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ABSTRACT

T h is  d i s s e r t a t i o n  p roposes a n o v e l form  o f o p t i c a l  ROM f o r  th e  

d i g i t a l  com puter. T h is  memory makes use  o f h o lo g ra p h ic  te c h n iq u e s  

b ecau se  o f the  ad v an tag es  o f fe re d  by h o lo g ra p h ic  memories over con* 

v e n t io n a l  o p t i c a l  o n e s , e s p e c ia l ly  w ith  re g a rd  to  d u s t and s c r a tc h  

s e n s i t i v i t y .

These ad v an tag es  have long been re c o g n iz e d  by w orkers in  th e  

f i e l d ,  indeed  s e v e r a l  h o lo g ra p h ic  o p t i c a l  memories have a lre a d y  

b een  p roposed .

A su rvey  o f  th e  s t a t e  o f th e  a r t  o f d i g i t a l  com puter memories 

i s  o f fe re d  in  th e  in t r o d u c to r y  p a r t  o f th e  t h e s i s .  P a r t i c u la r  em

p h a s is  i s  p laced  on o p t i c a l  m emories. A b r i e f  rev iew  of b a s ic  

h o lo g ra p h ic  th e o ry  i s  a ls o  in c lu d ed  f o r  r e f e r e n c e .

As shown by th e  above su rvey  random -access h o lo g rap h ic  ROM's 

to  t h i s  day c h a r a c t e r i s t i c a l l y  o f f e r  a c c e s s  tim es o f 1 m icrosecond 

o r m ore. T h is  l i m i t a t i o n  i s  imposed by th e  re sp o n se  tim e of th e  d e 

v ic e s  used to  d e f l e c t  th e  r e a d -o u t  l a s e r  beam in  o rd e r  to  e f f e c t  a c 

c e s s  to  th e  v a r io u s  page a d d re s s e s .

T h is  d i s s e r t a t i o n  p roposes to  bypass t h i s  d i f f i c u l t y  be u s in g  

th e  r a d ia t io n  from  th e  phosphor of a CRT tu b e , r a th e r  th an  l a s e r  

r a d i a t i o n ,  f o r  h o lo g ra p h ic  re a d o u t .  T h is  p ro p o sa l i s  based  on th e  

h y p o th e s is  th a t  a  v ia b le  random access  h o lo g ra p h ic  com puter memory 

can  be d esigned  so  as n o t  to  re q u ire  f o r  r e a d o u t th e  h igh  d eg ree  o f 

co herence  c h a r a c te r i z in g  l a s e r  r a d i a t i o n .  The advan tage of u t i l i -
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z in g  t h i s  s p e c i f i c  te c h n iq u e  i s  t h a t  c u r re n t  CRT te c h n o lo g y , having 

p roduced  phosphors w ith  nanosecond decay tim es and d e f l e c t i o n  c i r 

c u i t r y  w ith  frequency  re sp o n se  in  ex cess  of 500 MHz, can  be used 

to  red u ce  th e  re a d -o u t tim e by a f a c to r  of one hundred from  th a t  

n o te d  above.

To v e r i f y  th i s  h y p o th e s is ,  a  memory system  th a t  employed the  

CRT as th e  sou rce  o f r e a d -o u t  r a d ia t io n  i s  d e s ig n e d . A m athem atica l 

m odel of t h i s  system  i s  fo rm u la te d  from th e  b a s ic  p r in c ip le s  of phys

i c a l  o p t i c s ,  ta k in g  in to  accoun t th e  n o n -p o in t and non-m onochrom atic 

c h a r a c t e r i s t i c s  of th e  CRT s o u rc e . The model i s  meant f o r  d i g i t a l  

com puter s im u la tio n  o f  th e  s y s te m 's  b eh av io r i n  o rd e r  to  determ ine 

f e a s i b i l i t y  and o p tim ize  system  p a ra m e te rs .

A c o n v e n tio n a l m a th e m a tic a l m odel, u n fo r tu n a te ly ,p ro v e s  to  be 

in a d e q u a te  in  p r a c t ic e  b eca u se  o f th e  e x c e ss iv e  co m p u ta tio n  tim e r e 

q u i r e d .  A second model i s  fo rm u la ted  based  on a  le s s  c o n v e n tio n a l 

ap p ro ac h , namely on a  p h y s ic a l  and g e o m e tr ic a l i n t e r p r e t a t i o n  and 

co n seq u en t app rox im ation  o f v a r io u s  e lem ents o f th e  sy stem .

On th e  b a s is  of t h i s  model a  s im u la tio n  o f th e  system  i s  p e r

form ed and th e  p a ram eters  o f a  CRT ROM c a p a b le  o f s to r in g  10"* b i t s  

p e r  sq u a re  c e n tim e te r  o f f i lm  a re  de te rm in ed .

The hologram s r e q u i r e d  to  im plem ent a memory a t  such  a d e n s ity  

c an n o t be p r a c t i c a l l y  p roduced  by o p t i c a l  m eans. I t  i s  shown, how

e v e r ,  t h a t  p ro d u c tio n  o f such  hologram s can be ach iev ed  by means of a 

com puter s y n th e s iz in g  te c h n iq u e s .
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The d e s ig n  o f an a p p ro p r ia te  s y n th e s iz in g  system  i s  d e s c r ib e d .  

T h is  system  uses co m p u te r-g e n e ra te d  p u lse  d u r a t io n  m odu lation  on th e  

z - a x is  in p u t  of a CRT to  produce th e  d e s i r e d  hologram .

