u t  form at d iam e te r  = 40 mm

Semi f i e l d  ang le  = tan"^ .04 (63 Ip/mm a t  632.8 nm
82 Ip/mm a t  488 nm)

EFL a t  632.8  nm = 507.6387 mm

P a ra x ia l  back foca l d is ta n c e  = 4 4 7 .8 8 7 0  mm

Real c h ie f  ray  h e ig h t  a t  b e s t  focus = 20.2876 mm

f s in e  = 20.2893 mm

EFL a t  488 nm = 497.6150 mm

P a ra x ia l  back fo ca l  d is ta n c e  -  437.7658 mm

Real c h i e f  ray  h e ig h t  a t  b e s t  focus = 19,8866 mm

f s in e  = 19.8887 mm

A iry  d isk  r a d i i :  a t  488 nm = .0074 mm
a t  632.8  nm = .0098 mm
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.010 mm

Tangent ia l  Fans Sagittal Fans

Figure 4.6. Ray Fans for Single Glass Multiple
Wavelength Lens, Red.
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.015 mm

Figure 4.7. PSF's of Single Glass Multiple
Wavelength Lens, Red.
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.010 mm
f y

Tangent ia l  Fans Sagittal Fans

Figure 4.8. Ray Fans for Single Glass Multiple
Wavelength Lens, Blue.
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015 mm

Figure 4.9. PSF's of Single Glass Multiple
Wavelength Lens, Blue.



Table 4 .3 . Constant S p a t ia l Frequency Lens.

Radius (mm) Thickness (mm) Glass Type

1010 Ai r

Stop Red 447.36808 
Blue 437.52814

Air

239.25847 12.5 BaF6

-916.89907 35.75243 A ir

-264.81681 8. BaF6

264.81681 35.75243 A ir

916.89907 12.5 BaF6

-239.25847 Red 447.36808 
Blue 437.52814

* " - ' . ■; " ■ '' ■;

Input format d iameter = 40 mm

S p a t i a l  frequency: 63 1 p/mm ( f i e l d  angle = t a n ”  ̂ .04 in red
and t a n -1 .031 in b lu e ) .

EFL a t  632.8 nm = 500.887477 mm
P a ra x ia l  back foca l  d i s t a n ce  = 447.641605 mm

Real c h ie f  ray h e ig h t  a t  b e s t  focus = 20.01771 mm
f s in e  = 20.01949 mm
EFL a t  488 nm =491.080889 mm
P a ra x ia l  back focal d i s tan ce  = 437.775036 mm

Real c h i e f  ray  h e ig h t  a t  b e s t  focus = 15.21514 mm

f s in e  = 15 .216198  mm
Airy d isk  r a d i i :  a t  488 nm = . 0074 mm

a t  632.8 nm = .0098mm
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Tangent ia l  Fans Sagittal Fans

Figure 4.10. Ray Fans for Constant Spatial
Frequency Lens, Red.



1 .
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.015 mm

X

Figure 4.11. PSF's of Constant Spatial
Frequency Lens, Red.
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.010 mm 
e
y € X

Tangent ia l  Fans S a g i t t a l  Fans

Figure 4.12. Ray Fans for Constant Spatial
Frequency Lens, Blue.



1 .
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.015 mm

Figure 4.13. PSF's of Constant Spatial
Frequency Lens, Blue.
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Conclusions

Wynne (1974a) and S tee l  (1974) have both d i s c u s s e d  th e  use  o f  a 

FTL a t  s ev e ra l  wavelengths ,  B la n d fo rd ' s  (1970) comment was t h a t  a lens  

designed f o r  one wavelength  would no t  have w e l l - c o r r e c t e d  monochromatic 

a b e r r a t i o n s  a t  an o th e r  wavelength  i f  t h e r e  were a l a r g e  l o n g i tu d in a l  

chromatic  a b e r r a t i o n .  Wynne designed sev e ra l  s i n g l e t s  which demon­

s t r a t e d  t h a t  th e  a b e r r a t i o n  c o r r e c t i o n  d id  n o t  change q u ic k ly  with 

wavelength .  S tee l  designed a t r i p l e t  with  h ig h e r  numerical  a p e r t u r e  and 

l a r g e r  f i e l d  ang le  than Wynne's l e n s e s .  S tee l  commented t h a t  " i t  does 

not appear to  be p o s s i b l e  to  c o r r e c t  a s imple  r e v e r s i b l e  t r i p l e t  f o r  a l l  

o th e r  a b e r r a t i o n s  when each component i s  a s i n g l e  lens  made o f  a common 

g l a s s ;  B la n d fo rd ' s  th eo ry  conf irms t h i s "  (1974, p. 36).  Although i t  may 

no t  be p o s s i b l e  to  c o r r e c t  the  Seidel a b e r r a t i o n s  with  one g l a s s ,  we see  

t h a t  ba lanc ing  o f  a b e r r a t i o n s  can be accomplished in  such a way t h a t  th e  

design i s  e s s e n t i a l l y  a b e r r a t i o n  f r e e  a t  a p lane  i n s i d e  th e  p a rax ia l  

f o c u s . F igures  4 . 7 ,  4 . 9 ,  4 .1 1 ,  and 4 .13  show t h a t  the  wavefron t  i s  

n e a r ly  s p h e r i c a l , even when only one g l a s s  type i s  used.  The only n o te ­

worthy d i f f e r e n c e  in  th e  a b e r r a t i o n  c o r r e c t i o n  f o r  red  and f o r  b lue  i s  

shown in t h e  upper l e f t - h a n d  p o r t i o n  o f  F igure  4 .10 .  In th e  red i l l u ­

m in a t io n ,  the  n e c e s s i t y  f o r  a l a r g e r  c l e a r  a p e r tu r e  a t  t h e  lens  leads  to  

the  i n t r o d u c t i o n  o f  a small amount of coma, e s p e c i a l l y  a t  t h e  maximum 

ang le  o f  d i f f r a c t i o n  in the  red .

S t r u c t u r a l l y ,  t h e  t h r e e  l e n se s  d i f f e r  mostly in  th e  phys ica l  ex­

t e n t  o f  th e  g l a s s  e lem ents .  They a r e  al 1 nominally  o f  500 mm foca l  

l e n g th .  The d i f f e r e n c e  between the  red foca l  l eng th  and th e  b lue  focal
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l eng th  i s  about one c e n t im e te r  f o r  a l l  t h r e e  l e n s e s . The back foca l  

d i s t a n c e s  changed by only  4% amongst th e  t h r e e  l e n s e s .  I t  i s  the  a i r  

spac ing  between elements t h a t  exper ienced  th e  g r e a t e s t  change , d i f f e r i n g  

by 25% between Table  4.1 and Table  4.-3.



APPENDIX A

v METHODS FOR STUDYING OPTICAL PROCESSORS

There  a re  numerous c o n f ig u r a t io n s  f o r  the  matched f i l t e r  c o r r e ­

l a t o r .  We w i l l  c o n s id e r  th e  F r e s n e l -K i rc h h o f f  d i f f r a c t i o n  i n t e g r a l  ap­

proach to  d e sc r ib e  th e  s a l i e n t  f e a t u r e s  o f  t h r e e  c o n f i g u r a t i o n s .  In 

doing s o ,  a methodology f o r  examination o f  the  general  s i t u a t i o n  i s  de­

veloped.  Cases may be t r e a t e d  on the  b a s i s  o f  d i f f r a c t i o n  i n t e g r a l s  

a lo n e ,  bu t  i t  i s  shown t h a t  the  q u a d r a t i c  phase f a c t o r s  may be handled 

more e a s i l y  w i th  th e  i n t r o d u c t i o n  o f  some ideas  from geom etr ica l  o p t i c s .

F igure  A.l  shows the  f i v e  p lanes  o f  i n t e r e s t  f o r  the  de r iv a ­

t i o n s .  For both  th e  f i l t e r  maker and f o r  th e  c o r r e l a t o r ,  t h e  d i f f r a c t ­

ing t r a n s p a r en c y  l i e s  a t  1. A lens  i s  p laced  a t  2. The matched f i l t e r  

i s  a t  3. See Goodman (1968, p. 171) f o r  d e t a i l s  on f i l t e r  f a b r i c a t i o n .  

In th e  c o r r e l a t o r ,  a second lens  i s  a t  4. The d e t e c t o r  i s  a t  5. The 

d i s t a n c e  D1 w i l l  be chosen equal to  e i t h e r  f , th e  foca l  l e n g th  o f  th e  

l e n s ,  o r  z e r o , f o r  th e se  two values  r e p r e s e n t  the  extremes  o f  the  range 

of i n t e r e s t .  We w i l l  assume the  beam i l l u m i n a t i n g  th e  t r a n sp a ren c y  i s  

c o l l im a te d ,  f o r  o the rw ise  d i f f r a c t i o n  a t  1 causes th e  wavefron ts  le av in g  

1 to  be a b e r r a t e d .

The d i s t a n c e  between p lanes  2 and 3 equals  th e  l e n s e s '  foca l  

l e n g th ,  f , because we a r e  cons id e r in g  c o l l im a te d  i l l u m i n a t i o n  a t  1. For 

a s p h e r i c a l  w a v e f r o n t , t h e  F o u r ie r  spec trum would l i e  a t  th e  p lane  o f  

the  image o f  th e  source  o f  the  i l l u m i n a t i o n .  The d i s t a n c e  between
i
64
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Reference Beam

(a) F i l t e r  Maker.

Holographic  
S p a t i a l  
F i l t e r  __

Input Output

(b) Matched F i l t e r  C o r r e l a t o r .

Figure A .1. Matched F i l t e r  C o r r e l a t o r  System.
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p lanes  3 and 4 w i l l  always be equal t o  f  f o r  th e se  examples.  F u r th e r  

s tudy  f o r  the  a l lo w ab le  range  o f  t h i s  d i s t a n c e  would be i n t e r e s t i n g .

