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ABSTRACT

Coherent image fo rm ation  i s  d is c u s se d  and how i t  a p p l ie s  to  

th e  des ig n  o f  F o u r ie r  t ra n s fo rm  l e n s e s . R e la t io n sh ip  between th e  

p u p i l  a b e r r a t io n s  and image a b e r r a t io n s  was used to  s im p l i fy  design  

c o n s id e r a t io n s . S ev e ra l  des ig n s  a re  in c lu d ed  to  dem onstra te  th e  con­

c e p ts .  In th e  i n i t i a l  lens  lay o u t  1 s t  o rd e r  to o l s  o f  th e  Y-Y diagram 

and Vander Lugt n o ta t io n  were u sed . The p rim ary  goal in  th e  designs  

was to  reduce  th e  o b je c t - F o u r i e r  t ra n s fo rm  d is ta n c e  w ith o u t  lo s in g  

th e  F o u r ie r  t ra n s fo rm  q u a l i t y .



CHAPTER 1

INTRODUCTION

The concept o f  o p t i c a l  f i l t e r i n g  was in tro d u ce d  by the  works 

o f  Abbe and Lord Rayleigh around the  tu rn  o f  the  cen tu ry .  Both 

n o t ic e d  a cu rious  b e h av io r  a s s o c ia te d  w ith  the  image in  the  e x p e r i ­

mental se tu p  p ic tu r e d  in  F ig . 1 .1 .

image
o b je c tp o in t  i l l u m in a t io n  

source imaging
lens

lens

F ig .  1 .1 .  KOhler i l lu m in a t io n .

I t  was found t h a t  l a r g e r  a p e r tu re  imaging len ses  r e s u l t e d  in  images 

o f  h ig h e r  r e s o lu t io n  than sm a l le r  a p e r tu re  imaging le n se s  even though 

the  cone o f  l i g h t  emanating from the l i g h t  source  f i l l e d  only  a very  

small c e n t r a l  p o r t io n  o f  the  a p e r tu r e ,  le av in g  the  rem ain ing  o u te r  

p o r t io n  o f  th e  a p e r tu re  a p p a re n t ly  unused. Abbe d isco v e red  th a t  the  

in f lu e n c e  o f  the  a p e r tu re  r e s u l t e d  from d i f f r a c t i o n  caused by the 

o b je c t  d e t a i l  whose dimensions were comparable to  the  wavelength o f  

l i g h t ,  causing  the  ang les  o f  d i f f r a c t i o n  to  become so la rg e  t h a t  l i g h t



a c tu a l ly  f i l l e d  th e  dark space  o f  th e  a p e r t u r e . Recognizing t h i s ,

Abbe developed h i s  th e o ry  o f  image fo rm a tio n . According to  Abbe’s 

th eo ry  only  a c e r t a i n  p o r t io n  o f  the  d i f f r a c t i o n  components g en era ted  

by a h ig h ly  s t r u c t u r e d  o b je c t  a re  i n t e r c e p t e d  by th e  f i n i t e  en tra n ce  

p u p i l ,  arid only  th e se  components c o n t r ib u te  to  the  f i n a l  image. With 

th e se  id eas  in  hand Abbe designed  a s e r i e s  o f  la rg e  a p e r tu re  len se s  

w ith  a b e r r a t io n  c o r r e c t io n  f o r  a x i a l  p o i n t s .  The imagery f o r  th e se  , 

le n se s  was worse than  he exp ec ted .  This le d  Abbe to  th e  s tu d y  o f  

imaging s u r fa c e  e lem ents p e rp e n d ic u la r  to  th e  ax is  and he found sharp  

imagery o ccu rred  o n ly  under s p e c i f i c  c o n d i t io n s .  For con juga te  p o in t s ,  

the  r a t i o  o f  th e  s in e s  o f  th e  two ang les  must be c o n s ta n t  f o r  a l l  zones 

o f  the  a p e r tu r e .  This came to  be known as th e  Abbe s in e  c o n d i t io n .

With th e  f u l f i l l m e n t  o f  t h i s  a d d i t io n a l  requ irem ent Abbe found th e  len s  

ach ieved  th e  d e s i r e d  perform ance.

Abbe’s th e o ry  o f  image fo rm ation  was d e a l t  w ith  in  terms o f  

F o u r ie r  methods in  th e  work o f  D uff ieux  (1946) in  France and l a t e r  by 

O’N e i l l  (1956) in  th e  U nited  S t a t e s .  They d e a l t  w ith  co heren t imagery 

on ly  in  th e  p a r a x ia l  approx im ation , and showed th e  F o u r ie r  t ran s fo rm  

p r o p e r t i e s  o f  id e a l  l e n s e s . This l a i d  th e  fo u n d a tio n  f o r  th e  F o u r ie r  

o p t ic s  t re a tm e n t  o f  coheren t imaging systems (Goodman, 1968). The 

in h e re n t  a b i l i t y  o f  a len s  to  produce a tw o-dim ensional F o u r ie r  t r a n s ­

form (F .T .)  was a rem arkable  p ro p e r ty  and was p u t  to  use  i n  a p p l ic a ­

t io n s  such as s y n th e t i c - a p e r tu r e  r a d a r .  Coherent o p t i c a l  system s, 

in  p a r t i c u l a r  F. T. e lem en ts ,  a re  l im i t e d  to  the  p a r a x ia l  approxim ation  

in  a F o u r ie r  o p t ic s  t r e a tm e n t .  Design beyond th e  p a r a x ia l  approxim ation



has g e n e r a l ly  been d e sc r ib e d  only  w i th  r e s p e c t  to  how th e  system p e r ­

formance d e t e r i o r a t e s  as th e  p a r a x ia l  approxim ation  b reaks  down 

(Vatz, ,1977), The F„ T„ p r o p e r t i e s  o f  a len s  beyond th e  p a r a x ia l  

domain were p re s e n te d  by B landford  (1970), who reco g n ized  a need f o r  

the  c o r r e c t io n  o f  two s e t s  o f  con ju g a tes  o f  the  l e n s .  This  work was 

then  fo llow ed  by o th e r  p u b l i c a t io n s  d e a l in g  w ith  th e  same id e a .

The purpose o f  t h i s  t h e s i s  i s  to  p u t  f o r th  c e r t a i n  b a s ic  design  

approaches f o r  coheren t o p t i c a l  system s, such as th e  F. T. l e n s ,  i f  

one i s  i n t e r e s t e d  i n  perform ance beyond th e  p a r a x ia l  approx im ation .

The id e a  f o r  t h i s  work came from a s tudy  o f  th e  p rocedure  f o r  

reduc ing  th e  o b je c t -F .  T. d is ta n c e  i n  a F. T. lens  w hile  m a in ta in in g  

a l l  o th e r  system  p aram ete rs  in c lu d in g  the  F. T. q u a l i t y .  During t h i s  

time a d is c u s s io n  w ith  R„ V. Shack, O p tic a l  Sc iences  C en te r ,  U n iv e rs i ty  

o f  A rizona , on th e  con juga te  s h i f t  e q u a tio n s  was found to  be very  u se ­

f u l  in  u n d e rs tan d in g  th e  design  c o n s id e ra t io n s  f o r  F. T„ e lem en ts .

At t h i s  same tim e th e  work o f  Hopkins (1976) on a non-G aussian type t 

o f  image th e o ry  was found to  g e n e r a l iz e  th e  F. T. e lem ent design 

g r e a t ly .  Both o f  th e se  i n v e s t i g a t i o n s  were used in  fo rm u la t in g  a

scheme by which g e n e ra l  F. T. e lem ents shou ld  be designed . These to p ic s

a re  d e a l t  w ith  in  C hapter 2 a long  w ith  v a r io u s  examples to  show the

v a l i d i t y  o f  th e se  c o n ce p ts . Tools f o r  1 s t  o rd e r  design  o f  coheren t

o p t i c a l  systems a re  p re s e n te d  in  C hapter 3 w ith  p rim ary  emphasis on 

F. T. e lem en ts„ A ctual design  examples o f  F. T. e lem ents  a re  given in  

Chapters 4 and 5 w ith  th e  main o b je c t iv e  t h a t  o f  reduc ing  th e  o b je c t -  

F. T. d is ta n c e  w hile  m a in ta in in g  th e  d e s i r e d  image q u a l i t y .



CHAPTER 2

COHERENT IMAGE FORMATION

A l i n e a r  systems, d e s c r ip t io n  o f  image fo rm ation  r e q u i r e s  t h a t  

the  o p t i c a l  system  be l i n e a r  and s h i f t  i n v a r i a n t .  In  th e  case  o f  i n ­

co heren t i l l u m in a t io n  bo th  th e se  c o n d it io n s '  a re  s a t i s f i e d  i f  th e  system 

i s  i s o p l a n a t i c  ( f r e e  from f i e l d  dependent a b e r r a t io n s )  and th e  image 

fo rm ation  i s  co n s id e red  in  terms o f  i n t e n s i t y .  For coheren t i l lu m in a ­

t i o n  th e  l i n e a r i t y  c o n d i t io n  i s  met i f  one dea ls  w ith  complex am plitude 

The s h i f t  in v a r ia n c e  c o n d i t io n  i s ,  however, n o t  as e a s i l y  met.

In  o rd e r  to  d e f in e  c l e a r l y  th e  meaning o f  th e  phase d i f f e r e n c e  

between p o in t s  o f  a d i f f r a c t i o n  image one must s p e c i fy  a s u r fa c e  o f  

r e f e r e n c e . In  most p rev io u s  d e s c r ip t io n s  th e  r e fe re n c e  s u r fa c e s  were 

the  Gaussian o b je c t  and image p la n e s .  Thus a Gaussian th e o ry  o f  image 

fo rm ation  was b e in g  developed by means o f  l i n e a r  system th e o ry .  I t  was 

found in  t h i s  case  t h a t  i f  th e  system was i s o p l a n a t i c  and a ls o  th e  

i l lu m in a t in g  p o in t  sou rce  was imaged in to  th e  p u p i l  o f  th e  system 

(matched i l lu m in a t io n )  t h a t  t h i s  system  was indeed  s h i f t - i n v a r i a n t  in  

complex am p litude , i f  one observed th e  image on a s u r fa c e  confocal w ith  

t h e . e x i t  p u p i l .  See F ig .  2 .1 .  These id eas  a re  a l l  covered in  a r e c e n t  

book by G a sk i l l  (1978)» In t h i s  approach a  F. T. r e l a t i o n s h i p  between 

the  o b je c t  p l a n e 's  t r a n s m i t ta n c e  and th e  en tra n ce  p u p i l  sphere  i s  

d e sc r ib e d ,  and in  image space between th e  e x i t  p u p i l  sp h ere  and th e
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/  
i n c id e n t  
w avefron t

F ig . 2 .1 .  Gaussian i d e a l .

image sp h e re .  Remember, though, t h a t  t h i s  approach to  image form ation  

i s  based  on the  Gaussian id e a l  ( c o l l i n e a r  t r a n s f o r m a t io n ) . I t  i s  in  

f a c t  no t t r u l y  s h i f t - i n v a r i a n t  in  complex am plitude f o r  e x t r a - p a r a x i a l  

r e g io n s . The chosen re fe re n c e s  su r fa c e s  were in a p p ro p r ia te  f o r  a p ro p e r  

r e p r e s e n ta t io n  o f  d i f f r a c t i o n  theo ry  o f  image fo rm ation .