P r a c t i c a l  f e a s i b i l i t y  of t h i s  approach  i s  in v e s t ig a te d  and 

proved  e x p e r im e n ta lly  by p rod u cin g  t e s t  ho logram s and v e r i f y in g  

t h e i r  in fo rm a tio n  s to r in g  a b i l i t y .

As p a r t  of th e  o p t im iz a t io n  stu d y  o f t h i s  sy stem  th e  e f f e c t  o f 

i n t e r b i t  d i f f r a c t i o n  in t e r f e r e n c e  on th e  b i t - t o - b i t  re a d -o u t s ig n a l  

n o n -u n ifo rm ity  i s  i n v e s t ig a t e d .  T h is n o n -u n ifo rm ity , which i s  n o t 

p e c u l ia r  to  th e  CRT sy stem  b u t c o n s t i tu te s  a  problem  shared  by m ost 

o p t i c a l  m em ories, r e s u l t s  in  o u tp u t d a ta  e r r o r s .

A q u a l i t a t i v e  a n a ly s i s  shows th a t  a t i l t e d  r e c ta n g u la r  a p e r tu r e  

can  be s e le c te d  so  as t o  cau se  le s s  d i f f r a c t i o n  in te r f e r e n c e  th a n  i s  

cau sed  by a c i r c u l a r  on e .

A q u a n t i t a t iv e  t h e o r e t i c a l  a n a ly s is  o f th e  phenomenon i s  p r e 

s e n te d .  F or the  sak e  o f m a th em atica l co n v en ien ce  t h i s  a n a ly s is  i s  

l im i te d  t o  c i r c u l a r  a p e r tu r e s .  The r e l a t i o n s h i p  betw een d i f f r a c t i o n  

in t e r f e r e n c e  and a p e r tu r e  s iz e  i s  shown t o  be non-m onotonic and to  

p o s se ss  lo c a l  minima o f  s i g n i f i c a n t  d e p th .

E x p erim en ta l v e r i f i c a t i o n  of th e  above t h e o r e t i c a l  r e s u l t s  i s  

d e s c r ib e d .  These ex p e rim e n ts  show th e  p re se n c e  o f o th e r  so u rc e s  o f 

re a d o u t n o n -u n ifo rm ity  and e r r o r .  In  th e  c a s e  o f  c i r c u l a r  a p e r tu r e s  

th e  n o n -u n ifo rm ity  due to  i n t e r b i t  d i f f r a c t i o n  in te r f e r e n c e  i s  shown
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t o  be dom inated by th e  e f f e c t  of o th e r  so u rc e s  o f d is tu rb a n c e  when

e v e r  th e  a p e r tu re  d ia m e te r  i s  la rg e r  th a n  50 m i ls .

Computer s y n th e s iz e d  hologram s, as  d e sc r ib e d  in  t h i s  d i s s e r t a 

t i o n ,  a re  shown t o  p re s e n t  some ad v an tag es  in  t h i s  r e s p e c t .
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CHAPTER I  

SURVEY OF COMPUTER MEMORY TECHNOLOGY

In tro d u c t io n

The s u b je c t  o f t h i s  d i s s e r t a t i o n  i s  th e  developm ent o f an o p t i c a l  

memory system  f o r  a  d i g i t a l  com puter. The g o a l i s  to  ach iev e  a s y s 

tem w ith  h ig h  sp eed  and la rg e  c a p a c i ty  w h ile  m a in ta in in g  a fa v o ra b le  

c o s t  p o s i t io n  w ith  r e s p e c t  to  o th e r  memory sy s tem s . In  t h i s  c h a p te r ,  

th e  fu n c tio n  o f th e  memory w i l l  be b r i e f l y  d is c u s s e d  as w i l l  th e  man

n e r  o f  i t s  im p lem en ta tio n  in  modern co m p u te rs . T h is  i s  done w ith  th e  

i n t e n t  o f g iv in g  I n s ig h t  in to  th e  p r o p e r t i e s  d e s ir e d  i n  a  memory d e

v i c e .  C o m p e titiv e  memory sy stem s, b o th  o p t i c a l  and n o n - o p t i c a l ,  

w i l l  be exam ined w ith  th e  in t e n t  o f e s t a b l i s h in g  a b a s is  a g a in s t  

w hich  a new memory system  can  be com pared. The c h a p te r  w i l l  con

c lu d e  w ith  a  q u a l i t a t i v e  d e s c r ip t io n  o f  th e  p roposed  o p t i c a l  com put

e r  memory sy stem .

Memory F u n c tio n

In  th e  o r g a n iz a t io n a l  scheme o f a  modern d i g i t a l  com p u ter, th e  

memory e lem en t s e rv e s  two p u rp o se s . The more obvious i s  th e  a r c h i 

v a l  f u n c t io n .  In  t h i s  usage th e  memory a llo w s  v a s t  amounts o f  d a ta  

to  be q u ic k ly  a v a i la b le  t o  th e  u s e r .  The second  fu n c tio n  i s ,  p e r 

h a p s , le s s  obv ious and w i l l  th e r e f o r e  be expounded.