The techn iques  developed here  p rov ide  th e  t o o l s  to  make th e  t a s k  re a so n ­

a b le .  We do n o t  a t t a c k  th e  problem here  because we saw no immediate 

ga in  in  con f ig u r in g  a c o r r e l a t o r  in such a f a s h i o n . One obvious s h o r t ­

coming o f  l e t t i n g  t h e  d i s t a n c e  approach zero  i s  t h a t  r e q u i s i t e  space f o r  

a prism and p l a t e  assembly (d e sc r ib ed  l a t e r  in t h i s  appendix) would be 

e l im in a te d .

L a t e r a l  S h i f t  o f  C o r r e l a t o r  Input

The symbol u denotes e l e c t r i c  f i e l d  a m p l i tude. A s i n g l e  v a r i ­

a b l e ,  x ,  i s  used ,  though th e  problem i s  two d im e n s io n a l . I t  i s  cumber­

some to  use two v a r i a b l e s  and prov ides  no a d d i t i o n a l  i n s i g h t .  To demon­

s t r a t e  th e  s h i f t  i n v a r i a n t  f e a t u r e  o f  the  c o r r e l a t o r ,  t h e  in p u t  t r a n s ­

m i t tan ce  i s  w r i t t e n  u-j (x-j - xQ) , v i z . , th e  matching s ig n a l  i s  in the  

same p lane  as was th e  t r an sp a ren cy  used to  p repare  t h e  matched f i l t e r ,  

bu t  i t  i s  s h i f t e d  t r a n s v e r s e l y .

The f i r s t  case w i l l  be w i th  D1 = D2 -  f .  Then w i th  the  e l e c t r i c  

f i e l d  a t  1 be ing u-j (x-j -  x0 ) ,  we have a t  p lane  2

p
u2 (x2 ) = /u-|(x-j - x0 )exp( i i r (x2 -  x-j) /A f )dx1 . (A . l )

The ampli tude  t r a n s m i t t a n c e  o f  th e  lens  a t  2 i s  exp(- imx2/%f) .  See Good­

man (1968, p.  77) .  The f i e l d  j u s t  to  t h e  r i g h t  o f  a p lane  i s  i n d i c a t e d  

wi th  a + s ig n .  Thus ,

u2 = exp {- i irx2/ a f ) u2 (x2 ) . (A.2)
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Propaga t ing  t h i s  f i e l d  t o  3 ,  the  p lane  of the  matched f i l t e r ,  we have

u3 (x3) = / / u 1 (x1 -  xo )exp(i7r(x2 -  x T) 2/ x f )

2 2• ex p ( - i-tx^/Xf ) exp( i i r (x3 - x2 ) /Xf)dx^dx2 . (A.3)

C o l l e c t i n g  th e  terms in x2 , we have

2 2 2
/ e x p ( i i r (x 2 - 2x-jX2 - x2 - 2x2x 3 + x2 ) / x f ) d x 2 , (A.4)

"  2which i s  the  F o u r i e r  t r a n s fo rm  of  exp(imx2/ x f )  with  th e  f requency space 

v a r i a b l e  (x>j + x3 ) / x f .  This i s  e a s i l y  t r e a t e d  wi th  the  symbolism de­

s c r i b e d  by Cathey (1974, p. 372).  The transformed  f u n c t io n  i s  

exp(-iiT(x^ + x3) / x f )  to  w i th in  a m u l t i p l i c a t i v e  c o n s t a n t .  This s tudy 

i s  no t  concerned with  i r r a d i a n c e  l e v e l s , so such c o n s t a n t s  w i l l  no t  be 

c a r r i e d .  S u b s t i t u t i n g  t h i s  express ion  back in t o  Eq. (A.3 ) ,  we ge t

u3 (x3 ) = /u-j (x1 -  xo )exp( i i r (x2 + x3 ) / x f )

2 2
- exp(- i t r (x^  + 2x-jX3 + x3 )/xf)dx.j

= u-j (x3/x f ) e x p ( - i2 i r x 0x3/ x f )  , (A.5)

where the  t i l d e  i n d i c a t e s  the  F o u r i e r  t rans fo rm  of  the  f u n c t i o n .  Thus, 

the  ampli tude  a t  p lane  3 due to  the  d i f f r a c t i o n  a t  1 equals  th e  F o u r ie r  

t ransform  of the  ampli tude t r a n s m i t t a n c e  a t  1. The l i n e a r  phase term i s  

in t ro d u ced  by moving th e  in p u t  to an o f f  ax is  p o in t  in  1. This d e r i v a ­

t io n  d e sc r ib e s  the  F o u r i e r  t rans fo rm ing  p r o p e r ty  o f  a l e n s , achieved 

when we assume t h a t  th e  q u a d r a t i c  phase f a c t o r  p rov ides  a complete de­

s c r i p t i o n  o f  the  t r a n s m i t t a n c e  of the  l e n s .  The f i n a l  ex p re s s io n  f o r  u3
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gives  the  ampli tude  a t  the  l e n s ' s  r e a r  foca l  p lane  f o r  th e  l i g h t  p a s s in g  

through the  t r a n sp a ren c y .  I f  a coheren t  co l l im a te d  beam i s  in t ro d u ced  

. a t  a reasonab ly  small  an g le ,  e ,  say l e s s  than 2 0 ° ,  a hologram o f  the  

F o u r i e r  t rans fo rm  can be formed a t  3. Larger  r e f e r e n c e  beam angles  re^ 

q u i r e  g r e a t e r  s p a t i a l  r e s o l u t i o n  o f  the  f i l m ,  and make th e  hologram's  

ou tp u t  more s e n s i t i v e  to the  r e c o n s t r u c t i o n  beam a n g le .  The need f o r  an 

a p p re c ia b le  back focal d i s t a n c e  in o rd e r  to  accommodate a r e f e r e n c e  beam 

i s  shown in  F igure  A .1 (a ) .  I f  pho tograph ic  f i lm  reco rds  t h i s  i n t e r f e r ­

ence p a t t e r n ,

| u(Xg) + exp(i2iraXg) I ,

where a = s ine/A and i s  p rocessed  to  y i e l d  an ampli tude  t r a n s m i t t a n c e  

p ro p o r t io n a l  to  the  i r r a d i a n c e  in the  p a t t e r n ,  the  ampli tude  t r a n s m i t ­

tance  o f  the  hologram produced i s  given by (we assume t h a t  xQ -  0 in  the  

f i l t e r  maker, f o r  the  o p e r a to r  i s  f r e e  to  choose the  va lue  f o r  x a t  

t h a t  p o in t )

t(x3) = 1 + u-](x3/Af)u|(x3/Af) + u-j (x3/xf)

• exp(- i2 i rax3 ) + u | ( x 3/Af )exp(i2irax3 ) . (A.6 )

Such a hologram i s  c a l l e d  a matched f i l t e r .  Again, c o n s t a n t s  r e l a t e d  t o  

r e l a t i v e  i r r a d i a n c e s  have been n e g lec te d  f o r  convenience.

Let the  i n p u t  to  the  c o r r e l a t o r  con ta in  the  s ig n a l  from which 

the  h o log raph ic  f i l t e r  was made. (In  the  c o r r e l a t o r ,  th e  t r a n s m i t t a n c e  

a t  1 should  r i g o r o u s l y  be w r i t t e n  u(x-|) = u^(x^ - xQ) + u ' ( x ^ ) ,  where 

u' (x-j) d e sc r ib e s  the  t r a n s m i t t a n c e  of a l l  the  o th e r  (nonmatching)



s i g n a l s  a l so  r e s i d i n g  on the  i n p u t  t r a n s p a r e n c y .  We s h a l l  ignore  t h e se  

s i g n a l s  in  our c a l c u l a t i o n s .  Such s i g n a l s  can give r i s e  to  d e t e c t a b l e  

i r r a d i a n c e  l e v e l s  a t  5,  and a re  c a l l e d  " f a l s e  a l a r m s ."  In our t r e a t ­

ment, we w i l l  merely show how the  terms from the  matching s i g n a l s  i n t e r ­

a c t .  Locations  o f  ou tpu t  a t  5 from f a l s e  alarms can be c a l c u l a t e d  by 

the  same methods.  One merely assumes t h a t  some p a r t  o f  a u 1(x^) i n t r o ­

duced on a t r a n sp a ren c y  i s  l i k e  u  ̂ (x-j) and c a l c u l a t e s  the  p o s i t i o n  f o r  

t h a t  s i g n a l .  U n f o r tu n a te ly ,  the  a b b re v ia te d  t r e a tm e n t  given here  might 

be somewhat confus ing .  However, a t r e a tm e n t  co n ta in in g  terms f o r  s e v e r ­

al s i g n a l s  on one t r a n s p a r e n c y , with  one being the  matching s i g n a l , 

leads  to  a p l e t h o r a  of i n t e g r a l s  to  c o n s id e r .  H o p e fu l ly ,  the  p r e s e n t a ­

t i o n  given here  op t im izes  the  r e l a t i o n s h i p  between c l a r i t y  and complete­

n e s s . )  In the  f i l t e r  maker, a c o l l im a te d  beam i l l u m i n a t e s  1, and a co­

h e re n t  c o l l im a te d  beam i l l u m i n a t e s  3. In the  c o r r e l a t o r ,  a c o l l im a ted  

beam i l l u m i n a t e s  1, b u t  only the  F o u r i e r  t rans fo rm  ampli tude  f a l l s  on 

the  matched f i l t e r  a t  3. Then th e  ampli tude  to  the  r i g h t  o f  the f i l t e r  

i s  U g U ^ j ’ tCxg).  Propaga t ion  of t h i s  ampli tude to the  p lane  o f  the lens  

a t  4 y i e l d s

u4 (x4 ) = / u 3 (x3) t ( x 3)exp(iTr(x4 - x3 ) 2/ x f ) d x 3 . (A.7)