The p ro p e r  r e fe re n c e  s u r fa c e s  a re  confocal to  th e  en tran ce  and 

e x i t  p u p i l s .  This system i s  now t r u l y  s h i f t - i n v a r i a n t  in  complex am pli­

tu d e .  See F ig . 2 .2 .  The Sine id e a l  (Hopkins, 1976) a p p l ie s  to  t h i s  

k in d  o f  image fo rm ation . In the  Sine id e a l  r e p r e s e n ta t io n  the  a n g u la r  

v a r ia b le s  in  th e  p a r a x ia l  ray  t r a c e  eq u a tio n s  are th e  s in e s  o f  f i n i t e  

a n g le s .  The S ine  id e a l  e l im in a te s  th e  p i s to n  (phase) e r r o r  a s s o c ia te d  

w ith  o f f - a x i s  p o in ts  which p rev en ted  the  p rev ious  development in  the  

Gaussian id e a l  from b e in g  s h i f t - i n v a r i a n t .  The two developments become

e n tra n c e
p u p i l
sphere

o b je c t  
p lan e

e n tra n c e
p u p i l
p la n e

e x i t
p u p i l image

p lan esphere

imagee x i t
p u p i l
p lan e

sphere
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in c id e n t  o b je c t  e n tran ce
w avefron t sp h ere  p u p i l

sphere

e x i t
p u p i l
sphere

image
sphere

F ig . 2 .2 .  S ine  i d e a l .

eq u iv a le n t  i f  the  o b je c t  i s  a t  i n f i n i t y  and the  system i s  t e l e c e n t r i c  

in  image space . This type  o f  system w i l l  p lay  a major r o l e  in  F. T. 

lens  d es ig n .  I f  one i s  only  i n t e r e s t e d  in  a 1 s t  o rd e r  approxim ation 

to  s h i f t - i n v a r i a n c e  then th e  i s o p l a n t i c  c o n d i t io n  reduces to  th e  

absence o f  l i n e a r  coma. The o b je c t  and image spheres  reduce to  p la n e s ,  

and again  th e  two developments are  e q u iv a le n t .  For th e  Sine id e a l  a 

F. T. r e l a t i o n s h i p  e x i s t s  between th e  complex am plitude o f  the  o b je c t  

sphere  and e n tran ce  p u p i l  sphere  (Hopkins, 1977). One thus  sees th a t  

a F. T. o f  the  o b je c t  always e x i s t s  in  a coheren t imaging system due 

to  the p rocess  o f  d i f f r a c t i o n .  Thus in  th e  design o f  a F. T. lens th e  

goal i s  to  image th e  e n tran ce  p u p i l  sphere  onto the  e x i t  p u p i l  sphere 

with the  minimal amount o f  a b e r r a t io n .  One must be c a r e fu l  now in  th e  

d is c u s s io n  o f  a b e r r a t io n s  to  avoid  confus ion  in  d e a l in g  w ith  the  two 

imaging t h e o r i e s ,  th e  Sine id e a l  and th e  Gaussian i d e a l .
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L in ea r  System Approach 

L in ea r  system th e o ry  may be used to  o b ta in  a r e l a t i o n s h i p  

between the  impulse response  o f  the  image sphere  and th e  impulse 

response  o f  the  e x i t  p u p i l  sp h ere .  The b a s i c  c o n f ig u ra t io n  i s  shown 

in  F ig . 2 .3 .  I f  p e r f e c t  matched i l lu m in a t io n  i s  p r e s e n t ,  one may 

r e l a t e  the  o b je c t  sphere  and en tra n ce  p u p i l  sphere  d i s tu rb a n c e s ,  and 

a lso  th e  e x i t  p u p i l  sphere  d is tu rb a n c e s ,  by a F. T. dependence. This 

g ives th e  e n tra n c e  p u p i l  $ 1 (Ri) and e x i t  p u p i l  $2 (^2 ) d is tu rb a n c e s  as

v

<f>2 (ra )  e i R 2  r 2  dra = ^ ( * 2 (1*2 ) )  .

o b je c t e x i t imagee n tran ce
p u p i l  p u p i l

F ig . 2 .3 .  General o p t i c a l  system.



Let th e  im pulse response  f o r  th e  o b je c t  sphere  imagery be 

g2 1 (*2 i t i )  and G2 i(R 2 JRl) f o r  th e  p u p i l  sphere  imagery.

<S>2 O 2 )  = g2 l ( r 2 ) r i)< J) i(r i)  d r i

§2 (R2) = ^2 1 (^2 j Rl ) ^ l ( Rl) dRi
J
- C O

Using th e  in v e rs e  F 0 To r e l a t i o n s h i p  one f in d s  t h a t

» l(R l)  e l R l " r i  dR,

S u b s t i t u t i n g  t h i s  in to  th e  e x p re ss io n  f o r  <j>2 ( r 2 )

$ 2 ( * 2 ) = g2 1 . (^2  j rx ) 4ttz J e l R l °r i  dRi

<t>2(*2) ~ 4tt2 J
g2 i ( r 2 ; r 1) $ i ( Ri) e l R l °r i  dRidri

and ta k in g  the  F. T. o f  t h i s  e x p re s s io n  we f in d

$2 (R2 ) =
4tt2  J J J

CO

• g 2 l C r 2 ; r l )  # l ( R l )  Sl R r  r i  e " l R 2  ° r 2  dR j d r  ! d r2

G2 1 CR2 JR1) $ (Rl)dRi = ^ 2 - V J J
— CO

S z i C r j j r , )  * « ! )  e - i ( R a - r 2 -R 1 . r 1) d R i d l i d r 2

which reduces to

G2 i(R 2 ;Ri) -  ^ 2  j g2 - i ( R 2° r 2- R l ° r l^ d r i  d r 2  lC r2 ; r i )  e.



A s i m i l a r  eq u a t io n  can be  found f o r  gziCi'zJ2'!)
CO

g z i C r ^ j r ^  = | |  G2 i(R 2 ;Ri) dRldR2  .

These eq u a tio n s  r e l a t e  th e  impulse re sp o n ses  o f  th e  image and p u p i l s .  

I f  one assumes t h a t  ga iC ^zJ^ i)  i s s h i f t - i n v a r i a n t

then

h z i O a - r i )  = g z i C r a j r x )

*2 (^ 2 ) = |  h 2 i ( r 2 r-r1) < h ( r 1 j d r 1

-00

$2 (R2) = ^ 2 l(R2) $ 2 (R2 )

$2  (R2 ) ~ ^21 (R2»Rl) $ l(R l)d R l

Thus

G2 1  (R2 IR1) = \ (R2) 6 (R2 -R 1) .

I f  th e  image i s  d i f f r a c t i o n  l im i t e d  H2 1 (R2) = CYL (DR2)

then G2 i(R 2 ;Ri) = 6 (R2 -R i) CYL(DR2) .

This r e s u l t  a s s e r t s  t h a t  i f  s t ig m a t i c  imagery e x i s t s  fo r  th e  

image sphere  then  the  p u p i l  imagery w i l l  have no phase  e r r o r s  and a lso  

be s t ig m a t i c .  Thus a r e l a t i o n s h i p  between the  o b je c t  and p u p i l  imagery 

does e x i s t .  We w i l l  f i r s t  look a t  t h i s  r e l a t i o n s h i p  in  terms o f  the  

Gaussian i d e a l  s in c e  t h i s  i s  more f a m i l i a r .  Wynne (1952) and more 

r e c e n t ly  Weiford (1974) d e a l t  w ith  t h i s  r e l a t i o n s h i p  in  d is c u s s in g  

conjugate  s h i f t  e q u a tio n s  and p u p i l  a b e r r a t io n s .  The p u p i l  a b e r r a t io n s
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a re  used in  the  development o f  th e  con jugate  s h i f t  e q u a t io n s , which a re  

p re s e n te d  i n  Appendix A.

S-yj P is to n  E r ro r

In Wynne’s work th e  p u p i l  s p h e r i c a l  a b e r r a t io n  S j has been 

equated  w ith  p i s to n  e r r o r  o f  th e  image„ I t  appears t h a t  a c o n t r ib u ­

t i o n  to  Syj from P e tz v a l  c u rv a tu re  has been  n e g le c te d ,  as p o in te d  ou t 

by Shack (1979). Wynne g ives

SVI = SI

w hile  Shack g iv es
_ _  .__________________ ___  2

svi * Si - (;r)»ica2) - ( r ) * 2p •

F i r s t  one must decide e x a c t ly  what S ^  r e p r e s e n ts  in  th e  Gaus­

s ia n  id e a l  r e p r e s e n ta t i o n .  M athem atica lly  S^j corresponds to  th e  l a s t  

o f  th e  s i x  terms i n  th e  4 th  o rd e r  wave a b e r r a t io n  expansion . S ince 

Syj has no p u p i l  dependence i t  does n o t  appear in  th e  ra y  a b e r r a t io n  

c o n t r i b u t io n s . P h y s ic a l ly  S ^  r e p r e s e n ts  a phase e r r o r  between d i f f e r ­

en t  p o in ts  o f  th e  f i e l d ,  o r  th e  OPD between th e  c h ie f  ra y  and th e  a x ia l  

ray  o f  th e  system . In o rd e r  f o r  th e  S ^  a b e r r a t io n  to  have p ro p e r  mean­

in g  one must deal w ith  th e  o b je c t  sphere  as a re fe re n c e  s u r f a c e ,  whereas

th e  o th e r  a b e r r a t io n s  o f  the  group deal w ith  a p lan e  o b je c t  s u r f a c e .

Thus i t  appears  Sy^ only  has meaning in  th e  S ine  id e a l  v iew poin t o r  

when th e  o b je c t  i s  a t  i n f i n i t y . The fo l lo w in g  example w i l l  be  used  

to  p o in t  out the  problem.
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C onsider a s in g le  r e f r a c t i n g  s u r f a c e  w ith  th e  s to p  a t  the  c e n te r  

o f  c u rv a tu re  and the  o b je c t  a f i n i t e  d is ta n c e  away (see  F ig .  2 .4 ) .

image

stop

r e f r a c t i n g
su rfa c e

o b je c t

F ig . 2 .4 .  P is to n  e r r o r  case I .

Both Shack and W elford give = 0 in  t h i s  case f o r  a p lane  o b je c t ,  

b u t  t h i s  i s  o bv ious ly  n o t  the  case .  I f  one deals  in s t e a d  w ith  the  

o b je c t  sphere  and image sp h e re ,  then  c l e a r l y  = 0 .  In o rd e r  to  

p o in t  ou t the  d i f f e r e n c e  between Shack’s and Wynne's S ^  term one must 

be c o n s i s te n t  such t h a t  a l l  the  4th o rd e r  wave a b e r r a t io n s  remain v a l id .  

I f  the o b je c t  moves to  i n f i n i t y  the  o b je c t  sphere  w i l l  degene ra te  to  

a p la n e ,  thus  making th in g s  c o n s i s t e n t  (see  F ig . 2 .5 ) .

image
s u r f a c ePe tz v a l  

s u r fa c e

F ig . 2 .5 .  P is to n  e r r o r  case I I .
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Now the  s to p  i s  s h i f t e d  to  the  r e f r a c t i n g  s u r fa c e  (see  F ig .  2 .6 ) .

Shack’s value  f o r  i s  non-zero  due to  the  c o n t r ib u t io n  to  p i s to n  

e r r o r  by the  P e tzv a l  c u rv a tu re .  In t h i s  case Shack g ives

c _ -n 2 u ’ 4 n 3 u ,i+ 2 n4 u ' 4
vi " —  —  - — r  + — —

To check t h i s  the  system was s e t  up on ACCOSV and run w ith  the  fo llo w in g  

p a ra m e te rs :

c = .04 n = 1.5 u = 3°

9 e tz v a l+ r e f e r e n c e
s u r fa c e

s to p

F ig .  2 .6 .  P is to n  e r r o r  case  I I I .