The common d esk  c a l c u l a to r ,  o r  'a d d in g  m a c h in e ',  o f to d ay  i s  

b ased  on th e  s te p p e d  re c k o n e r of L e ib n iz  (1 6 7 1 ). I t  i s  e s t im a te d  

th a t  a  s k i l l e d  o p e ra to r  can  perform  o n ly  500 sim p le  a r i th m e t ic  op-



e r a t io n s  p e r  day u s in g  a  desk  c a l c u l a t o r .^  The l im i t in g  f a c t o r  i n  

t h i s  r a t e  i s  n o t  th e  speed  of th e  m ach ine , b u t r a th e r  th e  m en ta l and 

m anual d e x t e r i t y  o f th e  o p e ra to r .  A memory, w ith  i t s  a b i l i t y  to  

su p p ly  a s to r e d  program  and d a ta  t o  th e  c a l c u l a t o r ,  e l im in a te s  th e  

need f o r  c o n s ta n t  o p e ra to r  i n t e r v e n t io n .  T h u s , th e  memory a llo w s 

th e  machine to  fu n c t io n  a t  'e l e c t r o n i c  s p e e d '.

Memory Im p lem en ta tio n

B efo re  d is c u s s in g  th e  p r o p e r t i e s  o f th e  v a r io u s  e lem en ts  used 

i n  memory d e v ic e s ,  i t  seems p ro p e r t o  f i r s t  sk e tc h  o u t th e  b a s ic  or*  

g a n iz a t io n  o f th e  com puter. F ig u re  1*1 shows th e  g e n e ra l  o rg an iz e*  

t i o n  o f a  modern d i g i t a l  com puter. S in c e  th e  c o m p u te r 's  memory i s  

t o  be th e  fo c u s  o f t h i s  w ork, a  c l o s e r  ex am in a tio n  o f i t s  o rg an iz a*  

t i o n  i s  i n  o r d e r .

From an  o p e r a t io n a l ,  o r  c h a r a c t e r i s t i c ,  p o in t  o f v iew , th e  mem

o ry  may be e a s i l y  b roken  in to  th r e e  p a r t s .  The o p e ra t io n  r e g i s t e r s , 

o r  c o n t ro l  memory, i s  t h a t  p o r t io n  o f th e  memory in  w hich c o n t r o l  

in s t r u c t io n s  a re  s to r e d  im m ediately  p r io r  t o  b e in g  e x e c u te d  and in  

w hich c u r r e n t ly  used  d a ta  i s  s t o r e d .  T h is  a re a  s e rv e s  a s  a  b u f f e r  

betw een th e  CPU and th e  main d a ta  s t o r e .  As su ch , i t  i s  c h a r a c te r 

iz e d  by v e ry  h ig h  sp e e d . I t s  s i z e  i s  u s u a l ly  betw een 10 and 10 ,000 
2

w ords. The memory on th e  n e x t h ig h e s t  l e v e l  i s  th e  m ain s to r a g e , o r 

in n e r  memory. T h is  a r e a  i s  f r e q u e n t ly  r e f e r r e d  to  as  ' c o r e ' .  I t  can

^ T . C . B ar t e e ,  D i g i t a l  Computer F u n d am en ta ls , McGraw H i l l ,  I n c . ,  
New Y ork , I9 6 0 , p .  4 .

2 E . C . J o se p h , Computer D es ig n , V o l. 8 ,  No. 11, p p . 165-8 , 
November 1969.
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be c h a r a c te r iz e d  a8 a  r e l a t i v e l y  la rg e  h ig h  sp eed  memory. I t  i s  h e re

th a t  th e  c u r r e n t  p rogram s, s u b ro u t in e s ,  and d a ta  a r e  s to r e d .  T h is

a r e a  a l s o  a c ts  as a  b u f f e r  betw een th e  o p e ra t io n  r e g i s t e r s  and th e
3 6 2

mass s t o r e .  The in n e r  s to r e  has a c a p a c i ty  o f  10 to  10 w ords.

To m eet th e  need f o r  more memory a t  a low er c o s t  p e r  b i t ,  th e  mass

s t o r e , o r  a u x i l i a r y  memory, was in tro d u c e d . The mass s to r e  has a
7 2c a p a c i ty  in  ex ce ss  o f  10 w o rd s. I f  s t i l l  more s to ra g e  i s  needed  

a t  an even lower c o s t  p e r  b i t ,  punch c a rd s  and pap er ta p e  a re  a -  

v a i l a b l e .  In  term s o f p h y s ic a l  com ponents, th e  c o n t r o l  memory i s  

u s u a l ly  composed o f s e m i-c o n d u c to rs , th e  in n e r  memory i s  made o f 

f e r r i t e  c o re  s ta c k s ,  and th e  mass memory c o n s i s t s  o f m agnetic  drum s, 

m ag n e tic  d i s k s ,  and m ag n e tic  t a p e s .

In  e v a lu a t in g  th e  d i f f e r e n t  ty p es  o f  memory d e v ic e s ,  th e  p e r 

m anence, th e  sp eed , th e  c a p a c i ty ,  th e  v o l a t i l i t y ,  th e  type  of a c 

c e s s ,  and th e  c o s t  need  to  be in d ic a te d .  Perm anence r e f e r s  to  th e  

e r a s a b i l i t y  o f th e  in fo rm a tio n  s to r e d  in  th e  memory. A memory i s  