M ul t ip ly in g  t h i s  by the  t r a n s m i t t a n c e  o f  the  lens  g ives
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“1" 2 

U4 U 4 ) = U4 (x4 )expMTrX4/Af)

2
= /ex p  ( i Tra|/A f ) exp (" i  Z i r x ^ ) lu-j exp i 2ir_xoa y  Af)

+ U^U|U|exp(- i2 irx0x 3/Af)  + u ^ u ^ ex p ( - i2Trax3 )

• exp ( -  i 2irx0x3/ A f ) u-j u |exp  ( i 2 irox3 ) exp ( -  i 2 - n x ^ / x f )  ]

(A. 8 )

Eq, (A.8 ) has b u t  one q u a d r a t i c  phase f a c t o r .  In accordance 

w i th  Eq. (A.2 )5 p ropaga t ion  a d i s t a n c e  f  beyond 4 w i l l  r e s u l t  in  a Fou­

r i e r  t rans fo rm  m u l t i p l i e d  by l i n e a r  phase te rms.  (We t e m p o ra r i ly  r e t u r n  

to  us ing t ( x ^ )  r a t h e r  than a l l  the  terms i n s i d e  the  square  b r a c k e t s . )

Ug (x5) = / / ( x y x f )exp (-i2irx0x y x f )t (x3)exp (i tt(x | - 2x3x4)/Af)

• exp ( in (x g  - x4 )2/A f )d x 3dx4 . (A.9)

C o l l e c t i n g  only the  terms in  x4 ,

/ e x p ( im (x 4 -  2x3x4 )/Af)exp(- iTrx4/ A f ) e x p ( i 7T(-2x4x5 + x4 ) / x f ) d x 4 

-  / e x p ( i ttx2/ af ) exp ( - i 2 tt(x^ + Xg)x4/A f )d x 4 , (A. 10)

n
which i s  th e  F o u r i e r  t rans fo rm  of  exp(i irx4/Af)  with  t r a n s fo rm  v a r i a b l e  

(xg + Xg)/Af . S u b s t i t u t i n g  t h i s  l a s t  express ion  i n t o  th e  equa t ion  f o r  

Ug(xg) , we ob ta in

u5 (x5 ) = /u - | (x3/ A f ) e x p ( - i 2Trx0x3/ A f ) t ( x 3 ) e x p ( - i 2TTX3x 5/A f)dx3

(A .11)



which i s  the  F o u r i e r  t r an s fo rm  of  u-| ( x ^ / x f  ) ‘ exp(-i27rx0x3/ x f )  « t ( x 3) w i th  

t rans fo rm  v a r i a b l e  Xg/xf .  Thus,  the  fo u r  terms of Eq. (A.6) r e s u l t  in 

th e se  fo u r  terms a t  5:

us (x5) = U-, ( - x5 )* 6 (x5 + x0 )

+  u 1 ( - x 5 ) * u 1 ( - x 5 ) * u | ( - x 5 ) * 6 ( x 5  +  x0 )

+ U-j (■,’Xg)*U'j (-Xg)*iS (Xg + Xg + aXf)

+ U-j ( - x 5) i^ u 1( - x 5 )*6(x5 + x0 - aXf)

The term o f  g r e a t e s t  i n t e r e s t  i s  the  l a s t ,  the  a u t o c o r r e l a t i o n .  

I t  l i e s  a t  Xg = -x  + ax f .  S i m i l a r l y ,  th e  u-j term in  t ( x g )  r e s u l t s  in  a 

s e l f - c o n v o l u t i o n  a t  Xg = - x 0 -  ax f .  Thus,  the  two a re  p o s i t i o n e d  sym­

m e t r i c a l l y  about  th e  image p o in t  Xg = -x  ■ From the  l i n e a r  appearance 

o f  xQ in  t h i s  l a s t  equa t ion  f o r  Ug(xg), we see  t h a t  the  c o r r e l a t o r  i s  

indeed s h i f t  i n v a r i a n t .  Note t h a t  we have assumed here  t h a t  the  impulse 

re sponse  o f  th e  system does no t  change w i th  the  l o c a t i o n  in  plane 5.

This  i s  what the  p s f  diagrams in Chapters  2 ,  3, and 4 confi rm o r  d i s ­

prove f o r  th e  l en se s  cons ide red  in those  c h a p te r s .

The choice  o f  a. i s  a f r e e  v a r i a b l e ,  w i th in  th e  l i m i t s  o f  the  

a b i l i t y  o f  the  f i lm  to  record  the  f r i n g e  spac ing .  The terms a t  the  o u t ­

pu t  p lane  can be s e p a r a t e d  by choosing a  p ro p e r ly .  Goodman (1968, p. 

176) p re s en te d  some i n e q u a l i t i e s  to  d e s c r ib e  the  c r i t e r i a  f o r  s e p a r a t i n g  

the  te rms.  His t r e a tm e n t  d e a l t  only  wi th  ax ia l  s i g n a l s ,  however. For
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the  case  o f  an o f f - a x i s  i n p u t  to  the  c o r r e l a t o r ,  a l l  t h e  ou tp u t  terms a r e  

s h i f t e d  in d i r e c t  p ro p o r t io n  to  th e  i n p u t ' s  s h i f t .  An example w i l l  he lp  

c l a r i f y  the  r e l a t i o n s h i p s .  Let us c o n s id e r  a c o r r e l a t o r  w i th  the  f o r m a t . 

and foca l  l e n g th s  d e sc r ib e d  in  Chapter  3. The l en se s  w i l l  be o f  equal 

foca l  l e n g th s .  The system i s  i l l u m i n a t e d  w i th  helium neon l a s e r  l i g h t  . 

and a r e f e r e n c e  beam angle  o f  20° was used to  form th e  s p a t i a l  f i l t e r .

We now have •

X = 6.328*10  ̂ nffl ,

9 = 20° ,

a e s i n e / x  = 540.5/mm ,

aXf -  80 .38 mm

For a format r a d iu s  of 18 mm, t h e r e  w i l l  be an image of th e  in p u t  t r a n s ­

parency wi th  r a d iu s  o f  18 mm c en te re d  on th e  o r i g i n .  Let us suppose the  

matching s ig n a l  i s  in t roduced  a t  x. = 15 mm and has a r a d iu s  o f  3 mm.

The ou tp u t  p lane  co n ta in s  the  terms r e p r e s e n te d  in F igure  A .2 (among the  

o t h e r s  mentioned above) .  Within the  image of  the  in p u t  i s  the  image o f  

the  matching s i g n a l ,  o f  course .  The o t h e r  terms r e p r e s e n te d  a re  the  

a u t o c o r r e l a t i o n  o f  the  matching s ig n a l  a t

Xg = -15 mm + 80.38 mm = 75.38 mm ,

and th e  s e l f - c o n v o l u t i o n  o f  the  matching s ig n a l  a t

Xg = -15 mm - 80.38 mm = -9 5 .3 8  mm
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A u to c o r re la t io n  of  Matching Signal

Image o f  Inpu t  Format

Image o f  Matching Signal

S e l f - c o n v o lu t io n  o f  Matching Signal

Figure A.2. Output Plane o f  C o r r e l a to r .
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With m u l t i p l e  inpu ts  to  th e  c o r r e l a t o r  on a s i n g l e  t r a n s p a r e n c y ,  t h e r e  

a r e  a l so  a number o f  c ro s s  c o r r e l a t i o n  t e r m s . Severa l  i n e q u a l i t i e s  can 

be w r i t t e n ,  bu t th e  most p e r t i n e n t  i s  t h a t  f o r  th e  r e l a t i o n s h i p  between 

th e  a u t o c o r r e l a t i o n  o f  th e  matching s ig n a l  and th e  in p u t  fo rmat  image, f o r  

th e  t r i p l e  convo lu t ion  i s  r e l a t i v e l y  weak. Let be t h e  r a d iu s  o f  th e  

format  and Rs th e  r a d iu s  o f  th e  matching s i g n a l . The l i m i t i n g  c a s e  i s  

d e sc r ib e d  by us ing  a maximum va lue  f o r  xQ, f o r  then th e  edge o fx the  a u to ­

c o r r e l a t i o n  f a l l s  c l o s e s t  to  th e  edge o f  th e  format image. For s ep a ra t io n ,  

i t  i s  n ecessa ry  t h a t

-x + ctXf > Rjj + 2R " (A. 13)
0 T 5

However, xQ cannot exceed R^  ̂ Rg i f  t h e  s ig n a l  l i e s  e n t i r e l y  w i th in  the  

inp u t  fo rmat .  T h e re fo re ,

- (R^ -  Rg) + aXf > R̂ . + 2RS , 

o r

aXf > 2Rf  + Rs (A .14)