Wynne S^ = 0 , S ^  = 0 

Shack Sj = 0 , S ^  i  0

A re a l  ray  was t r a c e d  on ax is  to  the  image p o in t  and a r e a l  c h ie f  ray 

was t r a c e d  to  the P e tzv a l  s u r f a c e .  The OPD between th e se  two rays i s  

the  phase e r r o r ,  and w i l l  be r e p re se n te d  to  4th o rd e r  by th e  wave a b e r r a ­

t i o n  c o e f f i c i e n t s  w200 ancl W400* W200 as t *ie sag between the  P e tzva l

s u r fa c e  and the  image sp h e re .



13

OPD = 112.5mm - 112.465754mm = .034246mm

W7nn = n 2r  u 2/ 2  = .03426446mm

SVI = (2n4 -n 3-n 2)

W400 = T = - .000020878

W400 + W200 = «0342485mm

We f in d  very  good agreement between th e  c a l c u la te d  and ray  t r a c e  v a lues

Now t h a t  we know how to  apply  th e  Gaussian id e a l  p ro p e r ly  to  

coheren t o p t i c a l  system s, l e t ’s r e tu r n  to  th e  a s s e r t i o n  t h a t . i f  s t i g -  

m atic  imagery e x i s t s  between th e  o b je c t  sphere  and image sphere  then  

s t ig m a t i c  imagery e x i s t s  between th e  p u p i l  spheres , and examine i t  to  

4 th  o rd e r .  The connec ting  r e l a t i o n s  (Appendix A) a re

o f  S.VI

P up il  A b e rra t io n s

2
SPHERICAL

COMA s n  = Sy -  m  M u 2)

ASTIGMATISM Sm  = Sn i  -  3K A(uu)

PETZVAL SIV SIV

DISTORTION Sy = S I ] ; -5 K A (u 2)

2
PISTON SIV
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At f i r s t  appearance th e se  r e l a t i o n s  seem to  c o n t r a d ic t  th e  a s s e r t i o n ,  

b u t  one must remember t h a t  S e i d e l ’s eq u a tio n s  a re  based  on the  Gaussian 

i d e a l ,  o r p lane  to  p lane  imagery. This i s  where th e  c o n t r a d ic t io n  l i e s  

and can be e x p la in ed  i f  the  p u p i l  sphere  and image sphere  can be made 

p la n e s ,  as in  the  case o f  a system w ith  th e  o b je c t  a t  i n f i n i t y  and 

t e l e c e n t r i c  in  image space . This system i s  p ic tu r e d  in  F ig . 2 .7 .

e x i t  p u p i l  
sphere

o b je c t
sphere

image
sphere

en tra n ce
p u p i l
sphere

F ig . 2 .7  . T e le c e n t r i c  system. 

One i s  to  show t h a t  f o r  t h i s  system

If  s, 0 Then = 0

n
 

1—1
CO = 0 = 0

s m 0 hu  = 0

SIV 0 li> 0

sv = K H1^ K

s v i = 0 <M
| 

t—i
ii 0
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N otice  t h a t  Sy and Sy have non -ze ro  v a lu e s .  The reason  f o r

t h i s  i s  t h a t  th e  Sine id e a l  fo llow s a s in e  law dependence whereas Gaus­

s ia n  imagery fo llow s a ta n g e n t  law. I f  th e  P e tzv a l  s u r f a c e  i s  confocal 

to  the  e x i t  p u p i l  then  Sy^ = S^. Thus = 0  r e q u i r e s  Syj = 0 and 

Syj = 0 r e q u i r e s  S  ̂ = 0 . The P e tz v a l  terms bo th  w i l l  be zero 

(S jy  = S jy  =. 0 ) .  We see  t h a t  u '  = 0 and u = 0, which makes th e  q u a n t i ty  

A(uu) . zero  and thus  i f  = 0 then  ^^ = 0. I f  = 0 then

Sy -  ® A (u 2) . Knowing t h a t  th e  s in e  law i s  to  h o ld ,  Sy = 3K A(h2)

re q u i r e s  -  0 .

A t r i p l e t  lens  was designed  u s in g  th e  above id e a s .  In th e  design  

d i s t o r t i o n  was g iven  th e  p ro p e r  t a r g e t  va lue  Sy = 3K A(u2) and Sy^ was

c o n t r o l l e d  by making th e  OPL o f  th e  c h i e f  ray  equal to  t h a t  o f  an a x ia l

ra y ,  b o th  o r i g i n a t i n g  from th e  e n tra n c e  p u p i l  and te rm in a t in g  a t  th e  

P e tz v a l  s u r f a c e .  The o th e r  S e id e l  c o e f f i c i e n t s  were given t a r g e t  v a lues  

o f  z e ro . The th in  len s  design  was o b ta in e d  as shown in  Table 2 .1 .

Good agreement w ith  th e o ry  was found upon tu rn in g  th e  len s  around and 

look ing  a t  p u p i l  im agery. The a b e r r a t io n s  were .

Wq4 o = -2 .6  X

W1 3 1  = .0016 X

W2 2 2  -  -  .0069 X

W3 1 1  = -3 .1  X

W2 2 0  = -  0O6 8  X
l.r — ’ _ 1 ■&" _ 1 SA3 _
w4 0 0  = w0 4 0  = ■g s j  ~ J  p / J  -  - 2 . 6  X
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Table 2 .1 .  T e le c e n t r i c  asym m etrical t r i p l e t .design

600 nun

EFL BFD 
492.9 nun

FFD 
142.3 nun

F/#
10

F ie ld
2 .9°

Surface C urvature D is tan ce Index

1
2
3
4
5
6

.003316

.000641
-.002367

.005998

.001079

.002.761

160.6

187.8

1.788

1.517

1.788

A = .58756 ym

W = - .0 2 9  A 
040

W1 3 1  = .38 A

W2 2 2  = - .1 4  A 

W311 = 2.9 A 
W2 2 0  = —.068 A 

Wj ôo — -2 .6  A

A nother system  showing t h i s  c h a r a c t e r i s t i c  i s  th e  O ffner  system  

(1975). This  i s  an a fo c a l  d o u b l e - t e l e c e n t r i c  system and i s  p ic tu r e d  in  

F ig . 2 ,8 .  The system  i s  made up o f  two m ir ro rs  c o n c e n t r ic  about c w ith  

one m ir ro r  hav ing  h a l f  th e  ra d iu s  o f  th e  o th e r .  For th e  image a l l  o f  

th e  S e id e l  a b e r r a t io n s  e x ce p t in g  th e  phase e r r o r  Sy^ a re  zero  and f o r  

the  p u p i l  sphere  on ly  Sj and Sy are  nonzero . The f i n i t e  va lue  o f  Sy 

i s  due to  th e  Sine i d e a l .  The Sy^ and S^ can bo th  be c o r r e c te d  by 

adding an a sp h e r ic  c o r r e c t o r  p l a t e  a t  th e  o b je c t  p la n e .



c h ie f m arg ina l 17

rayray

o b je c t

image

p u p i l  sphere

F ig . 2 .8 .  O p tica l  layou t o f  the  O ffner system .

F. T. Elements

L e t ' s  take  the  ideas  developed up to  t h i s  p o in t  and apply them 

to  the  design  o f  F. T . le n s e s .  A Sine id e a l  o p t i c a l  system i s  p ic tu r e d  

in  F ig . 2 .9 .  The o b je c t s  F .T . e x i s t s  on th e  e n tra n ce  p u p i l  sphere  and 

i s  imaged to  the  e x i t  p u p i l  sphere  by th e  o p t i c a l  system . I f  th e re  i s  

to  be no phase e r r o r  p re s e n t  on the e x i t  p u p i l  sphere  ( ig n o r in g  P e tzva l 

c u r v a tu r e ) , must be ze ro .  I f  th e  mapping from e n tra n ce  to  e x i t  p u p i l  

sphere  i s  to  be d i s t o r t i o n  f r e e  then

hi s in  U’

h 1 1 s in  U
= c o n s ta n t  =

U'

& 1 U

which gives

s i n  U' 
u *

s in  U 
u

Abbe s in e  c o n d it io n
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i n c id e n t
w avefron t

o b je c t  
sphere e n tra n ce

p u p i l
sphere

e x i t
p u p i l
sphere

image
sphere

F ig . 2 .9 .  1 s t  o rd e r  param eters  o f  a S ine id e a l  
system .

Thus we see th e  r e l a t i o n s h i p  between  ̂ and S^. For = 0 the  f i n i t e  

value  o f  Sy i s  due to  the  f a c t  t h a t  d i s t o r t i o n  i s  zero on the  p u p il  

sp h e re ,  no t  th e  p u p i l  p la n e .  This can be seen in  the  fo llow ing  d e r iv a ­

t i o n  u s in g  F ig . 2 .1 0 .  I f  no d i s t o r t i o n  e x i s t s  on the  e x i t  p u p i l  sphere  

the  value p re s e n t  on the  e x i t  p u p i l  p lan e  w i l l  be

sag o f  e x i t  _ h t 2
p u p il  sphere  2 1 ’

J T  = u f PARAXIAL '

D = u'Az = —  Az

= h' 3 = h ' u '
2 £ » 2 2

o p t i c a l  pa th  d i f f e r e n c e  

n ’u ' h Tu' 2

7K = h ' u ' n '

) = A (U2 )W3 1 1  = A(nuD) = -  A(
6 -

W3 11  = f - i ( u 2)

Sv = aci(u2)

the  same va lue  given by the  eq u a tio n  S j j  = 3" -  3KA(u2) f o r  = 0 .
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D

e x it
pupil

entrance
pupil

Fig . 2 .1 0 . P upil p lane  d i s t o r t i o n .

I f  one i s  to  design  in  terms o f  a Gaussian i d e a l ,  th e  F.T. lens 

i s  going to  have a f i n i t e  va lue  o f  d i s t o r t i o n  a s s o c ia te d  w ith  i t .  This 

value  i s  g iven by = 5KA(u2) and im p lie s  zero coma ( S ^ )  in  the  image

p la n e .  In d e s ig n in g  a F.T . lens  one i s  c o r r e c t in g  b o th  the  image and 

p u p i l  co n ju g a te s .  I t  was shown in  a p rev io u s  s e c t io n  t h a t  i f  one o f  

th e se  con jugate  s e t s  has p e r f e c t  c o r r e c t io n  then the  o th e r  w i l l  a lso  be 

p e r f e c t l y  c o r r e c te d .  In th eo ry  then  one would c o r r e c t  one s e t  f o r  a l l  

a b e r r a t io n s  in c lu d in g  phase e r r o r  and the  design would be f in i s h e d .

In a c tu a l  designs  however one b a lan ces  a b e r r a t io n s  a g a in s t  each o th e r  

and r a r e l y  can o b ta in  p e r f e c t  c o r r e c t io n  f o r  one s e t  o f  c o n ju g a te s ,  

thus no t a llow ing  one to  take  advantage o f  the  above f a c t .  This means 

both  con juga tes  must be c o r re c te d  s e p a r a t e ly .  However, the  design can 

be s im p l i f i e d  i f  the  system i s  made sym m etrical w ith  r e s p e c t  to  th e se  

con juga tes  such t h a t  the  imagery f o r  one s e t  i s  i d e n t i c a l  to  the  o th e r .  

This means i f  the  image m a g n if ic a t io n  i s  m the p u p i l  m a g n if ic a t io n  i s
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1/m and the  lens  e lem ents a re  sym m etrica l. The most p r a c t i c a l  F.T. 

system i s  one in  which the  phase c u rv a tu re  a s s o c ia te d  w ith  the  F.T. 

system i s  zero . This i s  the  common " f - f "  system where a p lan e  o b je c t  

lo c a te d  1 fo c a l  len g th  away from the  lens  i s  i l lu m in a te d  w ith  c o l l i ­

mated l i g h t  and the  F.T. o f  the  o b je c t  e x i s t s  in  the  r e a r  fo c a l  p la n e .  