8a id  t o  be e ra s a b le  i f  th e  c o n te n ts  o f th e  memory can  be changed d u r 

in g  th e  norm al o p e ra t in g  c y c le  o f  th e  co m p u ter; i . e . ,  ' i n  s i t u ' .  An 

exam ple o f a n o n -e ra s a b le  memory i s  th e  ROM ( re a d  o n ly  memory). A 

memory i s  v o l a t i l e  i f  i t s  c o n te n ts  would be d e s tro y e d  by a  pow ering- 

down o f th e  m achine. Two ty p e s  o f access  a r e  c u r r e n t ly  b e in g  u se d ; 

s e q u e n t i a l  acc ess  and random a c c e s s .  In  a  s e q u e n t i a l ly  accessed  mem

o ry ,  th e  d a ta  i s  a v a i la b le  to  th e  se n so rs  i n  a f ix e d  o rd e r .  T h e re 

f o r e ,  i t  i s  som etim es n e c e s s a ry  to  w a it f o r  unwanted d a ta  to  p a ss  

th e  s e n s o rs  b e fo re  th e  d e s i r e d  d a ta  becomes a v a i l a b l e .  S e q u e n t ia l
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memories a re  th em se lv es  d iv id e d  in to  two ty p e s ;  p ro g re s s iv e  and cy 

c l i c .  In  th e  p r o g r e s s iv e ,  such  as punch c a rd s  and , to  an e x t e n t ,  

m agnetic  ta p e ,  th e  d a ta  i s  a v a i la b le  o n ly  once. In  th e  c y c l ic  c a s e ,  

such  as th e  m ag n e tic  drum, th e  d a ta  i s  a v a i la b le  ev e ry  p e r io d .  S e

q u e n t ia l  memories a re  a ls o  r e f e r r e d  to  by th e  te rm s s e r i a l  and dy

nam ic.

The random a c c e ss  memory i s  one i n  w hich a l l  th e  d a ta  p o in ts  

a re  e q u a l ly  a v a i l a b l e .  I t  i s  no t n e c e s s a ry  to  w a it  f o r  unwanted da

t a  to  pass by f i r s t .  T h is  type i s  a l s o  r e f e r r e d  to  by th e  names 

p a r a l l e l  and s t a t i c .

Com parison of Memory D ev ices  (N o n -O p tica l)

As of 1962 com puter memory te ch n o lo g y  had advanced to  th e  s t a t e
3

in d ic a te d  by th e  d e v ic e s  o f T ab le  1 -1 . A l i t e r a l  i n t e r p r e t a t i o n  of 

th e  above ta b le  may prove m is in fo rm a tiv e . The d i f f i c u l t y  a r i s e s  in  

th e  i n t e r p r e t a t i o n  o f th e  access  t im e s . Some d e v ic e s ;  e . g . ,  m agnet

ic  c o re s  and e l e c t r o s t a t i c  tu b e s ,  have a d e s t r u c t iv e  re a d  c y c le .  Thus 

a w r i te  c y c le  m ust be com pleted  a f t e r  e v e ry  re a d  c y c le  i f  th e  d a ta  i s  

to  p re s e rv e d . T h e re fo re ,  i t  becomes n e c e ss a ry  to  c o n s id e r  th e  t o t a l  

memory c y c le  tim e ( re a d  p lu s  w r i te )  i f  a t r u e  u n d e rs ta n d in g  o f th e  

speed  o f th e  d e v ic e  i s  to  be o b ta in e d . H owever, a se a rc h  o f th e  l i t 

e r a t u r e  shows w hat ap p ea rs  to  be an in te rc h a n g e a b le  use (o r  m isu se) of 

th e  te rm s 'a c c e s s  t im e ' and 'c y c le  t i m e '.  A second a re a  o f c o n fu s io n  

a r i s e s  when th e  amount o f decoding  w hich th e  memory w i l l  do i s  ta k e n  

in t o  c o n s id e r a t io n ;  e . g . ,  s in g le - l e v e l  v e rs u s  f u l l - d e c o d e .

3
B urroughs C o rp .,  D i g i t a l  Computer P r i n c i p l e s . McGraw H i l l ,  I n c . ,  
New Y ork, 1962, p . 386.
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In  l a t e  1968 and e a r l y  1969 th e  s t a t e  o f th e  memory a r t  had pro*

g re s s e d  t o  th e  p o in t  w here memories w ith  a c a p a c i ty  o f 100 b i l l i o n

b i t s  o r  w ith  speeds i n  th e  o rd e r  o f 1 0 's  o f nanoseconds w ere techno*
„ 4

l o g i c a l l y  a v a i l a b l e .  T h is  p ro g re s s  i s  i l l u s t r a t e d  i n  F ig u re  1 -2 .

A c h a r t  o f  th e  same ty p e ,  com piled  one y e a r  l a t e r ,  i s  shown in  F ig 

u re  1 -3 .^  In  e a r ly  1973, th e  p o s i t io n  o f o p t i c a l  memories was en 

hanced  o v er t h a t  shown in  F ig u re  1-3 when th e  P r e c is io n  In s tru m e n t 

Company m arke ted  i t s  10*^ b i t  U nicon 690 a t  a  c o s t  o f 10*^c p e r b it.**  

At t h a t  tim e d is k  memories w ith  10*® b i t s  w ere p r ic e d  a t  ap p ro x im ate - 

ly  5 x 1 0 ' c p e r  b i t .  T h is  l a s t  c h a r t  i s  s i g n i f i c a n t  i n  two r e s p e c t s .  

F i r s t ,  i t  shows th a t  th e  sp eed  o f o p t i c a l  mem ories had become com

p e t i t i v e  w ith  t h a t  o f c o re  m em ories. Second, th e  a s p e c t  o f c o s t  h as  

b een  in t ro d u c e d .  The t r a d e  betw een c o s t  and sp eed  w i l l  p la y  a  le a d 

in g  r o l e  in  th e  fo llo w in g  d is c u s s io n .