A prism designed to  d e v i a t e  th e  beam e x i t i n g  t h e  f i 1 t e r  f o r  an 

on a x is  in p u t  to  th e  c o r r e l a t o r  by an ang le  e toward t h e  a x i s  w i l l  move 

th e  a u t o c o r r e l a t i o n  to  th e  o p t i c a l  a x i s  a t  t h e  d e t e c t o r .  The beam w i l l  

s t i l l  s t r i k e  the  l a s t  lens  above th e  a x i s  by an amount de te rmined by th e  

p r i s m ' s  d i s t a n c e  from th e  matched f i l t e r  p lan e .  The incoming beam wi11 

be cen te red  on th e  lens  i f  a t i l t e d  p l a t e  t o  d i s p l a c e  t h e  beam i s  added 

to  th e  assembly a t  a p o in t  behind th e  d e v i a t i n g  prism and be fo re  the  

l e n s .  An o f f  a x i s  match in p u t  r e s u l t s  in a beam leav ing  t h e  matched
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f i l t e r  a t  a small  angle  from th e  c e n t r a l  ray  f o r  th e  on ax is  match.  For 

the  example above, th e  beam f o r  the  a u t o c o r r e l a t i o n  leaves  th e  hologram 

a t  t a n " ^ (15/235) away from the  beam f o r  an on ax is  matched s i g n a l .  This 

angle  i s  3 .7 ° .  The f u l l  angle  f o r  th e  c o n f ig u r a t io n  w i th o u t  the  prism 

would be 20° + 3 .7°  = 2 3 .7° .  I f  the  i n p u t  were a t  x = -15 mm, the  an- 

g le  would be 20° -  3 .7°  = 15 .3° .  By i n s t a l l i n g  a p r ism ,  the  c e n t e r  o f  

the  a n g u la r  sp read  i s  s h i f t e d  to  ze ro ,  g r e a t l y  r educ ing  th e  f i e l d  angle  

requ irements  on the. l a s t  l e n s .  The i n e q u a l i t y  f o r  s e p a r a t i o n  in 5 i s  

no t  a l t e r e d .  I f  no o r i e n t a t i o n  sea rch  i s  r e q u i r e d ,  th e  l e n s  i t s e l f  

could be s h i f t e d  and t i l t e d ,  o f  cou rse .  I f  the  f i l t e r  i s  r o t a t e d  f o r  an 

o r i e n t a t i o n  s e a r c h ,  then  th e  prism and p l a t e  assembly must a l so  be ro ­

t a t e d .  The assembly must be c a r e f u l l y  a l ig n e d  wi th  t h e  r e f e r e n c e  beam 

in  the  f i l t e r  maker,  f o r  o the rw ise  the  a u t o c o r r e l a t i o n  d e sc r ib e s  an a r c  

on th e  d e t e c t o r  r a t h e r  than a small d i s k .

With th e  a u t o c o r r e l a t i o n  s h i f t e d  to have a mean l o c a t i o n  a t  the  

i n t e r s e c t i o n  o f  the  o p t i c a l  ax is  with  p lane  5,  the  geom et r ica l  o p t i c s  

f o r  the  system becomes i d e n t i c a l  to  t h a t  f o r  an a foca l  doubly t e l e c e n -  

t r i c  imaging system w i th o u t  the  hologram and the  prism and p l a t e  assem­

bly .  Thus,  we e v a lu a t e  th e  a b e r r a t i o n  c o r r e c t i o n  o f  th e  Vender Lugt 

c o r r e l a t o r  as d e sc r ib e d  in  Chapter 3 and Appendix C.

Long i tud ina l  S h i f t  o f  C o r r e l a t o r  Inpu t

We have j u s t  completed c a l c u l a t i o n s  f o r  a t r a n s v e r s e  s h i f t  of 

the  s ig n a l  i n  the  i n p u t  p lan e .  The nex t  f e a t u r e  of i n t e r e s t  i s  l o n g i t u ­

d ina l  movement o f  the  in p u t  from the  f r o n t  foca l  p lane  o f  the  f i r s t  

l e n s .  As an extreme, we w i l l  make th e  c a l c u l a t i o n s  f o r  a c o r r e l a t o r
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with  p lane  1 moved in t o  co inc idence  w i th  p lane 2. (Moving the  in p u t  

away from 2 c r e a t e s  a requ irement  f o r  a lens  with  l a r g e r  a p e r t u r e . ) I t  

i s  assumed t h a t  the  matched f i l t e r  was made j u s t  as in th e  previous  

e a s e s w i th  th e  t r a n sp a ren c y  in  the  l e n s ' s  f r o n t  foca l  p la n e .  The e l e c ­

t r i c  f i e l d s  a t  the  p lanes  o f  the  system a re  given by the  i n t e g r a l s  in  

Eqs. (A.15) through (A.2 1 ) ,  w i th  x0 = 0 f o r  convenience.

Ugfxg) = u-j ( x ^ e x p M i r x ^ A f )  . (A. 15)

u3 (x3 ) = / u 2 (x2 )exp(iTr(x3 - x4 )2 / x f ) d x 2

= û i (x3/ x f ) exp(iirXg/Xf) . (A.16)

The d i f f e r e n c e  between the  ampli tude  a t  3 in  t h i s  case  and th e  ampli tude  

a t  3 f o r  the  p rev ious  case  i s  j u s t  t h e  q u a d r a t i c  phase f a c t o r ,  i n d i ­

c a t i n g  a d ive rg ing  s p h e r i c a l  wave component wi th  a 1 fo ca l  leng th  r a d iu s  

o f  c u rv a tu re .  The t r a n s m i t t e d  f i e l d  i s  u3 = u3 (x3 ) " t ( x 3 ) where t ( x 3) 

has no t changed. P ropaga t ing  t h i s  ampl i tude  a d i s t a n c e  f  to  p lane  4 

y i e l d s

u 4 ( x 4 )  = / u 3 (x3)exp(i-rr(x4 - x3 ) 2/ x f ) d x 3 , (A. 17)

and m u l t ip ly in g  by the  t r a n s m i t t a n c e  o f  th e  Tens a t  4 ,
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u4 (x4 ) = u4 (x4 )exp(-iTrX4/ x f )

= / u 3 (x3 )exp(iTT((x4 -  x3 ) 2 -  x2/ x f ) d x 3 

= /u-, (X3/Af )exp(.i7rx3/Xf)

• exp( i7f(-2x3x4 + x3 ) / x f ) t ( x 3)dx3 . (A .18)

There  1s now an a d d i t i o n a l  q u a d r a t i c  phase f a c t o r  of  

exp(i -r rxyxf)  r e s u l t i n g  from the  l o n g i t u d i n a l  t r a n s l a t i o n  o f  the  in p u t  by 

a d i s t a n c e  f .  Propaga t ion  a d i s t a n c e  f  beyond p lane  4 w i l l  no longe r  be 

s u f f i c i e n t  to  o b ta in  an a u t o c o r r e l a t i o n .  Note t h a t  the  f i r s t  and the  

fo u r th  te rms o f  t ( x 3 ) , th e  terms which r e s u l t e d  in an image and in an 

a u t o c o r r e l a t i o n  a t  the  o u tp u t  in th e  f i r s t  c a se ,  s t i l l  have i d e n t i c a l  

q u a d r a t i c  phase f a c t o r s .  This  means t h a t  both w i l l  focus in t h e  same 

p lane .  T h e re fo re ,  we can f i n d  the  p lane  o f  the  a u t o c o r r e l a t i o n  by em­

p loy ing  geom etr ica l  o p t i c s  to f i n d  t h e  image p lan e .  We proceed wi th  th e  

argument.  For an a foca l  system, th e  l o n g i tu d in a l  m a g n i f i c a t io n  equals  

the  square  o f  th e  t r a n s v e r s e  m a g n i f i c a t i o n .  The t r a n s v e r s e  m agnif ica ­

t i o n  i s  the  n e g a t iv e  o f  the  fo c a l  l eng th  r a t i o :  m̂. = - f g / f ] . In a c o r ­

r e l a t o r  w i th  both l e n s e s  o f  the  same foca l  l e n g th ,  th e  l o n g i tu d in a l  mag­

n i f i c a t i o n  i s  u n i ty .  The c o r r e l a t o r  w i th  in p u t  a d j a c e n t  to  the  f i r s t  

lens  has had th e  d i f f r a c t i n g  o b j e c t  s h i f t e d  by a d i s t a n c e  f . This means 

t h a t  th e  image o f  t h i s  p lane  a d ja c e n t  to  the  f i r s t  lens  w i l l  l i e  two fo ­

cal l eng ths  beyond the  second l e n s .  T h e re fo re ,  to  f i n d  th e  amplitude a t  

5 ,  we p ropaga te  u4 a d i s t a n c e  2f.



78

u5U5) = //u-, (x3/Af)exp(.T7rx /̂Xf) ■

• •exp(iTr(-2x3x4 + X2 ) /x f)t(x 3)

• exp(iir(Xjj - x^) /Exf jdxgdx^

C o l l e c t i n g  the  terms In x ^ s

/exp(lTr(-2x3x4 - x4x5 + x^/2)/xf)dx4

p p
= exp(-iTr(x|/2 + 2XgXg + 2Xg)/xf)

S u b s t i t u t i n g  t h i s  i n t o  the  p receding  i n t e g r a l  f o r  Ug,

u5 (x5 ) = (x3/A f  )t(Xg) exp( - i 2Trx3x5/ ^ f ) dx3 . . _ :

Mow we must c o n s id e r  th e  i n d iv id u a l  terms in  t ( x 3 ) to  s i m p l i f y  the  

p r e s s io n  f o r  Ug. The f i r s t  term gives  r i s e  to  an image

U-J (_Xg)*6 (xg)

The second. te rra  i s  the  convolu t ion :

U-] (-XglAU^ (-Xg)*U|(-Xg)*6 (Xg)

The t h i r d  term gives  the  s e l f - c o n v o l u t i o n :

U-] (-Xg)*Ui (-Xg)*6 (Xg + aXf)

(A.19)

(A. 20)

(A. 21) 

ex-



And f i n a l l y ,  we o b ta in  the  a u t o c o r r e l a t i o n :

U} (-Xg)Tfca^-Xs )*6(xs  -  aXf)

We observe  t h a t  the  r e s u l t s  a re  i d e n t i c a l  to  th o se  reached in  

the  f i r s t  c o n f i g u r a t i o n .  I t  was n ecessa ry  to  move the  c o r r e l a t o r ' s  o u t ­

pu t  p l a n e ,  as de te rmined by th e  i n p u t ' s  d isp lacem ent  from th e  f i r s t  

l e n s ' s  f r o n t  fo ca l  p la n e .  A comparison between t h e  a u t o c o r r e l a t i o n  l o ­

c a t io n s  i s  given by F igure  A .3. O ther than  t h i s ,  th e  r e s u l t s  a re  iden -  

t i c a l  t o  th e  approximation o f  t h i s  t r e a tm e n t .  Two sources  o f  h ig h e r  o r ­

de r  e r r o r s  have been in t r o d u c e d ,  however. The ho log raph ic  matched f i l ­

t e r  was no t  i l l u m i n a t e d  in th e  fa sh ion  in which i t  was c o n s t r u c t e d .  