This system i s  shown in  F ig . 2 .11 .

In t h i s  type  o f  system the  o b je c t  and p u p i l  spheres  have become 

p la n e s ,  so Gaussian based  a b e r r a t io n  th e o ry ,  and thus  normal lens  design  

programs, may be used in  th e  des ig n . I f ,  however, one i s  i n t e r e s t e d  in  

a more gen era l  type o f  system , n o n -p la n a r  i l lu m in a t io n ,  then  a Sine id e a l  

approach must be used in  the  d e s ig n . For coheren t image fo rm ation  the  

S ine id e a l  must be used in  a l l  cases excep t t h a t  shown in  F ig . 2 .12 , 

which i s  th e  only  Gaussian id e a l  system which can be s h i f t - i n v a r i a n t  in  

complex am plitude .

p o in t
source

F.T. p lan eo b je c t
p la n e

Fig . 2 .11 . " f - f "  system.
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p o in t
source

image
p la n e

o b je c t
p la n e

s to p

F ig .  2 .1 2 .  S h i f t - i n v a r i a n t  Gaussian i d e a l .



CHAPTER 3

1ST ORDER LAYOUT 

I n t r o d u c t io n

Two u s e fu l  t o o l s ' a re  a v a i l a b le  f o r  th e  1 s t  o rd e r  la y o u t o f  

F .T . le n se s  and co heren t imaging systems'. The f i r s t  o f  th e s e  i s  th e  

Y-Y diagram developed by Delano (1963), which i s  a g ra p h ic  method o f  

r e p r e s e n t in g  th e  1 s t  o rd e r  p r o p e r t i e s  o f  any o p t i c a l  system  Of a x i a l l y  

symmetric r e f r a c t i n g  o r  r e f l e c t i n g  s u r f a c e s .  The second i s  th e  o p e ra ­

t i o n a l  n o t a t i o n  developed by Vander Lugt (1966), which c h a r a c te r i z e s  

b a s i c  o p t i c a l  e lem ents  as b lock  diagrams and i s  a l i n e a r  systems t r e a t ­

ment o f  image fo rm a tio n .  These methods complement each o th e r  in  the  

s y n th e s iz in g  and a n a ly s i s  o f  o p t i c a l  sy s tem s , w ith  th e  Y-Y diagram 

r e p r e s e n t in g  the  g eo m etr ica l  o p t i c a l  n a tu r e  o f  th e  system  and the  

Vander Lugt n o ta t i o n  o f  th e  p h y s ic a l  o p t i c a l  n a tu r e .

Y-Y Diagram

The Y-Y diagram c o n s i s t s  o f  a tw o-dim ensional c a r t e s i a n  p l o t  o f  

the  p a r a x ia l  m arg inal ra y  h e ig h ts  (y) v e rsu s  th e  p a r a x i a l  c h ie f  ray  

h e ig h ts  (y) o f  an o p t i c a l  system . A sim ple  system and i t s  Y-Y diagram • 

i s  shown in  F ig . 3 .1 .  This Y-Y diagram i s  made up o f  two l i n e  segments, 

the  f i r s t  r e p r e s e n t in g  th e  o b je c t  space and th e  second th e  image space, 

which i n t e r s e c t  a t  th e  o p t i c a l  elem ent lo c a t io n .

22
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Fig . 3 .1 .  S ing le  element system and i t s  
Y-Y diagram.

Wherever one o f  th e se  l in e  segments c ro s se s  th e  y - a x i s , an 

o b je c t  or image i s  lo c a te d ,  and where th e  y -a x is  i s  c ro ssed  a s top  or 

p u p i l  i s  lo c a te d .  The s e p a ra t io n  o f  any two p o in ts  a long th e  l in e  seg ­

ments correspond to  a x ia l  s e p a ra t io n  in  th e  a c tu a l  la y o u t .  Twice th e  

a rea  o f  th e  t r i a n g l e  formed by th e se  p o in ts  and th e  o r ig i n  i s  equal 

to  yKx, th e  p roduc t o f  th e  Lagrange in v a r i a n t  2K and th e  reduced o p t i ­

c a l  d i s ta n c e  t .

The c l e a r  a p e r tu re  r a d iu s  requ irem ent a s s o c ia te d  w ith  any a x ia l  

p o s i t io n  in  the  o p t i c a l  system i s  re p re s e n te d  on th e  Y-Y diagram by th e  

q u a n t i ty  |y |  + |y |  a t  t h a t  p o in t .

A l i s t  o f  b a s ic  terms and eq u a tio n s  p e r t a in in g  to  th e  Y-Y 

diagram appears in  Appendix B. A more d e t a i l e d  t re a tm e n t  o f  the  Y-Y 

diagram i s  given by Shack (1973).



Vander Lugt N o ta t io n  

Vander L ug t ' s o p e ra t io n a l  n o ta t io n  r e p r e s e n ts  th e  o p t i c a l  

system by a b lock  diagram as shown in  F ig . 3 .2 .

* (x.

1/d,

(a)

f j X y )  K u , v ; f )

(b)

Fig . 3 .2 .  A s in g le  e lem ent.

(a) o p t i c a l  system
(b) b lock  diagram
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The o p e ra t io n s  o f  p ro p ag a t io n  and lens  m o d if ic a t io n  o f  th e  w avefront

have been reduced to  e i t h e r  m u l t i p l i c a t i o n  by or co n v o lu tio n  w ith a

q u a d ra t ic - ty p e  term . The o p e ra t io n  o f  th e  lens  i s  shown in  F ig . 3 .3
- i  k /2F fx2+y2")and i s  re p re se n te d  by a m u l t i p l i c a t i v e  f a c t o r  e : *

/
1- i k ( x 2t y 2) / 2 F

:V:
(a)

- i k ( x 2+y2) /2 F

2 2 .
f ( x , y ) - ^ - > £ ( x , y ) e ' iki:x ^  ^/2F

(b)

F ig . 3 .3 .  Lens o p e ra t io n

(a) o p t i c a l  system
(b) b lock  diagram
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Free space can be r e p re s e n te d  by a d ev ice  w ith  impulse re sponse

1 i  K/2D (x2+y2) \  ̂ • . ,e i f  f ( x ,y )  i s  th e  l i g h t  d i s t r i b u t i o n  in  a given p la n e ,

then  th e  p ropagated  l i g h t  d i s t r i b u t i o n  a d is ta n c e  D from th e  p lane  i s

g (u ,v )  = ^ £ (x ,y )  e 1 K/2D [( x - u )2 > ( y - v )2] dxdy

where u ,v  a re  c o o rd in a te s  in  th e  new p lan e  and c i s  a c o n s ta n t  (see 

Fig. 3 .4 ) .

f (x ,y ) .
pi k ( x 2>y2)/2D
0

g (u ,v )

f ( x ,y )  g (u ,v )

(a) (b)

F ig . 3 .4 .  P ropaga tion  o p e ra t io n .

(a) o p t i c a l  system
(b) b lock  diagram
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To s im p l i fy  n o t a t i o n ,  lower case  l e t t e r s  r e p r e s e n t  r e c i p r o c a l  d i s ­

ta n c e  = Tji , F = ^  and th e  fu n c t io n  ip i s  d e f in e d  as

* (x ,y ;£ )  r  e 1 k f / 2 ( A y 2)

w ith  p ( x ,y ; f )  r e p r e s e n t in g  th e  complex c o n ju g a te .  Using t h i s  n o ta t io n  

th e  system re p re s e n te d  in  F ig . 3 .2  can be  w r i t t e n  as

g ( r , s )  = d 2d 3 * (x , y ;d i) f  (x, y)i|)(x-u, y -v ; d z }ip (u , v ; f ) ^ (u- r , v - s ; d 3)

Pi P2

dxdydudv .

For a more d e t a i l e d  t re a tm e n t  one i s  r e f e r r e d  to  Vander L u g t 's  paper 

(1966). '

Basic Examples

To show how both  methods a re  t o  be a p p l ie d ,  a s in g le  element 

lens  p roducing  a F.T. w i l l  be used as an example. This f i r s t  c o n f ig u ra ­

t i o n  i s  p ic tu r e d  in  F ig . 3 .5 ,  along w ith  th e  Corresponding Y-Y diagram 

and o p e ra t io n a l  n o ta t io n .  T he-layou t c o n s i s t s  o f  a p o in t  source  i l l u m i ­

n a t in g  an o b je c t  f ( x ,y )  t h a t  i s  o u t s id e  th e  f r o n t  fo c a l  p o in t  o f  th e  

le n s .  The lens  forms an image o f  th e  i l lu m in a t in g  p o in t  source  in  a 

p lan e  t h a t  lo c a te s  th e  F.T. F (§ 1, n ' )  o f  th e  o b je c t ,  as shown by th e  

l i n e a r  system r e p r e s e n ta t i o n .  On th e  Y-Y diagram th e  F.T. o f  th e  

o b je c t  i s  lo c a te d  a t  th e  y -a x is  i n t e r s e c t i o n .  The m arg ina l ra y  r e p r e ­

s e n ts  th e  maximum s p a t i a l  frequency  component p re s e n t  in  th e  o b je c t .

The q u a d ra t ic  phase c u rv a tu re  a s s o c ia te d  w ith  t h i s  F.T. i s  g iven by
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m argina l ray

image
p lan eo b je c t

p la n e  c h ie f  
ray

F.T .
p lan ep o in t

so u rce

len F.T .
image

e*— y
o b je c t

p o in t  sou rce

<f(x,y>->|d^(x7y75

f ( x ,y )  ? ( u , v ; f )
I L

p o in t
source

lensobj e c t

F O ' = lf(V,V;d^JJ f ( x >y )e * lkm(‘X  ̂+y",')dxdy

dj ,"*)) 

F .T .

F ig . 3 .5 .  C o n fig u ra t io n  I .
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the  l i n e a r  system approach and would be re p re se n te d  on th e  o p t i c a l  

layou t as a s p h e r i c a l  s u r f a c e  whose c e n te r  o f  c u rv a tu re  i s  lo c a ted  

a t  th e  f i n a l  image p lan e  o f  th e  o b je c t .

Since th e  Y-Y diagram does not c o n ta in  phase in fo rm a t io n ,  

comparison of th e  two systems w i l l  be made w ith  r e s p e c t  to  i n t e n s i t y .  

As shown in  th e  l a s t  c h ap te r  a v i r t u a l  F.T. e x i s t s  in  th e  i l lu m in a t in g  

p o in t  source  p lan e  (see  F ig . 3 .6 ] which may be expressed  as

F(n) 2 -

- i  - r -  d^yn 
f ( y )  e d y |2

image
p o in t
source o b je c t

F ig . 3 .6 .  General F.T. o p t i c a l  l a y o u t .
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This v i r t u a l  F.T. i s  th e n  imaged by th e  len s  to  form a r e a l  F.T. a t  

p lane  n ' .  Using th e  l i n e a r  systems approach t h i s  r e a l  F.T. i s  g iven

. 2ft • ( #  i + f d 2 - didz) yn'

IPCn')t Vl 2 =
-1

f ( y )  e A “ 2 dy|

From Gaussian o p t i c s ,  or from th e  Y-Y diagram , th e  m a g n if ic a t io n  

between th e s e  con juga ted  i s  known to  be

Dg didg
m = n'

n = n 1

D1+D2 d 3(d x + d 2 ) 71

1 + f d 2 -  d 1d 2 )

d i dl a 2

S u b s t i tu t i n g  t h i s  in to  th e  v i r t u a l  F.T. ex p re ss io n  g iv es

- 1
• 2ft ( fd i  + f d 2 - d 1d 2) yfi'

f  (y) e X d2 dy |

Thus th e  agreement o f  th e  two methods i s  shown.