B e fo re  p ro cee d in g  to  a  d is c u s s io n  o f s e m i-c o n d u c to r  m em ories, i t  

sh o u ld  be s t a t e d  th a t  some e x p e r ts  a re  d is c o u n tin g  th e  f u tu r e  of mag

n e t i c  c o re  memories in  th e  one m icrosecond  m a rk e t .7 The main re a so n  

f o r  th e  u n d e s i r a b i l i t y  o f c o re  i s  th e  need f o r  e x te n s iv e  i n t e r f a c i n g  

betw een i t  and th e  sem i-co n d u c to r a d d re s s in g  and a r i th m e t ic  c i r c u i t s .

z-----------
M. D . B lue and D. C hen. E l e c t r o n i c s .  V o l. 4 2 , No. 5 ,  p .  109,
M arch, 1969.

5 J .  T .  LaM acchia, L ase r F o c u s , V o l. 6 , No. 2 ,  p . 35 , F eb ru a ry  1970.

® 0 .  N. T u f te  and D . C hen, IEEE Spectrum , V o l. 10, No. 2 , pp . 2 6 -3 2 , 
F e b ru a ry , 1973.

7 D . Roop, E le c t r o n ic  P ro d u c ts ,  V o l. 12, No. 10, p .  97 , F e b ru a ry ,
1 9 7 0 .
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By go ing  to  sem i-co n d u c to r m em ories, memory, a d d re s s in g ,  and a rith m e 

t i c  e le m e n ts  can  be formed on th e  same c h ip ,  W hile o p t i c a l  memories 

s u f f e r  from  th e  same need f o r  b u f f e r in g ,  th ey  w i l l  be shown to  have 

redeem ing v a lu e s .

A t th e  p re s e n t  tim e two ty p e s  o f t r a n s i s t o r s  a re  v y in g  f o r  dom

inan ce  in  th e  memory m ark e t; th e  MOSFET and th e  b ip o la r  t r a n s i s t o r .

Of th e se  th e  b ip o la r  i s  th e  f a s t e r .  P u b lish ed  d a ta  shows 256 b i t  

b ip o la r  RAM's (random access  memory) w ith  an acc e ss  tim e under 100 

nanoseconds and 64 b i t  b ip o la r  RAM's w ith  tim es under 5 nanoseconds.
Q

The c o s t  i s  ap p ro x im ate ly  te n  c e n ts  p e r  b i t .  The MOS RAM's, w ith  a 

more econ o m ica l c h ip  geom etry , can  be produced w ith  a  f u l l y  decoding  

a d d re s s in g  mechanism a t  a p r ic e  o f 6 to  8$ per b i t  f o r  c h ip s  w ith  a 

1024 by 16 b i t  sy stem . The tim e i s  1 t o  1 .5  m ic ro seco n d s . A s im i

l a r  c h ip  w ith  s in g le  decode lo g ic  c o s ts  8 t o  12c p e r  b i t ,  b u t i t  has 

an a c c e ss  tim e  o f 120 to  250 n an o seco n d s . The l e a s t  e x p e n s iv e  o f th e  

h ig h  sp eed  r e a d - w r i te  sem i-co n d u c to r memories a re  th o s e  w ith  la rg e  

MOS s h i f t  r e g i s t e r s  (1024 b i t s ) .  T hese  have a b i t  r a t e  o f  5Mhz.

They have th e  advan tage o f h a v in g  v e ry  few e x te r n a l  l e a d s .  F u r 

th e rm o re , th e y  can  be s to p p ed  f o r  up to  one m icrosecond  in  a n t i c ip a 

t i o n  o f d a ta  t r a n s f e r .  The c o s t  i s  ap p ro x im ate ly  3c p e r  b i t .

In  th e  way o f n o n -sem i-c o n d u c to r r e a d -w r i te  m em ories, S i t t i g  

and S m its  have r e - i n i t i a t e d  th e  s tu d y  o f a  s to ra g e  te c h n iq u e  o f th e

8
Ro Graham and M. H o ff, E l e c t r o n i c  P ro d u c ts , V o l. 12 , No. 9 , pp . 28- 
34 , J a n u a ry , 1970.
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9
l a t e  1 9 4 0 's ;  th e  a c o u s tic  d e la y  l i n e .  Using B ausch  and Lomb's T40 

g la s s  and ceram ic  sodium p o ta ss iu m  n io b a te  t r a n s d u c e r s ,  th e y  have de

v e lo p ed  an u l t r a - s o n i c  d e la y  l i n e  w ith  a 100 Mhz b i t  r a t e .  A 2 in c h  

by 1 in c h  by 0 .1  in c h  s t r i p  o f  T40 g la s s  w i l l  h o ld  1000 b i t s .  W ith 

b i t  r a t e  h ig h e r  th a n  th a t  o f sem i-co n d u c to r m em ories, b u t th e  l a t e n 

cy o f a  drum, t h i s  d ev ice  i s  en v isa g e d  as a  b u f f e r  betw een a slow  ex 

t e r n a l  memory and a h ig h  sp eed  CPU. I t s  c o s t  i s  c o m p e tit iv e  w ith  a 

low er sp eed  IS I  system .