T h e r e f o r e , we a re  co n f ron ted  w i th  ho lo g rap h ic  a b e r r a t i o n s .  Secondly,  

the  l en se s  a re  used a t  o b j e c t  and image con juga tes  d i f f e r e n t  from those  

of the  f i r s t  case .  There w i l l  be some change in the  lens  a b e r r a t i o n s  

r e s u l t i n g  from t h i s  co n juga te  s h i f t  i f  the  same lens  des ign  i s  used f o r  

both a p p l i c a t i o n s .  . Also,  v i g n e t t i n g  may be encountered  in  t h i s  second 

case .  See Figure  A . 3 ( b ) . In working wi th  a c o r r e l a t o r  used f o r  f i n g e r ­

p r i n t  i d e n t i f i c a t i o n ,  th e  au th o r  found no measurable changes in the  co r -  

r e l a t o r ' s performance due to  th e se  s o u r c e s .

With th e  foca l  l eng ths  i d e n t i c a l ,  the  t o t a l  l e n g th  i s  the same 

as in the  f i r s t  c o n f ig u r a t io n .  However, the  geometr ica l  o p t i c s  f o r  the  

f i l t e r  maker FTL i s  d i f f e r e n t  from t h a t  f o r  the  c o r r e l a t o r  FTL. I t  i s  

more economical to  make a l l  l enses  i d e n t i c a l , as they could  be f o r  the  

f i r s t  c o n f ig u r a t io n .
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S p a t i a l
F i l t e r

(a) D1 = f

(b) D1 = 0

Figure A.3. Geometrical  Optics  o f  A u to c o r r e l a t io n  
f o r  Two C o r r e l a t o r  C on f ig u ra t io n s .



81
F i l t e r s  w i th  a Q uadra t ic  Phase Term

To e l im in a t e  some o f  the  a b e r r a t i o n s  in  the  p rev ious  system, the  

f i l t e r  could have been made with  the  t r a n sp a ren c y  in th e  p lane  o f  the  

l e n s .  The t r a n s m i t t a n c e  f u n c t io n  f o r  th e  f i l t e r  w i l l  assume a  d i f f e r e n t  

form. The ampli tude  in  the  r e a r  foca l  p lane  of the  lens  becomes

With th e  i n t r o d u c t i o n  of  a co heren t  p lane  wave, the  recorded  i r r a d i a n c e  

i s

With p ro p e r  p ro cess in g  o f  the  f i l m ,  t h i s  i r r a d i a n c e  ex p re s s io n  becomes 

the  new ex p re s s io n  f o r  the  f i l t e r ' s  ampli tude  t r a n s m i t t a n c e  t (xg)»  ne­

g l e c t i n g  m u l t i p l i c a t i v e  c o n s t a n t s . (The c o n s ta n t s  a r e  o f  i n t e r e s t  when 

c a l c u l a t i n g  i r r a d i a n c e  l e v e l s  f o r  s e l e c t i o n  o f  the  o u tp u t  p lane  d e t e c ­

t o r .  )

For t h i s  l a s t  c a s e ,  assume x0 = 0 f o r  convenience.  With the  

matching s igna l  in t roduced  on ax is  in  th e  c o r r e l a t o r ,  t h e  f i e l d  

t r a n s m i t t e d  by th e  s p a t i a l  f i l t e r  i s

u3 x̂3  ̂ = u-j (x3/xf)exp(iTT x|/A f) (A.22)

(A.23)
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UjfXj) = u3(x3) t ( x 3)

2 2 
= u^expCit rxyxf)  + u^UyU^expCiTrxyxf)

2+ u-j u-j exp ( i 2 irxy x f ) exp ( -  i 2 r , a . x ^ / \ f )

+ u|u^ exp ( i 2irax3/ x f )  . (A, 24)

In t h i s  c a s e ,  the  f i r s t  and the  second terms in th e  p ro d u c t  w i l l  focus  

in  the  same p l a n e ,  b u t  th e  l a s t  two terms w i l l  focus in  two a d d i t i o n a l  

p l a n e s ,  due to  the  e x i s t e n c e  o f  t h r e e  d i f f e r e n t  q u a d r a t i c  phase f a c t o r s . 

The f i r s t  two terms o f  t ( x g )  having no q u a d r a t i c  phase f a c t o r s  of them­

s e lv e s  w i l l  focus a t  t h e  image of the  wave leav ing  th e  hologram. The 

phase f a c t o r  expCiirXg/xf) appear ing  in  Ug d e sc r ib e s  a d iv e rg in g  wave- 

f r o n t  w i th  c e n t e r  o f  c u rv a tu re  a d i s t a n c e  f  to  th e  l e f t  o f  the  hologram, 

o r  a d i s t a n c e  2 f  to  th e  l e f t  o f  the  second l e n s .  T h e r e f o r e ,  i t  w i l l  

converge to  a p o in t  a d i s t a n c e  2f to  the  r i g h t  of the  second l e n s ,  ac ­

cord ing  to  the  laws o f  geometr ica l  o p t i c s .  See F igure  A .4 (b ) .

The p roduc t  o f  U g U g ^ t U g )  g ives  the  t h i r d  term o f  the  t r a n s -  

m i t t e d  f i e l d  a q u a d r a t i c  phase f a c t o r  exp(i2i rXg/xf).  This  d e sc r ib e s  a 

wavefron t  wi th  c e n t e r  o f  c u rv a tu re  f / 2  t o  the l e f t  o f  the  hologram, o r  a 

d i s t a n c e  3 f /2  to  the  l e f t  o f  the  second l e n s .  The l i g h t  can be cons id ­

e red  to  be coming from a v i r t u a l  o b j e c t  3 f /2  to the  l e f t  o f  the  second 

l e n s .  Such l i g h t  focuses  a d i s t a n c e  3 f  t o  the  r i g h t  o f  th e  l e n s .  See 

F igure  A .4 (c ) .

The fo u r th  term of  t (x g )  has a q u a d r a t i c  phase f a c t o r  o p p o s i te  

in  s ign  to  t h a t  o f  Ug(Xg) and the  p roduc t  forms a t r a n s m i t t e d  component
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S p a t i a l
F i l t e r

A u to c o r r e l a t io n

(a)

S e l f - c o n v o lu t io n

Figure A.4. The Three Focal Planes f o r  a S p a t i a l  F i l t e r  
with Quadra t ic  Phase.



with  no q u a d r a t i c  phase ,  v i z . , a  c o l l im a te d  wave. This  component w i l l  • 

focus a d i s t a n c e  f  t o  th e  r i g h t  o f  the  second l e n s .  See F igure  A .4 (a ) .

The f i r s t  two terms focus a t  h e ig h ts  de termined by t h e i r  convo­

l u t i o n s  wi th  the  d i s t r i b u t i o n  6 (x5 ).  The t h i r d  term focuses  a t  h e ig h t  

x:g = -a A f .. And f i n a l l y ,  th e  a u t o c o r r e l a t i o n  l i e s  a t  Xg -  aAf. The f i g ­

ure  d e s c r ib e s  the  t h r e e  f o c i . The i n e q u a l i t i e s  f o r  s e p a r a t i o n  o f  the  

t e r n s  become more com plica ted ,  b u t  a re  again  s t r a i g h t f o r w a r d .  A l a r g e r  

va lue  f o r  a i s  now re q u i r e d  f o r  s e p a r a t i o n  a t  the  a u t o c o r r e l a t i o n  p lane  

because the  l i g h t  forming t h e  s e l f - c o n v o l u t i o n  i s  s t i l l  two focal 

l e n g th s  d i s t a n t  from i t s  own focus .

The t h i r d  system does indeed prov ide  a more compact system than 

the  f i r s t .  However, the  two len se s  o f  the  c o r r e l a t o r  cannot be i d e n t i ­

cal i f  a l l  a b e r r a t i o n s  are  c o r r e c t e d ,  f o r  they  work a t  d i f f e r e n t  con ju ­

g a t e s ,  whereas ,  th e  f i r s t  system of  f i l t e r  maker and c o r r e l a t o r  can be 

made of th r e e  i d e n t i c a l  l e n s e s .  The second system prov ides  us with  no 

advantages  and, as in  t h e  t h i r d  system, r e q u i r e s  t h a t  the  lenses  work a t  

d i f f e r e n t  con juga te  a r rangem en ts , n e c e s s i t a t i n g  the  design  and f a b r i c a ­

t i o n  o f  more than one lens  type f o r  a b e r r a t i o n  f r e e  performance.