I f  now th e  o b je c t  p lan e  i s  moved to  th e  f r o n t  f o c a l  p o in t  o f

th e  len s  th e  co rrespond ing  system i s  shown in  F ig . 3 .7 .  The q u a d ra t ic  

phase f a c t o r  has now been removed by a llow ing  th e  image o f  th e  o b je c t  

to  move to  i n f i n i t y .  In  F ig . 3 .8  th e  o b je c t  has been moved in s id e  th e  

fo c a l  p o in t  o f  th e  le n s .  Note t h a t  th e  s ig n  o f  th e  phase  c u rv a tu re

has changed, and a v i r t u a l  image o f  th e  o b je c t  i s  now p r e s e n t .  A f i n a l

c o n f ig u ra t io n  i s  shown in  F ig . 3 .9 ,  in  which th e  o b je c t  has been moved 

to  th e  o th e r  s id e  o f  th e  le n s .  In t h i s  case  th e  lens  images th e  i l l u ­

m ina ting  so u rce ,  b u t  n o t  th e  o b je c t .
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m argina l ray

o b je c t
p la n e c h ie f

rayp o in t
source F.T p la n e

O'

lens. F.T

o b je c t
p o in t  source

f (x ,y )  *Ku.V;f)

lJ  ■— ■(^ ( x ,y ) — d,^(x,y;dp — ( \ \ — d;f(x ,y ;d j —(Z"— ^ u ^ ; ^ i i
— F ( l ^ )

F(J X ) = j J f ( x , y ) e " l k f  dxdy

Fig . 3 .7 .  C o n f ig u ra t io n  I I .
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m arg ina l ray

c h ie f
rayo b je c t  

p lan ep o in t
source F .T . p la n e

F.T .

lens

v i r t u a l
image

p o in t  sourceo b je c t

f ( x ,y )  K u , v ; f )

<4(x,y)— W (x,y;d ,) — (g)— ^ ( x , y ; d p ^ ( x ,y ;d j )  — F (j  , ^ ).1 i.

F(^W ) = l( t i ,,V;dlj ) J J f ( x ,y ) e ' im(-X^ y 7 )dxdy

Fig . 3 .8 .  C o n fig u ra t io n  I I I .
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m argina l 
ray  >

c h ie f
ray

o b je c t  F T 

P la n e  p la n e
p o in t
sou rce

F.T .o b je c t

len:
p o in t  source

t ( x , y ; f )  f ( x ,y )

— d(f(u,v;d)} — — d ^ (x ,y ;d j  — ( Z — |d^(x,y;dp

FCV,%)') = 'f(V,V;cDlf f  (x ,y )e ~ ik ^ X)+>r ^dxdy

Fig . 3 .9 .  C o n f ig u ra t io n  IV.
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Reviewing th e se  examples one can see t h a t  th e  bandwidth o f  a

given system i s  u n iq u e ly  determ ined on th e  Y-Y diagram by e s t a b l i s h in g  

the  c l e a r  a p e r tu re s  re q u i re d  o f  a l l  e lem ents . This i s  n o t as apparen t 

in  th e  l i n e a r  system developm ent.

examine th e  c o n f ig u ra t io n  in  F ig . 3 .10 . This i s  th e  common f - f  system , 

and i t  w i l l  be used to  dem onstra te  how th e  Lagrange i n v a r i a n t , which 

p ro v id es  lo n g i tu d in a l  s c a le  to  th e  Y-Y diagram , i s  d i r e c t l y  r e l a t e d  

to  th e  space-bandw idth  p roduc t o f  th e  system. The space-bandw idth  

p roduct i s  a measure o f  the  com plexity  o f  a g iven fu n c t io n ,  and r e p r e ­

s e n ts  th e  number o f  independent d a ta  p o in t s  co n ta ined  in  th e  fu n c t io n .  

The bandwidth o f  t h i s  system i s  given by

and th e  o b je c t  w idth  i s  2 y i . These form th e  space-bandw idth  p roduct

The Space-bandwidth Product 

To f u r t h e r  i l l u s t r a t e  th e  Y-Y d iag ram 's  u s e f u ln e s s  l e t ' s

nni n t n /

o b je c t

c o l l im a t in g
lens

len s

p o in t
source

F.T.

c o l l im a t in g
len s

F.T .

F ig . 3 .10 . The common " f - f "  system.
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, a b a s ic  r e l a t i o n s h i p  between th e  Lagrange

in v a r i a n t  and th e  space-bandw idth  p ro d u c t  i s  found .

2
S.B.W.

In o rd e r  to  o b ta in  th e  h ig h e s t  p o s s ib le  e f f i c i e n c y  in  a d a ta -  

p ro c e ss in g  system i t  should  be designed  to  p ro cess  in p u t  fu n c t io n s  o f 

th e  l a r g e s t  p o s s ib le  space-bandw idth  p r o d u c t . The Y-Y diagram thus  

a llow s one to  d e s ig n  a system w ith  th e  space-bandw idth  p ro d u c t  as an 

i n i t i a l  pa ram ete r .  This 1 s t  o rd e r  r e p r e s e n t a t io n  o f  th e  space-bandw idth  

p ro d u c t  can be r e p la c e d  by an exac t e x p re s s io n  by making use  o f  th e  

s in e  c o n d i t io n

Using 

o f  v.

n 'h*  s i n  U1 = n h s in  U

f  = h y s in  U as an extended Lagrange i n v a r i a n t ,  and making use,, 

s i n  U , one f in d s

S.B.W. = [vQ 2 y j s in  u
2 7 l

« 2 ’ 2J5H
X

This e x p re ss io n  i s  t r u e  f o r  systems t h a t  a re  a p l a n a t i c .

D ecreasing  th e  O b jec t-F .T . D is tance  

The Y-Y diagram p ro v id es  v a lu a b le  i n s ig h t  in  th e  des ig n  o f  a 

F .T. len s  in  th e  a t tem p t to  reduce  th e  o b je c t -F .T .  d i s t a n c e  f o r  a 

g iven  system . To show t h i s  use  w i l l  be made o f  a no rm alized  Y-Y 

diagram.

The c h i e f  r a y  h e ig h ts  w i l l  be d iv id e d  by th e  o b je c t  h e ig h t  and 

th e  m arg ina l ra y  h e ig h ts  d iv id ed  by th e  e x i t  p u p i l  h e i g h t . This means
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th e  Lagrange i n v a r i a n t  ta k e s  on th e  v a lu e  1 / f , where f  i s  th e  lens  

fo c a l  le n g th .  By no rm a liz in g  th e  diagram one may s e p a ra te  s p e c i f i c  

p r o p e r t i e s ,  such as F /# , from g e n e ra l  ones, in c lu d in g  th e  c o n f ig u ra t io n ,  

and a llow s a f a i r  comparison o f  s e v e ra l  systems o f  d i f f e r e n t  p a ram e te rs .  

An a c tu a l  system can be o b ta in ed  from th e  norm alized Y-Y diagram by 

m u l t ip ly in g  th e  y and y v a lu es  by t h e i r  a p p ro p r ia te  d e n o rm a liza t io n  

c o e f f i c i e n t s ,  denoted by {}. The r e l a t i o n s h i p  between th e  d eno rm aliza ­

t i o n  c o e f f i c i e n t s  i s

r wx -  i z i i Z i  _ w w  
•i3K> * {r} " {$}■

and when any th r e e  v a lu e s  a re  chosen, th e  c o e f f i c i e n t s  a re  a l l  d e t e r ­

mined.

I f  one b eg in s  w ith  th e  s in g l e  elem ent F.T. len s  shown in  F ig . 

3 .1 1 a ,  th e  o b je c t -F .T .  d i s ta n c e  i s  2 f .  This d i s ta n c e  can be reduced 

w hile  m a in ta in in g  th e  1 s t  o rd e r  p r o p e r t i e s  o f  the  system  by u s in g  two 

e lem ents  as  shown in  F ig . 3 .11b . The o b je c t -F .T .  d i s t a n c e  now has 

been reduced to  1-7/16 f .  This d i s t a n c e  can be reduced even f u r t h e r  

by adding a n e g a t iv e  element between th e  two p o s i t i v e  e lem en ts .  A Y-Y 

diagram o f  t h i s  form i s  shown in  F ig . 3 .11c . The o b je c t -F .T .  d i s ta n c e  

i s  now 1-1 /4  f .  These id eas  w i l l  be used l a t e r  in  th e  d es ig n  o f  complex 

F.T. le n se s  in  which th e  o b je c t -F .T .  d i s ta n c e  i s  to  be reduced .

An A ctual Design 

To show th e  u s e f u ln e s s  o f  th e  Y-Y diagram in  th e  i n i t i a l  lay o u t 

Of a F .T . system , l e t ' s  ta k e  th e  example in  F ig . 3.11b o f  two i d e n t i c a l



-<--------------- f   > -  -<----------  f   V-

(a) S in g le t

(b) Doublet

i f i f 3 1

(c) T r i p l e t

Fig. 3 .11 . Decreasing th e  o b je c t -F .T .  d i s t a n c e .
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elem ents t h a t  a re  to  be used to g e th e r  to  form a F.T. le n s .  In th e  

lab two le n se s  o f  fo c a l  len g th  304.8 mm were a v a i l a b l e  f o r  th e  e x e r ­

c i s e .  A norm alized  Y-Y layou t o f  two elem ents  w i l l  f i r s t  be developed , 

as shown in  F ig . 3 .12 .

1+y

-yy
i+y

Fig . 3 .12 . Normalized system.

The fo llow ing  requ irem en ts  were chosen.

S.B.W. = 105 

bandwidth 30 1/mm 

in p u t form at=output format 

I f  th e  system i s  to  work a t  wavelength .6328 pm and th e  space-bandw idth  

produc t i s  10^ th e  Lagrange in v a r i a n t  has been determ ined :

1 /23K = A (S . B. W.) . 1

A bandwidth o f  30 1/mm g ives  an in p u t  form at o f  -5 .270  mm. The ou tpu t 

format being  o f th e  same s i z e  th e  denorm aliz ing  c o e f f i c i e n t  a s s o c ia te d
■f y  ]■ 2

w ith th e  a x ia l  d is ta n c e s  must be = 277.626. An elem ent o f  fo c a l

leng th  304.8 mm re q u i r e s  th a t  y2 = .0979 on the  norm alized  Y-Y diagram. 

The r e s u l t i n g  Y-Y diagram i s  shown in  F ig . 3 .13.



From t h i s  example one can see  the  va lue  o f  the  Y-Y diagram in  the  

i n i t i a l  la y o u t  o f  a F.T. l e n s .  A change in  the  i n i t i a l  param eters  

does n o t  r e q u i r e  a new Y-Y la y o u t ,  b u t  only  a change in  denorm aliza­

t io n  c o e f f i c i e n t s .

.1 y y r UJ UJ j>
1 0 -5 .2 7

27.179 .01898 0
2 .516 -5 .2 7

274.965 .01729 .01729
00328

3 5 .27 .516
27.179 0 .01898

00328

4 5.27 0

o b je c t - F .T .  d i s t a n c e  329.3 mm f e f f  277.6 mm

F ig . 3 .13 . Denormalized system.



CHAPTER 4

SIMPLE F.T. LENSES

In t h i s  c h a p te r  sim ple  F.T. le n se s  a re  d e f in e d  and t h e i r  

l im i t a t i o n s  i n v e s t i g a t e d .  A ll des igns  w i l l  be done f o r  f - f  systems 

s in ce  th e s e  have no phase c u rv a tu re  in  th e  F.T. p lane  and a re  thus 

o f  p r a c t i c a l  im portance . Simple F.T. le n se s  a re  c l a s s i f i e d  as those  

whose o b je c t -F .T .  d i s ta n c e  i s  w2 f . The Y-Y diagram r e p r e s e n ta t i o n  o f  

th e se  le n se s  i s  shown in  F ig . 4 .1 .  The F.T. lens  in  re p re s e n te d  as 

p o in t  #2 on th e  diagram w hile  th e  o b je c t  and th e  F.T. correspond  to  

p o in ts  #1 and #3.