In  th e  e a r l y  1970 's  th e  CCD (ch arg e  co u p led  d e v ic e )  and th e  mag

n e t i c  b u bb le  memory began to  r e c e iv e  s e r io u s  c o n s id e r a t io n .  W hile 

th e se  d e v ic e s  a re  n o t s u f f i c i e n t l y  developed  to  have f irm  perform ance 

and c o s t  v a lu e s ,  some a u t h o r i t a t i v e  p r e d ic t io n s  have been  made. I t

i s  e x p e c te d  th a t  th e  c o s t  o f a b u bb le  memory w i l l  be app ro x im ate ly  
-3  10

10 $ p e r  b i t  and have an a c c e s s  tim e o f 10 m ic ro se c o n d s . W hile 

th e  c o s t  o f th e  CCD i s  p r e d ic te d  t o  be 0 .1$  p e r  b i t ,  i t s  acc ess  tim e 

w i l l  be co m p a tib le  w ith  t h a t  o f  sem i-co n d u c to r m em ories.

In  th e  o p e ra t io n  o f a  com p u ter, some of th e  d a ta  s to r e d  in  th e  

memory i s  o f th e  perm anent ty p e .  Examples o f t h i s  a re  c o m p ile rs , 

code c o n v e r t e r s ,  t r ig n o m e tr ic  fu n c t io n  g e n e r a to r s ,  and d is p la y  c h a r 

a c t e r  g e n e r a to r s .  S in ce  th e s e  d a ta  need n o t oe w r i t t e n  ' i n  s i t u ' ,  

they.can be s to r e d  in  a  re a d -o n ly  memory. Many d e v ic e s  and te c h n iq u e s

9 E . K. S i t t i g  and P . M .  S m lts ,  B e l l  System  T e c h n ic a l J o u r n a l . V o l. 
4 8 , No. 3 , p . 659, March 1969.

10
G. L a p id u s , IEEE S pectrum . V o l. 10, No. 7 , p p . 5 0 -5 4 , J u ly  1970.
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a re  a v a i la b le  f o r  th e  c o n s tr u c t io n  o f a  ROM w hich a re  n o t s u i t a b l e

f o r  use i n  c o n s tr u c t in g  a  r e a d -w r i te  memory. Thus th e  ROM c a n  be

made c h e a p e r , f a s t e r ,  and s im p le r  (no w r i t e  c i r c u i t r y )  in  many

c a s e s .  A ta b le  o f some p o p u la r  ROM's i s  g iv e n  i n  T ab le  1 -2 .* *  The
12f a s t e s t  ROM c u r r e n t ly  in  p ro d u c tio n  i s  S i g n e t i c s '  10139. T h is  256 

b i t  c h ip  has  an a c c e s s  tim e o f  15 n an o seco n d s.

O p tic a l  Memories

As e a r ly  as 1958 r e s e a r c h e r s  a t  th e  B e l l  T elephone L a b o ra to r ie s

w ere a tte m p tin g  to  e x p l o i t  th e  h ig h  in fo rm a tio n  p ack in g  d e n s i ty  of

1 3p h o to g ra p h ic  f i lm .  T h is  p a r t i c u l a r  te c h n iq u e , w hich had h ig h  

s w itc h in g  speed  a s  a  g o a l ,  was c a l le d  th e  'F ly in g  Spo t S t o r e ' .  T h is  

sy stem  i s  shown in  F ig u re  1 - 4 . ^  The s p e c i f i c a t i o n s  c a l le d  f o r  th e  

s to r in g  o f 2 .5  x 10^ b i t s .  A phosphor w ith  a  decay  tim e o f a p p ro x i

m a te ly  10“ 7 seconds was c a l l e d  f o r .  P16 ty p e  phosphor m eets t h i s  

c r i t e r i o n .  In  1958 th e  beam d e f le c t io n  tim e  had an e x p e r im e n ta l v a l 

ue o f 2 x  10 ^ s e c o n d s . I t  sh o u ld  be n o te d  t h a t  t h i s  system  s u f f e r e d  

in  SNR b ecause  each  b i t  was s to r e d  as a  v e ry  sm a ll d i s c r e t e  p o in t .  A 

s c r a tc h  o r  speck  o f d u s t  co u ld  d e s tro y  many b i t s .  T h is  sho rtco m in g  

can  be overcome by h o lo g ra p h ic  te c h n iq u e s .

** J .  M arino and J .  S i r o t a ,  E l e c t r o n i c s , V o l. 4 3 , No. 6 , p p . 112-6 , 
March 1970.

12 S ig n e t ic s  C o rp .,  IEEE Spectrum , V o l. 11, No. 1 , p . 107, Ja n u a ry  
1974.

H. G. C ooper, B e l l  System  T e c h n ic a l J o u r n a l , V o l. 4 0 , No. 3 ,  
p . 724, May 1961.

14
C . W. H oover, G. Hangk, and D. R . H e r r i o t t ,  B e l l  System  T ech
n i c a l  J o u rn a l .  V o l. 38 , No. 2 ,  p . 367 , March 1959.
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Type Speed

D is c r e te  D iode 250nsec t o
1 sec

M o n o lith ic  D iode Same
A rray

M o n o lith ic  B ip o la r  lOOnsec
T r a n s i s to r  A rrays

MOSFET 500nsec t o
1 sec

R e s is to r  A rray s  150 to
500 n sec

C a p a c ito r  A rray s  250nsec to
1 sec

T o ro d ia l T ran sfo rm e r

B ra id ed  T ra n s -  150nsec
form er A rray s

Comments

S im p le , f l e x i b l e  (change d io d e s)  
E xp en siv e : 10 to  2 5 c /b i t

handw ired  
Econom ical c a p a c i ty  100 t o  10000 

b i t s

Masks to o  ex p en s iv e  f o r  sm a ll 
ru n s

F a b r ic a t io n  com plex, ex p en siv e  
m asks, h ig h e s t  speed  ROM

F a b r ic a t io n  com plex, ex p en s iv e  
m asks, ruggedness q u e s tio n e d  
(c h a rg in g  and d is c h a rg in g  of 
s t a t i c  e l e c t r i c i t y ,  as  w e l l  as 
e x c e s s iv e  v o l t a g e s ,  w i l l  d e s tro y  
th e m ), l $ / b i t .