Conclusions

In th e  p a s t  s e v e ra l  p a g e s , the  d i f f r a c t i o n  th eo ry  and the geo­

m e t r i c a l  o p t i c s  o f  s e v e ra l  examples have been given. There a re  o th e r  

c o n f ig u r a t io n s  o f  i n t e r e s t  (some academic,  some p r a c t i c a l )  such as a 

s p h e r i c a l  r e f e r e n c e  wave, t r a n sp a ren c y  behind the  l e n s ,  second lens  ad­

j a c e n t  to  the  s p a t i a l  f i l t e r ,  e t c .  Though these  a re  n o t  t r e a t e d  h e re ,  

the  methods f o r  examining t h e i r  f e a s i b i l i t y  and the  p r o p e r t i e s  o f  the
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f e a s i b l e  c o n f ig u ra t io n s  have been p re se n te d  w ith  examples. Two concepts  

o f  p a r t i c u l a r  u se fu ln e s s  were C a th ey 's  (1974, p. 372) fo rm u la t io n  f o r  

•F our ie r  t ra n s fo rm in g  q u a d ra t ic  phase f a c to r s  and th e  use o f  geom etrica l 

o p t ic s  f o r  de te rm in ing  d i s t a n c e s .  I t  i s  f a r  e a s i e r  to  c a l c u l a t e  d i s ­

tan ces  to  foc i from knowledge o f  th e  c e n te r s  o f  c u rv a tu re  o f  w avefron ts  

than from exam ination  o f  th e  leng thy  q u a d r a t ic  phase te rm s , in c o r p o r a t ­

ing  D1 and D2 as v a r i a b le s  in  th e  d i f f r a c t i o n  i n t e g r a l s .  I t  i s  shown in  

th e se  th re e  examples t h a t  a combination o f  s c a l a r  wave theo ry  and geo­

m e tr ic a l  o p t ic s  methods allows f o r  ready d e te rm in a t io n  o f  system p ro p e r ­

t i e s .  F r e s n e l-K irc h h o f f  i n t e g r a l s  a re  n o t  so cumbersome i f  they  a re  

supplem ented by good F o u r ie r  t ran sfo rm  formulas and a knowledge o f  p a r ­

a x ia l  o p t i c s .

The unequal foca l leng th  system given in Table  3 .2  was no t 

t r e a t e d  in  t h i s  appendix , b u t  th e  on ly  key d i f f e r e n c e  i s  t h a t  the  Fou­

r i e r  t ran sfo rm  v a r ia b le  f o r  th e  c a lc u la t io n s  changes from x^/xf^ to  

x . / x f 2 when pass in g  to  th e  second le n s .  This merely s c a le s  the  terms a t  

the  o u tp u t  by th e  l a t e r a l  m a g n if ic a t io n  o f  th e  a foca l system: m  ̂ = - f g

/ f 1 . This type  o f  arrangem ent produces a more compact c o r r e l a t o r ,  a t  

the  expense o f  r a i s in g  th e  numerical a p e r tu re  o f  th e  second lens when 

the  foca l len g th  i s  dec reased .

There a re  s e v e ra l  advantages to  using the  spac ing  s e l e c t i o n  

f-j - f^ - fg  - fg  in  th e  c o r r e l a t o r .  At l e a s t  two o f  th e  l e n s e s , the  

f i l t e r  maker lens  and th e  c o r r e l a t o r  FTL, can be made i d e n t i c a l  and 

a b e r r a t io n  f r e e  s im u lta n eo u s ly .  The in fo rm atio n  c a r ry in g  l i g h t  s ta y s  

reasonab ly  c lo se  to  the  ax is  (when a prism  and p la t e  assembly a re
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i n t r o d u c e d ) , so t h a t  an u n usua lly  l a rg e  a p e r tu re  i s  no t  re q u ire d  o f  th e  

second le n s .  The l i g h t  forming th e  a u to c o r r e la t i o n  i s  c o l l im a te d  

le av in g  th e  matched f i l t e r ,  so th e  prism and p la t e  do n o t  in tro d u ce  any 

a b e r r a t io n s  (o th e r  than a small amount o f  anamorphic d i s t o r t i o n  f o r  

beams no t f a l l i n g  upon th e  prism  a t  the  angle  o f  minimum d e v ia t io n ) .  

A b e rra t io n s  in tro d u ced  by th e  prism cannot be c o r re c te d  by a r o t a t i o n a l ­

ly  symmetric o p t ic a l  system , so they  shou ld  be avoided. The s p a t i a l  

f i l t e r  made w ith  th e  f  -  f  sp ac in g  c o n ta in s  no q u a d r a t ic  phase f a c t o r ,  

making i t  a l e s s e r  sou rce  o f  the  h o lo g rap h ic  a b e r r a t io n s  in tro d u ce d  when 

the  matching in p u t  i s  in tro d u ce d  to  th e  c o r r e l a t o r  o f f  a x i s .  A lso , th e  

f-j -  f-j -  fg  -  fg spac ing  i s  the  only arrangem ent f o r  which the  p s f  o f  

th e  f i l t e r  maker and f o r  th e  c o r r e l a t o r  can he i d e a l l y  i s o p l a n a t i c .  The 

o th e r  c o n f ig u ra t io n s  may r e s u l t  in  a l l  c h i e f  rays be ing  n e a r ly  o rthogo­

nal to  p lane  5, b u t  i t  i s  obvious t h a t  only  th e  doubly t e l e c e n t r i c  a b e r ­

r a t i o n  f r e e  system i s  m a th em atica lly  i s o p l a n a t i c .
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APPENDIX B

CARD IMAGES FOR DESIGN OF A FOURIER TRANSFORM LENS

Problems- were exper ienced  in th e  o p t im iz a t io n  o f  t e l e c e n t r i c  

system s. Some programs t r a c e  r e a l  rays  from the l a s t  g la s s  su r fa c e  to  

th e  e x i t  pup il and then to  the  fo ca l  s u r f a c e .  When th e  d is ta n c e  to  the  

e x i t  pup il i s  very  l a r g e ,  as in  the  design  o f  a F o u r ie r  t ra n s fo rm  l e n s ,  

th e  c a lc u la t io n s  g ive  e rroneous r e s u l t s  due to  the  lack  o f  word len g th  

in the  computer. For i n s t a n c e ,  i t  was necessa ry  to  w r i t e  th e  in p u t  deck 

in th e  form given in  Appendix C in  o rd e r  to  op tim ize  th e  235 mm e f l  

t r i p l e t  F o u r ie r  tran s fo rm  len s  used in th e  unequal foca l len g th s  c o r r e ­

l a t o r  d e sc r ib e d  in  Table 3 .2 .  Not a l l  programs w il l  have t h i s  d i f f i c u l ­

ty .

In th e  l i s t  o f  card  images g iven  below, "TH" r e f e r s  to  th e  a x ia l  

th ic k n e ss  fo l low ing  the  s u r f a c e ,  th e  "GLASS" e n try  i s  th e  index o f  r e ­

f r a c t i o n  fo l lo w in g  th e  s u r f a c e ,  and "RD" g ives  the  ra d iu s  o f  cu rv a tu re  

o f  th e  s u r f a c e .  A "GLASS" o r  "AIR" card  s ig n a l s  th e  end o f  in fo rm ation  

f o r  a p a r t i c u l a r  s u r f a c e .  All card  images a re  in uppercase l e t t e r s .

ACCOS I I  Inpu t Deck f o r  the  Design 
o f  a F o u r ie r  Transform  Lens

Card Images Legend

LENS

FT LENS

S t a r t  o f  in p u t  deck. 

T i t l e  card .

PARAXBUCH -.019E10 18 P a ra x ia l  c h ie f  ray  h e ig h t  a t  o b je c t
and e n tra n ce  pupil r a d iu s .

87
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Card Images Legend

TH IE10 Thickness to  nex t s u r f a c e .

AIR End o f  d a ta  f o r  s u r fa c e  0, th e  o b je c t .

AIR End o f  d a ta  f o r  s u r fa c e  1, th e  e n tran ce  
p u p i l .

TH 191. Thickness to  f i r s t  g la s s  s u r f a c e .

VARY TH

AIR End o f  d a ta  f o r  s u r fa c e  2.

RD 124.

TH 10.

VARY CV

GLASS 1.77866 End o f  d a ta  f o r  s u r fa c e  3.

RD -923.

TH 25.

VARY CV

VARY TH

AIR End o f  d a ta  f o r  s u r fa c e  4.

RD -1 4 1 .4

TH 10.

VARY CV

PIKUPGLASS3 R e f ra c t iv e  index fo l lo w in g  su r fa c e  5 
i s  to  be same as t h a t  fo l lo w in g  s u r ­
face  3.

PIKUPCVM 5 C urvature  o f  t h i s  s u r f a c e  i s  to  be 
n eg a t iv e  o f  th e  c u rv a tu re  o f  s u r fa c e  5.

PIKUPTH 4

AIR End of d a ta  f o r  s u r fa c e  6.
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Card Images Legend

PIKUPCVM 4

PIKUPTH 3

PIKUPGLASS3 End o f  d a ta  f o r  s u r fa c e 7.

PIKUPCVM 3

PIKUPTH 2

AIR End o f  d a ta  f o r  s u r fa c e 8.

AIR End o f  s u r fa c e  9.

The "PIKUPTH 2" i n s t r u c t i o n  makes th e  back fo ca l  d is ta n c e  th e  

same as the  s to p  to  f i r s t  elem ent th i c k n e s s .  T hus, symmetry i s  en fo rced  

even w hile  the  back foca l d is ta n c e  i s  v a r i a b l e .  (In  th e  usual th in  Tens 

d e s c r ip t io n  o f  th e  F o u r ie r  t ran sfo rm  p r o p e r t i e s , th e  fo ca l  len g th  o f  th e  

l e n s ,  i t s  f r o n t  fo ca l  d is ta n c e  and i t s  back focal d is ta n c e  a re  i d e n t i ­

c a l .  However, th e  requ irem en t t h a t  th e  tran sp a ren c y  be in  th e  f r o n t  fo ­

cal p lane  means p r e c i s e ly  t h a t ;  i t  does n o t  mean t h a t  th e  tran sp a ren cy  

be one fo ca l  le n g th  from th e  l e n s ,  bu t t h a t  i t  be one fo ca l  leng th  from 

th e  f i r s t  p r in c ip a l  p lane  o f  th e  l e n s , )

The rays  r e p re se n te d  in F igure  B.l were used to  d e f in e  a d e f e c t  

fu n c t io n  to  be minimized by th e  program. For ACCOS I I ,  th e  card  images 

a re  th e se :

Card Images Legend

.ACCOS

RAY 1 0 0 . 7
Axial r a y s . .

RAY 2 0 0 .95
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Figure B . l .  Entrance Pupil I n te r s e c t io n s  of Rays Traced 
to  Define the D efect Function.