F.T. le n se s .  The f i r s t  i s  th e  use  o f  a sym m etrical system. This 

method w i l l  not work i f  a cemented d o u b le t  i s  to  be used . The second 

approach i s  to  d e s ig n  th e  lens  such t h a t  i t  i s  op tim ized  a t  the  r e ­

qu ired  two s e t s  o f  c o n ju g a te s .  This can be done u s in g  a lens  design

Two d i f f e r e n t  approaches can be taken  in  th e  des ig n  o f sim ple

2 3

1 y

Fig. 4 .1 .  Y-Y diagram o f  simple F.T. le n s .
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program t h a t  a llow s o p t im iz a t io n  s im u lta n eo u s ly  a t  d i f f e r e n t  con ju ­

g a te s  (m u l t i - c o n f ig u ra t io n  o p t im iz a t io n )  o r by d es ig n in g  th e  len s  a t  

m a g n if ic a t io n  -1 (m=-l) and knowing th e  r e l a t i o n s h i p  between t h i s  

imagery and t h a t  a t  th e  d e s i r e d  c o n ju g a te s  m=0 and m=“ . Such a method 

was used by Wynne (1974) in  th e  d es ig n  o f  F.T. le n s e s .

Wynne's approach was to  des ig n  th e  len s  a t  m a g n if ic a t io n  -1 ,  

w ith  th e  s to p  a t  th e  e lem en t, by c o r r e c t in g  f o r  s p h e r i c a l  a b e r r a t io n  

and coma. This method only  works i f  a l l  s u r fa c e s  o f  th e  e lem ents a re  

ve ry  n ear  t h e  s to p  in  th e  m=-l c o n f ig u r a t io n ,  which r e s t r i c t s  i t s  use  

to  c o n ta c t  and cemented t h i n  l e n s e s .  By u s in g  th e  co n ju g a te  and s to p  

s h i f t  form ulae one can de term ine  th e  f i n a l  o b je c t  and p u p i l  a b e r r a t io n s  

i n  terms o f  th e  m=-l c o n f ig u ra t io n  a b e r r a t io n s  and w ith  th e  p rope r  

cho ice  o f  th e .m = -l  c o n f ig u ra t io n  a b e r r a t io n s  a r e a so n a b le  f i n a l  r e s u l t  

can be o b ta in e d .  This method w i l l  be used to  des ig n  a s e t  o f  s i n g l e t  

and d o u b le t  le n s e s .

Design Method

The s t a r t i n g  p o in t  f o r  t h i s  s e t  o f  des ig n s  i s  th e  r e l a t i o n s h i p  

between th e  imagery o f  th e  d i f f e r e n t  c o n ju g a te s .  Use w i l l  be made o f  

S hack 's  s t r u c t u r a l  a b e r r a t io n  c o e f f i c i e n t s  (1974) in  d e r iv in g  th e  

d e s i r e d  r e l a t i o n s h i p s .  The system w i l l  be  designed  in  th e  c o n f ig u ra ­

t i o n  p ic tu r e d  in  F ig . 4 .2 .  The m=0 imagery (F ig . 4 .3 )  and th e  m=co 

imagery (F ig . 4 .4 )  a re  th e  two c o n f ig u ra t io n s  o f  i n t e r e s t .  The d e s i r e d  

r e l a t i o n s h i p  i s  one t h a t  r e l a t e s  th e  m=-l imagery to  th e  m=0 and m=°° 

imagery. This i s  found by making use  o f  th e  co n ju g a te  s h i f t  and s top  

s h i f t  form ulae d e s c r ib e d . in  Appendix A and l i s t e d  below.



42

Fig . 4 .2 .  Basic des ig n  c o n f ig u ra t io n  m=-l.

k y
j i

F ig . 4 .3 .  m=0 imagery.

a  y

Fig. 4 .4 .  m=,» imagery.



Conjugate s h i f t  form ulae ( s h i f t  from Y=0 c o n ju g a t e ) : 

a |  = a I - (S a j j  + av )Y + (3aIi;[ + 2aIV + -  (ay + 3a ;[I)Y3 + ti^Y4 .

ai i  -= « n  " C2<IIII + °IV * ? I I I )Y * * S i i ) y2 - ” i y3

5 * ii -  ° i i i  '  (av '  t' n > Y * ai Y2

aiv aiv

a* -  ay -  a I Y

Stop s h i f t  fo rm u lae :

orI f = CTI

*I l '  " aII + °I S

ri i i '  = an i  + 2 an s + ° i s2

IV = aiv

av - = ay + (aIV + 3 a )S + 3 a ^ S 2 +

The co n juga te  s h i f t  form ulae can be s im p l i f i e d  by th e  f a c t  t h a t  

f o r  th e  m=-l c o n f ig u ra t io n  s p e c i f i e d  ( I . e . , a l l  e lem ents a t  th e  s t o p ) , 

th e  p u p i l  a b e r r a t io n s  a re



Using th e s e  v a lu e s  f o r  th e  m=-l c o n f ig u ra t io n  and app ly ing  th e  con­

ju g a te  and Stop s h i f t  form ulae in  su c c e ss io n  to  th e  m=~l c o n f ig u ra t io n  

th e  fo l lo w in g  dependence o f  th e  m==° and m=0 prim ary  a b e r r a t io n s  on 

th e  m=-l c o n f ig u ra t io n  a r e  found.

m=0
  **
d T = Qt - 4 a +• 3aTTT + 2ai d . " i i i IV a I** = a l  + 4GI I  +' 3<JI I I  * 2a- lV

-  **.. 1 1 o , ,  = - a TT - a.II 2 I I I  2 " I I I
* *  1 1

a I I  ~ " 2 a I a l l  2 a I I I

-  ** 1 1 1
a I I I  4 a I " 4 a I I I  “ 2 a IV I I I 4 CTI ~ 4 a I I I  " 2 CTIV

°IV = a IV aiv = aiv

— ** 1 1 3
aV = s' ai + 4 CTII ?  *111

** 1 1 3
*V 8 *1 4 *11 “ 8 *111

I f  th e  two c o n d i t io n s  = 0 and = cTjjj -  1 a re  p la ce d  on th e  m=-l 

c o n f ig u r a t io n ,  m edia l focus (o^y** = - 2 0 ^^^**) i s  ach ieved  f o r  th e  m=0 

c o n ju g a te ,  and i f  th e  in p u t  and o u tp u t  form ats  a re  o f  th e  same s i z e ,  

th e  fo l lo w in g  i s  t r u e  f o r  th e  m=«° and m=0 a b e r r a t io n s :
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For a s in g le  element F.T. len s  th e  req u irem en ts  mentioned 

above f o r  th e  m=-l c o n f ig u ra t io n  become X=0 and 0 ^ = 1  which g ives  th e  

fo l lo w in g  a b e r r a t i o n s :

W0 40 = I  ( 1  + ^  * 3h 4 

W1 3 1  = 0

W2 2 2  =  -

W2 20p -  - 4 ^

W3I1

4n
Q^h^ __ 3K A ( u 2 )

2

L e t ' s  look a t  th e  fo l lo w in g  s in g le  e lem ent.

Example 1 G lass : LaSFS

nd = 1.880692

h = 30 mm

Wqi+q = 2.1814 x 108  1 / f  waves

W131 = 0

W2 2 2  = - 1.8325 x 108 1 / f 3

W'22op -  1.8325 x 108 1 / f 3

W311 = 6.8929 x 108 1 / f 3

A graph o f  th e se  r e s u l t s  i s  shown in  F ig .  4 .5 .
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1 .5
=0131

1

X

5

040

900800 1000600 700500

102.12

f  nun

85.1 72.94 63.82 56.73

1/mm

F ig . 4 .5 .  S in g le  element example I .

51.06

A d i f f e r e n t  cho ice  o f  a b e r r a t io n  ba lance  could be a f l a t  t a n g e n t i a l  
* *

riv  IIIf i e l d  (a = -3a ) .  For th e  s in g le  lens  element i t  i s  re q u i re d  t h a t
2

X=0, and a = 1 + —  which g ives3n 

Wo 4 0

w

= !  I 1 ♦ h ]  * 3h4

<j)3h 4
1 3 1  1 2 n

W222

W220p= 4 ^  4)3h4

1
311 = T 1 + 6F 4>3h'
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Using example I pa ram ete rs  again  we f in d  (F ig . 4 .6 ) :  

Wo4 0  = 2 . 334xl0 8 1 / f 3 waves 

W1 3 1  = 6.1085x10s 1 / f 3 

W2 2 2  = -1 .2217x10s 1 / f 3 

W2 2 0 p= 1.8325x10s 1 / f 3 

W3 1 1  = 7.5038x10s 1 / f 3

040

220

-W.222

131

1000900800700500
f  mm

102.12 85.1 72.94 63.82 56.73 81.06

1 /mm

Fig . 4 .6 .  S in g le  element f l a t  t a n g e n t i a l  f i e l d .



48

I t  i s  seen  in  t h i s  case  t h a t  th e  r e d u c t io n  in  as t ig m atism  was accom­

p l i s h e d  a t  th e  expense o f  coma and s p h e r i c a l  a b e r r a t io n .

Designs

For th e  des ig n  examples to  fo l lo w  l e t ' s  use  th e  1 s t  case  as 

th e  d e s i r e d  imagery and t r y  t o  make th e  system as s h o r t  as p o s s ib le .  

L e t ' s  choose f=600 mm which means s p h e r i c a l  i s  'x-lA. Thus f o r  an in p u t  

format o f  60 mm t h i s  w i l l  be an f /10  system . A 60 mm o u tp u t  format 

g ives  a maximum s p a t i a l  frequency  o f  85.1 1/mm.

A spheric  S in g le t

For t h i s  des ig n  no computer o p t im iz a t io n  was a c t u a l l y  r e q u i r e d  

s in ce  th e  p ro p e r  a s p h e r ic  can be c a lc u la te d  to  g ive  th e  c o r r e c t  amount 

o f  s p h e r i c a l  a b e r r a t io n .  The req u irem en ts  o f  th e  system a t  Y=0 co n ju ­

g a te  a re  <7^=0 and cr^crjj j =1 . The Oj. =0 requ irem en t i s  s a t i s f i e d  by 

choosing th e  p ro p e r  a s p h e r ic  f o r  th e  s u r f a c e .  These c o n s id e ra t io n s  

le d  to  th e  fo l lo w in g  d es ig n  l i s t e d  in  Table 4 .1

Table 4 .1 .  A spheric  s i n g l e t  d es ig n .

SURFACE CURVATURE THICKNESS GLASS

1 000948 9 .5 LaSFS

2 000948*

* con ic  c o n s ta n t  -5 .522768 UNITS MM

. FRONT FOCAL DISTANCE 597.522 mm
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The w avefront rms e r r o r  f o r  t h i s  len s  as a fu n c t io n  o f  s p a t i a l  f r e ­

quency i s  shown in  F ig . 4 .7 .  The v a lu e  o f  d i s t o r t i o n  was -,124%, 

w ith  th e  d e s i r e d  v a lu e  be ing  -.125% which can be o b ta in e d  by u s in g  

th e  form ula

Sy = -3E A(u2) .

On tu rn in g  th e  len s  around and e v a lu a t in g  th e  imagery f o r  th e  o th e r  

s e t  o f  co n ju g a te s  i t  was found to  be alm ost i d e n t i c a l .