E x c e l le n t  r e l i a b i l i t y  and ru g 
g e d n e ss , ex p en siv e  p e r ip h e r a l  
e l e c t r o n i c s ,  h ig h  power d i s s i 
p a t io n  and low SNR

Rugged, r e l i a b l e ,  te n s  o f th o u 
san d s o f b i t s

O ld , c o s t ly  b ecau se  hand-made

R e l ia b l e ,  ru g g ed , f l e x i b l e ,  
m achine made, low c o s t  
2 t o  9 c / b i t

T a b le  1-2
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The b a s ic  id e a  o f th e  f l y i n g  sp o t s to r e  has r e c e n t ly  been  r e s u r 

r e c te d  by th e  I n te r n a t io n a l  Computer and T a b u la to r  L im ited  o f
15

E n g lan d . F ig u re  1-5 shows a  sch em a tic  o f  IC T 's  sy stem . In  th e  

FSS th e  p a r a l le l i s m  needed  t o  form  a  word was g e n e ra te d  by p la c in g  

s e v e r a l  le n s e s  in  a p la n e .  In  IC T 's  v e r s io n  th e  p a r a l le l i s m  i s  gen

e r a te d  by a  m ir ro r  tu n n e l .  Each p o s i t io n  on the  CRT produces s i x t y -  

n in e  s p o ts ;  i . e . ,  a  s ix ty - n in e  b i t  w ord. The a c c e s s  tim e i s  r a t e d  a t  

f i v e  m ic ro seco n d s . As in  th e  FSS, th e  number o f w ords i s  s e t  by th e  

256 x  256 p o s i t io n  m a tr ix  o f  th e  CRT s p o t .  A h an d icap  sh a re d  by t h i s  

s to r e  and th e  FSS i s  th e  te d io u s n e s s  o f th e  m ask-m aking p ro c e s s .  ICT 

g iv e s  t h i s  f ig u r e  as one h o u r .

R esea rc h  in  th e  o p t i c a l  memory f i e l d  h as  le d  t o  n o n -p h o to g rap h ic

d e v ic e s .  The Unicon sy stem  o f th e  P re c is io n  In s tru m e n t Company i s
16

r e p r e s e n ta t iv e  o f one su b -g ro u p . U nicon u ses  a  co n tin u o u s  wave a r 

gon io n  l a s e r  to  bu rn  o r  punch one m icron h o le s  in  a  non-m agnetic  

t a p e .  U sing  a  p u lse -c o d e  m o d u la tio n  schem e, t h i s  sy stem  can  s to r e  

th e  c o n te n ts  o f fo u r -a n d -o n e -h a lf  m ile s  o f c o n v e n tio n a l m agnetic  

ta p e  on a  th r e e  in c h  by t h i r t y  in c h  s t r i p .  The s p e c i f i c a t io n s  c a l l  

f o r  a  r e t r i e v a l  r a t e  o f 2 x 10** b i t s  p e r se c o n d . The company makes
9

a  c la im  f o r  a  p o te n t i a l  bandw id th  o f 10 b i t s  p e r  seco n d . S im i la r  

sy stem s a re  b e in g  s tu d ie d  by th e  N a tio n a l Cash R e g is te r  Company and 

by th e  I t e k  C o rp o ra tio n .

15 R . J .  B o t f l e ld ,  A. N. H i l l ,  and B. J .  S te p to e ,  J o u rn a l  o f 
P h y s ic s  E , V o l. 1 , S e r ie s  2 , p .  810, 1968.

C . H. B e c k e r, E l e c t r o n i c s ,  V o l. 4 1 , No. 6 ,  p . 50 , March 18,
1968.
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A second  su b -g ro u p  makes use  o f th e  m a g n e to -o p tic  F arad ay  E f

f e c t .  In  t h i s  ty p e  o f system  a m ag n e tic  f i lm  of an a p p ro p r ia te  ma

t e r i a l  such  as m anganese-b ism uth  (H o n e y w e ll^ )  i s  m a g n e t ic a l ly  s a t 

u ra te d  in  one d i r e c t i o n .  In fo rm a tio n  i s  w r i t t e n  by r a i s i n g  sm a ll 

a re a s  of th e  f i lm  above th e  C u rie  te m p e ra tu re . S ubsequen t c o o lin g  

a llo w s th e  n e ig h b o rin g  f i e l d s  t o  c r e a te  a  f i e l d  o p p o s ite  t o  th e  o r ig 

i n a l  f i e l d  o f th e  h e a te d  r e g io n .  The F araday  E f f e c t  r e f e r s  t o  th e  

a b i l i t y  o f a m ag n e tic  f i e l d  t o  r o t a t e  th e  p o la r i z a t io n  d i r e c t i o n  o f 

a  l i g h t  beam. Thus th e  re a d in g  scheme c a l l s  f o r  th e  m ag n e tic  f i lm  

to  r o t a t e  th e  l i g h t  p o la r i z a t io n  so  t h a t  a p o la r i z a t io n  a n a ly z e r  can 

d i s t i n g u is h  betw een z e ro s  and o n e s . S im ila r  F araday  E f f e c t  system s

a re  b e in g  d ev eloped  by IBM and by RCA. O ther m a te r ia ls  e s p e c i a l l y
18s u i te d  f o r  th e  te c h n iq u e  a re  EuO and EuS.