Card Images - Legend

RAY 3 .7

RAY 4 .7

0 .9

0 .5
:

RAY 5 .7 70% f i e l d  c h ie f  ray 70% f i e l d  ra y s .

RAY 6 .7 0 - . 5

RAY 7 .7 0 - . 9

RAY 8 . 7 . 7 S a g i t t a l  ray

RAY 9 1 0 . 8

RAY 10 1 0 .5

RAY 11 1 0 Full f i e l d  c h i e f  ray Full f i e l d  rays

RAY 12 1 0 -  ' " V ;  . '  - ' . - ; : ■

RAY 13 1 0 - .8 5 ■ ; ; .

RAY 14 1 .7 S a g i t t a l  ray

The terms in the  d e fe c t  fu n c tio n s  a re  the  squared d i f f e re n c e s  

between the  i n t e r c e p t  o f  each nonch ief  ray and the  i n t e r c e p t  o f the  

c h ie f  ray  f o r  the  re s p e c t iv e  f i e l d  p o s i t io n s .  Thus, th e re  a re  twelve 

d e fe c t  terms defined  f o r  t h i s  s e t  o f  ra y s .  In card  image form they a re :

Card

SA1

Images 

YK 1
•;

SA2 YK 2
I

DY1 YK 3 . 5 i 1 :
1

.V -

DY2 YK 4 5 i
V ' ‘ ' • ’

DY3 YK 6 5 1 i ■ .
: '■ '■ V= ■

DY4 YK 7 . 5 ; i - . > ' ' . ' : v- '



Card Images

DX1 XK 8

DY5 YK 9 1 1 1 1

DY6 YK 10 11 1 1

DY7 YK 12 11 1 1

DY8 YK 13 11 1 1

0X2 XK 14

PWR POWER

The p a i r s  o f  "1 ' s ' '  a re  w eigh ts  a ss ig n ed  to  th e  va lues  o f  the  

ray h e ig h ts .  For example, DY4 i s  th e  d i f f e r e n c e  between, th e  y  c o o rd i­

n a te  o f  ray  number 7 and th e  y c o o rd in a te  o f  ray  number 5 a t  the  image 

s u r f a c e .

The program i s  i n s t r u c t e d  to  op tim ize  th e  lens  accord ing  w ith  

th e se  i n s t r u c t i o n s :

Card Images Legend

MINZ SA1

MINZ SA2

MINZ DY1

MINZ DY2

MINZ DY3

MINZ DY3

MINZ DY4

MINZ DY5

MINZ DY6
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MIIE DY7

m m  DY8

MINI DX1

MINI DX2

MINZ PWR .004267 100 This r e q u e s t  f o r  fo c a l  le n g th  i s  n o t
used when th e  b e s t  focus o f  a designed  
len s  i s  be ing  so u g h t,  e s p e c i a l l y  when 
the b e s t  fo ca l  p lane  o f  an a foca l system 
i s  be ing  determ ined .

Thus, th e  q u a d r a t ic  form to  be minimized is

8
(SAl)2 + (SA2)2 + l  (DYN)2 + (DX1)2 + (DX2)2 + ((POWER - .0 0 4 2 6 7 ) .100)2 .

N=1

Note t h a t  no d i s t o r t i o n  terms appear in  th e  d e fe c t  fu n c t io n .

The len s  i s  co n s id e red  p e r f e c t  w ith  r e s p e c t  to  t h i s  d e fe c t  fu n c tio n  i f  

(1) i t  has power .004267, (2) the  rays  from one o b je c t  p o in t  meet a t  a 

p o in t  in  image sp ac e ,  and (3) the  image p o in ts  f o r  th e  s e v e ra l  o b je c t  

p o in ts  l i e  in  a p lane  orthogonal to  th e  o p t ic a l  a x i s .

Card Images Legend



APPENDIX C

CARD IMAGES FOR EVALUATION OF LENSES

E v a lu a tio n  o f  a F o u r ie r  Transform Lens 

This  s e c t io n  co n ta in s  an an n o ta ted  d e s c r ip t io n  o f  th e  card  

images used in  an AGCO'S V run f o r  th e  c a lc u la t io n  o f  ray  fans  and p s f  s 

f o r  a FTL. All th e  card  images a re  in  uppercase l e t t e r s .

Card Images 

LENS

L I, CEMENTED APLANAT 

SAY, 18

WV, .6328 .6328 ,6328 

SCY, - . 019E10

TH, 1E10

AIR

AIR

AIR

RD, 173.6676 

TH, 9 .4  

SCHOTT SK5 

RD, -83 .0344

Legend

Inpu t a p e r tu re  h e ig h t  above th e  o p t ic a l  
ax is  i s  18 mm.

The p a ra x ia l  f i e l d  h e ig h t  i s  1 .9  x 
108 ran.

The d is ta n c e  to  th e  nex t s u r fa c e  i s  
TO10 mm.

End o f  d a ta  f o r  o b je c t  s u r f a c e .

Dummy s u r f a c e  r e p re s e n t in g  en tran ce  pu­
p i l .  C h ie f  rays pass through the  ax is  
a t  t h i s  s u r f a c e ,  bu t no sea rch  f o r  the  
e x i t  pup il i s  implemented.
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Card Images
95

Legend.

TH, 2 .35  

SCHOTT SF12 

RD, -405.2721 

TH, 229.19885 

AIR

EOS End o f  len s  d e s c r ip t io n  s u b f i l e .

LEPRT The Tens d e s c r ip t io n  i s  p r i n t e d ,  along
w ith  p e r t i n e n t  f i r s t  o rd e r  p r o p e r t i e s .

MACRO FTEVAL A u s e r  w r i t t e n  i n t e r n a l  s u b ro u t in e ,  o r
MACRO, c a l l e d  FTEVAL i s  c o n s t ru c te d .  I t  

.. . ends w ith  the  card  image EOM.. Such a
s u b ro u t in e  can be in tro d u c e d  b o d ily  a t  
ex ecu tio n  tim e by using  th e  MACRO1s 
t i t l e  as a card  image.

FOB Fans o f  rays a re  t r a c e d  from an a x ia l
p o i n t ,  from a .7  f u l l  f i e l d  p o in t ,  and 
from a  f u l l  f i e l d  p o in t .

RAY

PRXYD ALL 

YFAN 0PD,0 1 1 11 

FOB,.7

RAY

PRXYD ALL

YFAN 0PD,-1 1 1 21 

XFAN 0PD,0 1 1 11 

FOB,! .

RAY

PRXYD ALL



YFAN 0PD,-1 1 1 21

XFAN 0PD,0 1 T i l

FOB

DEP

Card Images

VAR

Legend
96 .

E n te r  th e  d i f f r a c t i o n  s u b ro u t in e s  o f  
ACCOS V f o r  th e  c a lc u la t io n  o f  wave- 
f r o n t  v a r ia n ce s  and p o in t  sp read  func-  
t i o n s .

M, IRRADIANCE SCALED TO UNITY AT ORIGIN

. M, FOR AN ABERRATION FREE WAVEFRONT

The messages fo l lo w in g . th e  commas a re  p r in t e d  
each tim e th e  su b ro u t in e  i s  c a l l e d .

C, BEFORE EXECUTING THE MACRO, EDIT THE"NEXT INSTRUCTION

C, AND ITS FOB,.7 and FOB,! COUNTERPARTS

C, SO THAT THE PSF IS PROPERLY SAMPLED

I n te r n a l  comments used as a rem inder t h a t  i n s t r u c ­
t io n s  f o r  p s f  c a lc u la t io n s  need to  be m od if ied  in  
c o n s id e ra t io n  o f  th e  l e n s ' s  numerical a p e r tu r e .

PTSP S ,0  .015 .0015 C a lc u la te  th e  va lues  o f  th e  ax ia l  p s f
along a s a g i t t a l  s e c t io n  from the  o p t i ­
cal ax is  to  .015 mm from th e  ax is  in  
.0015 mm in c re m en ts .

EOS

FOB,.7

DEP

VAR

PTSP S ,0  .015 .0015
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PTSP T .- .0 T 5  .015 .0015 C a lc u la te  va lues  o f  th e  p s f  along a t a n ­
g e n t ia l  s e c t io n  from .015 mm below th e  
.7  f i e l d  c h i e f  ra y  i n t e r c e p t  w ith  th e  
fo ca l  s u r f a c e  to  .015 mm above i t  in  
.0015 mm in c rem en ts .

EOS

Card Images Legend

FOB,!

DEP

VAR

PTSP S ,0  .015 ,.0015 

PTSP T ,- .0 1 5  .015 .0015 

EOS

EOM The su b ro u t in e  i s  now s to r e d  i n t e r n a l  to
ACCOS V and may be c a l l e d  in to  use sim­
p ly  by using  i t s  name as a command.

FTEVAL ACC0S V execu tes  th e  i n s t r u c t i o n s  con­
ta in e d  in  th e  s u b ro u t in e  on th e  lens  
c u r r e n t ly  in th e  a c t i v e  len s  s to ra g e  
a re a .
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E v a lu a tio n  o f  th e  Afocal Doubly 

T e l e c e n t r i c  Imaging C o n fig u ra t io n

Card Images Legend

LENS

LI/CEMENTED APLANATS IN THE IMAGING CONFIGURATION 

wy, .6328 .6328 .6328

SAY9 4 .5  P a ra x ia l  m arginal ray  h e ig h t  on f i r s t
s u r f a c e .

SCY, -18  Edge o f  th e  in p u t  fo rm at.