Cemented Doublet

I f  one chooses no t t o  u se  a sp h e r ic s  i n  th e  d e s ig n ,  th en  a 

second element must be added so th e  p ro p e r  t a r g e t  v a lu e  f o r  can be 

o b ta in ed .  Thus a cemented dou b le t  was th e  obvious n ex t  cho ice  f o r  

th e  d e s ig n .  In  t h i s  case  th e  len s  had to  be op tim ized  u s in g  th e  ACCOSV 

lens  d e s ig n  program. O ptim izing th e  len s  a t  Y=0 co n ju g a te s  and t a r g e t  

v a lu es  f o r  SA3 o f  -.01875 and CMA3 o f  0 r e s u l t e d  in  th e  design  l i s t e d  

in. Table 4 .2 .

Table 4 .2 .  Cemented d o u b le t .

SURFACE CURVATURE THICKNESS GLASS

1 .001013 20 BaSFSl

2 ».005021 12 LaK17

3 -.00159

FRONT FOCAL DISTANCE 594 MM



asp heric
cemented
doublet sym m etrica l„ 

doublet

.16

.14

.12

.10

rms* wavefront

*.06

.04

.02 t

s p a t ia l  freq. ( 1 / n u n )

Fig. 4 .7 .  Wavefront rms e r r o r  v s .  s p a t i a l  frequency  
fo r  simple F.T. le n se s .
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The w avefront rms e r r o r  v e rsu s  s p a t i a l  frequency  o f  t h i s  len s  i s  shown 

in  F ig . 4 .7 .  The d i s t o r t i o n  p re s e n t  i s  -.1255%. On tu rn in g  th e  len s  

around, th e  second s e t  o f  co n ju g a tes  gave i d e n t i c a l  imagery.

f i r s t  two des ig n s  and i t s  imagery was found to  be s i m i l a r  to  t h a t  o f  

th e  cemented d o u b le t .

Symmetrical Doublet

For t h i s  l a s t  d es ig n  th e  symmetry p r i n c i p l e  was u sed . In 

t h i s  d es ig n  th e  len s  w i l l  be op tim ized  a t  m=0 co n ju g a te ,  w ith  th e  s top  

a t  th e  f r o n t  fo c a l  p o in t  and symmetry m a in ta ined  such t h a t  th e  m=co 

con juga te  a b e r r a t io n s  a re  i d e n t i c a l  to  th e  m=0 con juga te  a b e r r a t i o n s .  

The op tim ized  des ig n  i s  l i s t e d  in  Table 4 .3 .  The d i s t o r t i o n  v a lu e  was 

-.1327%, and th e  w avefront rms e r r o r  i s  shown in  F ig . 4 .7 .

Table 4 .3 .  Symmetrical d o u b le t .

A non-cemented d o u b le t  was designed  u s in g  th e  method o f  th e se

SURFACE CURVATURE DISTANCE GLASS

1
2
3
4

.000077 
-.000981 

.000981 
-.000077

0
9.95381

9.95381 • LaK17

LaK17



CHAPTER 5

COMPLEX F.T. LENSES

Complex F.T. le n se s  w i l l  be d e a l t  w ith  in  t h i s  c h a p te r  and 

how th e y  can be used  in  d e c rea s in g  th e  o b je c t -F .T .  d i s t a n c e  w hile  

improving th e  F.T. imagery q u a l i t y  over th e  sim ple  F.T. le n se s  o f  th e  

l a s t  c h a p te r .

A complex F.T. len s  w i l l  s im ply be c l a s s i f i e d  as any lens  t h a t  

does n o t  meet th e  req u irem en ts  o f be ing  a sim ple  F.T. l e n s . Any e l e ­

ment s e p a ra te d  from th e  s to p  leaves  th e  co n ju g a te  s h i f t  form ulae in  a 

v e ry  complex form so t h a t  l i t t l e  can be ga ined  from t h e i r  use  beyond 

th e  sim ple  F.T. len s  case .  The problem stems from th e  f a c t  t h a t  a l l  

th e  p u p i l  a b e r r a t io n s  o f  th e  i n i t i a l  system now have f i n i t e  v a lu e s . 

Another p o s s ib le  problem w ith  t h i s  method i s  t h a t  i t  on ly  ta k es  in to  

account th e  3rd o rd e r  a b e r r a t i o n s ,  a l th o u g h  h ig h e r  o rd e rs  f o r  complex

F.T. le n se s  w i l l  be o f  im portance in  t h e i r  d e s ig n . Thus f o r  th e  de­

s ig n  o f  t h i s  group o f  l e n s e s ,  use  w i l l  be made o f  th e  symmetry p r i n ­

c ip l e .  Both th e  o b je c t  and p u p i l  imagery must be c o r r e c t e d ,  but on ly  

one s e t  o f  co n ju g a te s  need be co n s id e red  in  th e  sym m etrical des ig n .

A break  from t h i s  symmetry c o n d i t io n  would r e q u i r e  look ing  a t  both 

s e t s  o f  con ju g a tes  and i t  i s  n o t  c l e a r  t h a t  t h i s  would p ro v id e  much 

in  th e  way o f  improving th e  d e s ig n .

The need f o r  th e  complex d es ig n s  i s  t o  improve th e  imagery 

by in c re a s in g  th e  number o f  degrees  o f  freedom a v a i l a b l e  f o r  a b e r r a t io n

52 '
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c o n t ro l  while  a l s o  red u c in g  th e  o b je c t -F .T .  d i s t a n c e .  To reduce  th e  

sy s tem 's  o v e r a l l  le n g th  th e  p r i n c i p a l  p la n es  a re  c ro sse d .

Use was made o f  th e  Y-Y diagram in  th e  p re -d e s ig n  o f  each one 

o f  th e se  le n s e s .  The Same system param ete rs  as f o r  th e  sim ple  F.T. 

le n se s  w i l l  be u sed , i . e . ,  f=600 mm and in p u t  and o u tp u t  form ats  of 

60 mm. No a ttem p t w i l l  be made a t  a m athem atica l s o lu t io n  except in  

reduc ing  th e  i n i t i a l  P e tz v a l  c u rv a tu re .  A m athem atica l approach was 

examined by B landford (1970).

The d es ig n  o b je c t iv e  w i l l  be to  minimize th e  amount o f  s p h e r i ­

c a l  a b e r r a t i o n ,  coma and as tig m atism  to  o b ta in  th e  b e s t  imagery pos­

s i b l e .  F ie ld  c u rv a tu re  w i l l  no t  be co n s id e red  as im p o r tan t  in  th e s e  

d e s ig n s , This i s  j u s t  one .p o ss ib le  d e s ig n  scheme one may fo llo w .

Other p o s s i b i l i t i e s  could  be a f l a t  t a n g e n t i a l  o r f l a t  m edial f i e l d .

Design Scheme

The i n i t i a l  system to  be op tim ized  was a r r iv e d  a t  by making 

use o f  th e  Y-Y diagram . With th e  requ irem en t t h a t  P e tz v a l  c u rv a tu re  

be zero , a d i s t r i b u t i o n  o f  th e  power between th e  t h i n  len s  elem ents 

can be found. Indexes were chosen to  he lp  in  th e  i n i t i a l  re d u c t io n  

o f  th e  P e tz v a l  sum. The i n i t i a l  a x i a l  d i s ta n c e s  where chosen to  reduce  

th e  o b je c t -F .T .  d i s ta n c e  to  approx im ate ly  700 mm. The shape f a c to r s  

o f  th e  elements were determ ined by f i r s t  making a r e a so n a b le  guess and 

th e n  e v a lu a t in g  th e  r e s u l t s  u s in g  a Y-Y computer program developed by 

Shack (1979). A fte r  a few ad justm en ts  o f  th e  shape f a c to r s  o f  th e  e l e ­

ments a re a so n a b le  s t a r t i n g  p o in t  was found. The len s  was th e n  o p t i ­

mized u s in g  th e  ACCOSV lens  design  program (ACCOSV, 1971).
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The b a s ic  id ea  behind th e  o p t im iz a t io n  r o u t in e  was to  main­

t a i n  th e  1 s t  o rd e r  c o n s t r a in t s  and th e  symmetry w hile  v a ry in g  th e  s u r ­

face  c u rv a tu re s  and a x ia l  d is ta n c e s  to  reduce  th e  a b e r r a t i o n s .  A 

t r i p l e t  lens  w i l l  be used to  show th e  b a s ic  o p t im iz a t io n  ro u t in e  id eas  

(see Fig. 5 .1 ) .  The symmetry o f  th e  system was m ain ta ined  by us ing  

th e  pickup command in  ACCOSV. The f i r s t  h a l f  of th e  le n se s  param eters  

( c u rv a tu re s ,  t h ic k n e s s e s ,  indexes) a re  used as v a r i a b le s  w hile  the  

second h a l f  pa ram ete rs  a re  p icked  up from th e  f i r s t  h a l f .  The 1st 

o rd e r  c o n s t r a in t s  ( fo c a l  le n g th ,  t e l e c e n t r i c i t y ,  f /# )  were m ain ta ined  

by fo rc in g  th e  m arg inal ray  to  be zero  a t  th e  f i n a l  d i s t a n c e  ( t |  in  

F ig . 5 .1 ) and r e q u i r in g  th e  c h ie f  ray  h e ig h t  a t  t h i s  s u r fa c e  to  be 

equal to  t h a t  of th e  m arginal ra y  a t  th e  e n tran ce  p u p i l .

-cm arginal
ray

c h ie f
ray

Fig. 5 .1 .  O p tim iza tion  r o u t in e  example.
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Complex F.T. Lens Designs 

The f i r s t  des ig n  i s  made up o f  two elem ents and i s  shown in  

th e  Y-Y diagram o f  F ig . 5 .2 .  The b a s ic  system d a ta  i s  l i s t e d  in  

Table 5 .1 .

%=1.5

F ig . 5 .2 .  Symmetrical d oub le t

Table 5 .1 .  Basic lens  d a ta  f o r  th e  sym m etrical d oub le t

SURFACE

1

2

3

4

CURVATURE THICKNESS

.000435 10

-.000893 384.83

•000893 10

-.000435 

OBJECT-F.T. DISTANCE 1100 mm 

FRONT FOCAL DISTANCE 552.47 mm

GLASS

LaK17

LaK17
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The amount o f  d i s t o r t i o n  p re s e n t  in  th e  d e s ig n  i s  -.1276%

(the  t a r g e t  v a lu e  was -.125% ). In F ig . 5 .3  th e  rms w avefron t v e rsu s  

s p a t i a l  frequency  i s  p l o t t e d  f o r  v a r io u s  fo c a l  p o s i t i o n s .  This a llow s 

one to  choose b e s t  focus  for- a g iven  rms w avefront to l e r a n c e  and d e t e r ­

mine th e  maximum s p a t i a l  frequency  a l lo w ab le  to  meet t h i s  re q u irem en t.

The second des ig n  i s  a sym m etrical t r i p l e t  and th e  Y-Y diagram 

i s  shown in  F ig . 5 .4 ,  The b a s ic  System d a ta  i s  l i s t e d  in  Table 5 .2 .

The d i s t o r t i o n  f o r  t h i s  des ig n  was -.1209%. The rms w avefron t e r r o r  

v e rsu s  s p a t i a l  frequency  p l o t  i s  shown in  F ig . 5 .5 .

The f i n a l  des ig n  i s  a 4-e lem ent one. I t s  Y=Y diagram i s  shown 

in  F ig . 5 .6 .  The b a s ic  system d a ta  i s  l i s t e d  in  Table 5 .3 ,  The va lu e  

o f d i s t o r t i o n  f o r  t h i s  le n s  i s  -.1241%. The w avefront rms e r r o r  v e rsu s  

s p a t i a l  f requency  p l o t  f o r  t h i s  d e s ig n  i s  shown in  F ig . 5 .7 .