THs 233.1595 

RD, 173.6676 

TH, 9 .4  

SCHOTT SK5 

RD, -83 .0344  

TH, 2 .35  

SCHOTT SF12 

RD, -405.2721 

TH, 229.199 

AIR

TH, 229.199

REFS The p a ra x ia l  c h ie f  ray  w i l l  n o t  pass
through th e  c e n te r  o f  th e  ho log raph ic  
f i l t e r .  To in su re  t h a t  th e  r e a l  c h ie f  
ray do es ,  th e  re fe re n c e  su r fa c e  i n s t r u c ­
t io n  i s  added h e re .  To in su re  t h a t  the  
r e a l  m arg inal ray passes  through the  
edge o f  th e  hologram, th e  c l e a r  a p e r ­
tu r e  s p e c i f i c a t i o n  i s  g iven : 235«s in e  =
4 .5 .  In th e  case o f  some o ld e r  program s, 
th e  s p e c i f i c a t i o n  of th e  s u r fa c e  as th e  
a p e r tu re  was n ecessa ry  to  g e t  th e  p a rax ­
i a l  c h i e f  ray  through t h i s  p o in t .  Then
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Card Images

CLAP, 4 .5  

AIR

RD, 405.2721 

TH, 2 .35  

SCHOTT SF12 

RD, 83.0344 

TH, 9 .4  

SCHOTT SK5 

RD, -173.6676 

TH, 231.472433 

AIR 

EOS

FTEVAL

Legend

th e re  a ro se  the  d i f f i c u l t y  o f  g e t t i n g  
the  m arginal ray  through, th e  edge o f  
th e  hologram. Even more t r y in g  was 
s p e c i f y in g  o f f  ax is  ra y  fan s  in  th e  
imaging c o n f ig u ra t io n .  The d i f f i c u l t y  
was n o t  in su rm oun tab le , f o r  I once 
worked o u t  a method to  design  and ana­
ly ze  le n se s  on such program s. However, 
th e  cap a b i1i t i e s  o f  ACCOS V enable  th e  
d e s ig n e r  to  perform  t h i s  ta s k  in a f a i r ­
ly  s t r a ig h t f o r w a r d  manner.

The use o f  a REFS i n s t r u c t i o n  implements 
a ray  sea rc h  scheme to  send th e  c h ie f  
ray  through the  o p t ic a l  a x is  a t  th e  r e f ­
e ren ce  s u r f a c e ,  bu t w ith o u t  causing a 
s ea rch  f o r  th e  i n f i n i t e l y  d i s t a n t  en­
t r a n c e  and e x i t  p u p i l s .

The in s t ru c t io n s :  in MACRO FTEVAL a re  now 
execu ted .



APPENDIX D

CARD IMAGES FOR OPTIMIZATION OF A FOURIER TRANSFORM LENS
AT TWO WAVELENGTHS:■ ' - ' . . . ■ '

, Lens D esc rip t io n

For the  o p tim iza tio n  o f  the  F o u r ie r  transfo rm  lens  a t  two wave­

leng ths  , the  m u l t ip le  co n f ig u ra t io n  op tion  of ACCOS V was used.

Card Images Legend

lens ■■ : ' '

L I ,  MULTIPLE WAVELENGTH FOURIER TRANSFORM LENS 

SAY, 20

SCY, 04E10 A- - -

WV, .6328 .488 .5876 

' TH, 1E10 ; -

AIR ; , :

AIR Surface  1 co inc ides  w ith  su rface  2 and
i s  th e  re fe re n ce  su rfa c e  and en trance  
p u p i l .

t h , 431 . '

' AIR A;-:V. :

RD, 240

TH, 12.5 .AA; ' 'A A / A /

SCHOTT BAK1 . .

RD, -908 ' A\A

5 : Av . A; ;;-':A .■ AA:. : A A
: : • A- 100 . \
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AIR

RD, -240 

TH, 8 

SCHOTT BK7 

PIKUP CV, 5 -1 

PIKUP TH, 4 

AIR

PIKUP CV, 4 -1 

PIKUP TH, 3 

PIKUP GLASS, 3 

PIKUP CV, 3 -1 

PIKUP TH, 2 

AIR 

EOS

CONFIGS 

CFG, 2

TH, 2 421.15 

EOS

Card Images Legend

Defect Function

For o p tim iza tio n  o f  th e  Tens, a s e t  o f  commands s to re d  i n t e r n a l ­

ly  to  ACCOS V was c re a te d .

The ex p lan a tio n  o f  t h i s  d e fe c t  fu n c tio n  can be understood w ith 

the  a id  o f  an ACCOS V U se r 's  Manual ( S c i e n t i f i c  C a lc u la t io n s ,  I n c . ,
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1976). The only  comment here  w il l  be a s h o r t  e x p lan a t io n  o f  the  

im plem entation o f  th e  d e fe c ts  in  th e  second c o lo r .

Ray 2 i s  an a x ia l  zonal ray  t r a c e d  a t  th e  second wavelength . 

D efects  in v o lv in g  rays  t r a c e d  in  th e  c o n tro l  w aveleng th , wavelength 1, 

such as DY3 a re  d e f in ed  by th e  s in g le  symbol DY, which th e  program reads  

as th e  d i f f e r e n c e  between th e  y  i n t e r c e p t  o f  ray  3 and th e  y  i n t e r c e p t  

o f  th e  c h i e f  ray  from th e  same f i e l d  p o in t .  However, in  o rd e r  to  d e f in e  

the  s i m i l a r  d e f e c t  a t  th e  second w aveleng th , i t  i s  n e ce ssa ry  to  e x p l i c ­

i t l y  d e f in e  a c h ie f  ray  a t  w avelength 2, v i z . , RAY 8. Then the  c o u n te r ­

p a r t  o f DY3, DY7 i s  d e f in ed  as th e  d i f f e r e n c e  between th e  y va lue  o f  ray  

8 and th e  y  v a lue  o f  ray  9 (see  Tines 49 through 51).

T his  means o f  d e f in in g  th e  d e fe c ts  i s  no t e x p l i c i t l y  covered in  

th e  ACCOS V Manual a t  th e  time o f  t h i s  w r i t i n g ,  bu t was deduced from th e  

response  o f  th e  program to  o th e r  a ttem p ts  to  implement th e  m ultiwave­

le n g th  d e f e c t  fu n c t io n .  The fo l low ing  i s  a l i s t i n g  o f  th e  card  images 

for th e  m ultiw aveleng th  d e fe c t  fu n c t io n  c a l l e d  FTTWOL.

Card Images:

1. MACRO FTTWOL
2. RAYSET
3. FOB
4. RAY 1 , . 7
5. RAY 2 , - 7  0 2
6. FOB,.7
7. RAY 3 , .  85
8. RAY 4 , .5 5
9. RAY 5 , - . 5 5

10. RAY 6 , - .8 5
11. RAY 7 ,0  .7
12. RAY 8 ,0  0 2
13. RAY 9 , .8 5  0 2
14. RAY 1 0 , .5 5  0 2
15. RAY 1 1 , - .5 5  0 2
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Card Images, Continued:

16. RAY 1 2 , - .8 5  0 2
17. RAY 13,0 .7  2
18. FOB,!
19. RAY 1 4 , .8 5
20. RAY 1 5 , .5 5
21. RAY 1 6 ,- .5 5
22. RAY 1 7 , - .8 5
23. RAY 18,0 .7
24. RAY 19,0  0 2
25. RAY 2 0 , .8 5  0 2
26. RAY 2 1 , .5 5  0 2
27. RAY 2 2 , - .5 5  0 2
28. RAY 2 3 , - .8 5  0 2
29. RAY 24 ,0  . 7 2
30. EOS
31. DEFINITIONS
32. Y8 Y,8
33. _  Y9 Y,9
34. YTO Y,10
35. Yll Y , l l
36. Y12 Y,12
37. Y19 Y ,19
38. Y20 Yj20
39. Y21 Y,21
40. Y22 Y,22
41. Y23 Y ,23
42. DY1 DY,1
43. DY2 DY,2
44. DY3 DY,3
45. DY4 DY,4
46. DY5 DY,5
47. DY6 DY,6
48. DX1 X,7
49. COM DY7
50. ADD Y8
51. ADD Y 9,-l
52. COM DY8
53. ADD Y8
54. ADD Y 10,-l
55. COM DY9
56. ADD Y8
57. ADD Y l l , -1
58. COM DY10
59. ADD Y8
60. ADD Y12,-1
61. DX2 X.,13
62. DY11 DY,14
63. DY12 DY,15



Card Images, Continued:

64. DY13 DY,16
65. DY14 DY,17
66. DX3%, 18
67. COM DY15
68. ADD Y19
69.. ADD Y 20,-l
70. COM DY16
71. ADD Y19
72. ADD Y21,~1
73. COM DY17
74. ADD Y19
75. ADD Y22,-1
76. COM DY18
77. ADD Y19
78. ADD Y23,-1
79. DX4 X,24
80. PWR PWRY,2 9
81. EOS
82. REQUESTS
83. CFG,! •
84. DY1
85. DY3
86. DY4
87. DY5
88. DY6
89. DX1
90. DY11
91. DY12
92. DY13
93. DY14
94. DX3
95. PWR,.002 200
96. CFG, 2
97. DY2
98. DY7
99. DY8

100. DY9
101. DY10
102. DX2
103. DY15
104. DY16
105. DY17
106. DY18
107. DX4
108. EOS
109. VARIABLES
n o . GLOBAL
111. CV,3
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112. . CV,4
113. CV,5
114. TH,4
115. CFG,!
116. TH,2
117. CFG,2
118. TH,2
119. EOS
120. EOM 
EOF

Card Images, Continued:

Such a len s  i s  now e a s i l y  e v a lu a te d  by (1) s u c c e s s iv e ly  updating  

th e  len s  in  s to ra g e  t o  make each w avelength  th e  c o n tro l  w aveleng th ,

(2) c a l l i n g  f o r  th e  p ro p e r  "CONFIGS" d a ta  f o r  th e  l e n s ,  and then (3) ex­

e cu t in g  FTEVAL (see  Appendix C).
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