O ther des ig n s  could  be done by adding more e lem en ts ,  i . e . ,  f i v e -  

and s ix -e le m e n t  d e s ig n s ,  th u s  a llow ing  one to  reduce  th e  o b je c t -F .T .  

d i s ta n c e  even more. H a r r i s  (1975) c r e a te d  an o u ts ta n d in g  s ix -e lem en t  

d es ig n  t h a t  i s  d i f f r a c t i o n - l i m i t e d  w ith  th e  s p e c i f i c a t i o n  l i s t e d  below, 

w avelength -500 nm 

EFL -1000 mm

o b je c t  d iam e te r  -150 m m (f/6 .67) 

a p e r tu re  s to p  d iam e te r  -150 mm(150 1/mm) 

o b je c t -F .T .  d i s t a n c e  -814 .8  mm.
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-.1273 
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20 40 60 80 

spatial freq (l/nm0 

Fig. 5.3. RMS wavefront error for the symmetrical 
doublet at several focus positions. 
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Fig. 5 .4 . Symmetrical t r i p l e t .

Table 5 .2 .  Basic lens  d a ta  f o r  th e  sym m etrical t r i p l e t  d es ign .

SURFACE CURVATURE THICKNESS GLASS

1 .001769 18 LaK17

2 -.00103 127.51

3 -.002733 10 K50

4 .002733 127.51

5 .00103 18 LaK17

6 -.001769

OBJECT-F.T DISTANCE 1100 mm 

FRONT FOCAL DISTANCE 400 mm
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0358 nun

07962

12 1076

17466

10 "

rms wavefront

58756 ym 
.08 •'

06 -

04

20 40 60 CO
s p a t ia l freq (1/mm)

Fig. 5 .5 .  RMS wavefront e r r o r  fo r  the  sym m etrical 
t r i p l e t  a t  s e v e ra l  focus p o s i t i o n s .
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F ig . 5 .6 .  Symmetrical 4 -e lem ent.

Table 5 .3 . Basic lens  d a ta  f o r sym m etrical 4-elem ent d e s ig n .

SURFACE CURVATURE THICKNESS GLASS

1 .004709 25 LaF13

2 .001866 111.302

3 .006402 8.42 K50

4 .008975 136.81

5 -.008975 8.42 K50

6 -.006402 111.302

7 -.001866 25 LaF13

8 -.004709

OBJECT-F.T. DISTANCE 850 mm

FRONT FOCAL DISTANCE 225 mm
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A S T

- .0 5 6 4  mm

-.1 2 4 6.16 '

.14..

-.1 6 7 6

.12 .

-.2161

.10

rms wavefront

.58756 ym

.0 6 '

.0 4 . .

.02 ..

20 40 60 80
sp a t ia l  freq ( 1 / m m )

Fig. 5 .7 .  RMS wavefront e r r o r  fo r  the  symmetrical
4 -element des ig n  a t  s e v e ra l  focus p o s i t i o n s .



CHAPTER 6

CONCLUSION

A c l e a r e r  u n d e rs tan d in g  o f  co h eren t  imaging systems has been 

ga ined  in  d e a l in g  w ith  th e  des ig n  o f  F.T. l e n s e s . • I t  was found t h a t  

Gaussian o p t ic s  could  be used in  only  one s p e c i f i c  c a s e ,  th e  f - f  • 

system , to  m ean ing fu lly  d is c u s s  a co h eren t  system , A g e n e ra l  d i s c u s ­

s io n  has to  be done in  th e  S ine  id e a l  r e p r e s e n ta t io n  o f  image forma­

t i o n ,  which a llow s th e  c a l c u l a t i o n  o f  p i s to n  e r r o r .

The q u a n t i ty  Syj was found to  d i f f e r  from t h a t  o f  p rev io u s  works 

(Wynne, 1952), and an example was g iven  to  j u s t i f y  i t s  c u r r e n t  r e p r e s e n ­

t a t i o n .  I t  was shown t h a t  t h i s  new r e p r e s e n t a t io n  o f  does no t 

change th e  co n ju g a te  s h i f t  form ulae which were used  in  th e  d es ig n  o f  

simple F.T. len s  examples.

F u r th e r  work could be done on th e  des ig n  o f  F.T. elem ents in  

looking  a t  anamorphic len s  system s, which a re  used in  m u lt i - c h a n n e l  

d a ta -p ro c e s s in g  system s. Another a re a  o f  f u tu r e  r e s e a r c h  could  be in  

th e  des ig n  o f  h o lo g rap h ic  F.T. e lem ents .
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APPENDIX A

CONJUGATE SHIFT AND STOP SHIFT FORMULAE

This appendix l i s t s  th e  s e t  o f  co n ju g a te  s h i f t  and s to p  s h i f t  

form ulae f o r  th e  t h i r d  o rd e r  a b e r r a t i o n s .  They a re  used in  Chapter 3

in  th e  d es ig n  o f  s im ple  F.T. le n se s .

The s to p  s h i f t  f u n c t io n a l  dependence can be found in  s e v e ra l  

t e x t s  ( e . g . , W elford, 1974). They a re  l i s t e d  below.

/ « y \ 2
sm  * 2 ( f ) sn  * ( j )  s i

SIV  ̂ ^

sv + ( j f )  (SIV + 3 SI I I } + 3 ( f )  SI I  +( ^ ) SI 

SVI + (4 sv - 2 ( a )  si ) ( t )  .

+ (6 SI I I  + siv> ( f )  + 4 SI I  ( ^ f )  + s i ( f y )

The co n ju g a te  s h i f t  f u n c t io n a l  dependence o f  th e  prim ary  image

a b e r r a t io n s  (Shack, 1979) a re  more obscu re . The form ulae a re  d e r iv ed  

by u s in g  th e  p u p i l  a b e r r a t io n  changes f o r  a con juga te  s h i f t ,  because 

th ey  a re  g iven  by sim ple  e x p re s s io n s ,  as opposed to  th e  image a b e r r a ­

t io n s  which a re  much more complex. This f a c t  can be seen by looking  

a t  th e  S e id e l  a b e r r a t io n  eq u a t io n s .

I
I
i
I I
i
I I I
i
IV
i

V
t

VI



For a s to p  s h i f t  on ly  A changes w hile  f o r  a co n ju g a te  s h i f t  A, y and u 

a l l  change. The e q u iv a le n t  p u p i l  a b e r r a t i o n  eq u a tio n s  a re  found sim ply 

by in te rc h a n g in g  th e  c h ie f  and m arg ina l ra y  d e f i n i t i o n s  in  th e  above 

s e t  o f  e q u a tio n s  which g ive  th e  fo l lo w in g

Sj = A2 y AfH)

V -  A A y A (-

I I I

IV

JVI

= A2 y a( | )

| )  Si + ( t )  siv

i b . * - © ' 1IV

A stop  s h i f t  in  t h i s  domain i s  e q u iv a le n t  to  a co n ju g a te  s h i f t  in  th e  

image domain. Connecting th e  two s e t s  th e  fo l lo w in g  s e t  o f  equa­

t io n s  a re  found.



-  SVT - f ^ a c A C u ^ )  - /aX 2VI V A\ A/ A )  SIV s i  = Sv i +[ j h ^  - i i 2

Su  = s'v - 3i£A(u2) Sn  = Sv + 2KA(u2)

Sm  = Sm  + H A (uu)

s iv s iv SIV '  SIV

Sv = Sn  - ? E A ( U 2 ) Sy = Sj j  + 3K A (u2)

SVI = s i +( s )  SIV 5,,+ ~ ST + ( 2KA (u2) +iVI A

An o b je c t  s h i f t  w ith  r e s p e c t  to  th e  p u p i l  a b e r r a t io n s  i s  s im ply g iven  

by th e  fo llow ing

>
H

>
.
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Taking th e s e  form ulae and s u b s t i t u t i n g  them in to  th e  co nnec ting  r e l a ­

t io n s h ip s  between th e  image and p u p i l  a b e r r a t io n s  and u s in g  th e  fo l lo w ­

ing  eq ua tions

A* (u2) = A(u2)

A*(uu) = A(uu) + A(u2)

A*(u2) = (u2) + 2A (uu) ^4r-^ + (u2)

y ■ 2

A\*  ̂I )  + ( ^ )
y /  \ y

Ay VV  v )

th e  co n ju g a te  s h i f t  e q u a tio n s  a re  a r r iv e d  a t

4  “ si + '3Si i+V  f  * (3Si u +3h n * 2SiV:) ( f f  * (33n*sv> ( f ) 3

+ s,

sii " sn  ' (2siiV si A i i )  ( f )  1 (V ® i i 3 ( f )"  + h  { f )

sm  ' sm  * ( f )  * ( f )

y '
2 _  / ^ aa3

) 2y

s iv = s iv

sv = sv + s i a

S t r u c t u r a l  A b e rra t io n  Approach 
To Pupil A b e rra t io n s

Following S hack 's  development f o r  th e  s t r u c t u r a l  a b e r r a t io n  

c o e f f i c i e n t s  o f  th e  image a co rrespond ing  development can be g iven  f o r  

th e  p u p i l  a b e r r a t io n s .  Using th e  connec ting  r e l a t i o n s h i p s  between th e  

two s e t s  o f  a b e r r a t io n s  th e  fo l lo w in g  c o e f f i c e i n t s  g iv e  a c o n s i s t e n t  

s e t  o f  e q u a tio n s  f o r  image space.
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4 ac ** a

^
2 SB 3 cttt

S,I I  y 2 
y P

SIII m2 <t> f f j j j

=!V * 3K2 <p 5IV

<T
i ii t  « y /  *z °v

SVI 7  yp" f 3 ; VI

Using th e  s t r u c t u r a l  a b e r r a t io n  c o e f f i c i e n t s  in  th e  co n ju g a te  s h i f t  

eq u a tio n s  g iv e  th e  fo l lo w in g

Oj = a J + C3ajj+av ) S + C3aI I I +2aIV+3oI I I ) 3 + (ov+3 a I I ) S + S

° n  = 0n  * ?  + ' V 28! ^  ?2 * 3 i

“ni ' °in * ( V 5!!5 s + r

a lY  a IV

aV = aV + a I 5

S i s  th e  o b je c t  s h i f t  f a c t o r  which i s  determ ined by th e  i n i t i a l  system 

from which one i s  s h i f t i n g  th e  o b je c t .  For th e  i n i t i a l  system p ic tu r e d  

below
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Y = 0

th e  s t r u c t u r a l  a b e r r a t io n  con ju g a te  s h i f t  formula become

= a T -  ( 3 o n + av )Y + ( 3 a TTT+ 2 a TV+ 3 a TTT) Y 2 -  ( a v + 3 a TT)Y
I I I  IV I I I V I I + a. Y4

I I a n  " (-2ai i i +aiv + a n i ' )Y + âv+2a i i -)Y2 " a i y3

I I I *111 " (V * n )Y + *i y2

a iv a iv

V *v - *1 Y



APPENDIX B

THE Y-Y DIAGRAM

Basic terms

y - m arg ina l ra y  h e ig h t  

y - c h i e f  r a y  h e ig h t

u - an g le  between a x is  and m arg ina l r a y

u - ang le  between a x i s  and c h i e f  ra y

JK .r  Lagrange in v a r i a n t

Reduced terms 

r = t / n

to = nu

to = nu

Basic eq u a tio n s  

Lagrange i n v a r i a n t : ffl = toy - toy-

a x ia l  d i s ta n c e :

power:

T =

♦ =

y i Yi
72 72 

8C

toi tox

“ k “ k 
3E
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