A main f u n c t io n a l  d i f f e r e n c e  betw een th e  h o le  b u rn in g  te c h 

n iq u e s  and th e  F arad ay  E f f e c t  system s i s  th a t  th e  fo rm er a re  p e r 

m anent w h ile  th e  l a t t e r  a re  e r a s a b l e .  S e v e ra l com panies a re  work

in g  on e r a s a b le  p h o to g rap h ic  memory d e v ic e s .  These d e v ic e s  make 

use  of pho tochrom ic m a te r ia l s ;  e . g . ,  o rg a n ic  dyes and a l k a l i  h a l 

i d e s .  "P ho tochron ism " i s  a r e v e r s ib l e  change in  a com pound's ab 

s o r p t io n  sp ec tru m  when i t  i s  i r r a d i a t e d  w ith  a s p e c i f i c  w aveleng th  

o f l i g h t .  I n  g e n e r a l ,  s h o r t  w av e len g th s  cause  th e  sp ec tru m  to  be

s h i f t e d  tow ard  th e  r e d ;  lo n g e r w av e len g th s  s h i f t  i t  b ack  tow ard 

19th e  b lu e .  Thus a  m a te r ia l  may be darkened  by one freq u en cy

^  Blue and C hen, op . c i t . . p . 111.

T u fte  and Chen, op . c i t . .  p . 30 .
19 Blue and Chen, o p . c i t . .  p . 110.
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and b le a c h e d  by a n o th e r .  A v a r i a t i o n  of t h i s  scheme has been p u r-
20su ed  a t  th e  B e l l  T elephone L a b o ra to r ie s .  U sing  a  l i th iu m -n io b a te  

c r y s t a l  's m a l le r  th a n  a  lump o f s u g a r ' one th o u san d  phase hologram s 

can  be s to r e d .  These hologram s a re  a n g u la r ly  s e p a r a te d .  To e r a s e  

th e  h o lo g ram s, th e  c r y s t a l  te m p era tu re  i s  r a i s e d  to  170°C. I t  sh o u ld  

be  n o te d  t h a t  t h i s  m a te r i a l  h as  a  d i f f r a c t i o n  e f f i c i e n c y  maximum o f 

42% as compared to  6% f o r  p h o to g rap h ic  f i lm  p l a t e s .  C arson L abora

t o r i e s  In c o rp o ra te d  has  d ev e lo p ed  a  s im i la r  sy stem , b u t  one w ith  th e

21a p p a re n t  a d d i t io n a l  f e a t u r e  o f s e le c t iv e  e r a s u r e .  * In  g e n e ra l ,  

pho tochrom ic m a te r ia ls  s u f f e r  from  f a t i g u e ,  la c k  o f w e ll  d e f in e d  

th r e s h o ld ,  s e n s i t i v i t y  t o  s c a t t e r e d  l i g h t ,  and lo n g -tim e  i n s t a b i l i t y *

A t p r e s e n t ,  h o lo g ra p h ic  o p t i c a l  memories u s in g  n o n -e ra sa b le  me

d i a  a re  b e in g  b u i l t  by IBM and BTL. The m ost e le m e n ta ry  i s  th e  c y l -

22i n d r i c a l  memory developed  a t  IBM's San J o se  L a b o ra to ry . F ig u re

1-6 shows a  sk e tc h  o f  t h i s  sy stem . I t  has  a  t h e o r e t i c a l  d e n s i ty  o f

6 x  106 b i t s  per sq u a re  in c h  and an e x p e r im e n ta l d e n s i ty  of 2 x  10^
6

b i t s  p e r  sq u a re  in c h . I t  has  a  t h e o r e t i c a l  sp eed  o f 160 x  10 b i t s  

p e r  second and an e x p e r im e n ta l speed  of 16 x  106 b i t s  per seco n d . 

However, because  of i t s  s e r i a l  n a tu r e ,  i t  h a s  a  mean acc ess  tim e o f 

8 .5  m i l l i s e c o n d s .  To overcome t h i s  long mean a c c e s s  tim e , random

J .  T . LaM acehia, F .  S .  C hen, and D. B . F r a s e r ,  B e l l  T elephone 
L a b o ra to r ie s  R eco rd , Ja n u a ry  1969, p p . 3 0 -1 .

B lue and Chen, o p . c i t . .  p . 111.

^  L. F .  Shew, P ro d u c t E n g in e e r in g , V o l. 4 0 , No. 12, p .  16,
June 16, 1969.
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a c c e ss  m em ories a re  b e in g  d ev eloped  by IBM and by BTL. B ecause o f th e  

s i m i l a r i t y  o f th e  sy s tem s , The B e l l  T elephone L a b o ra to r ie s  system  a -  

lone w i l l  be d e s c r ib e d .

The BTL sy stem  i s  p roposed  as  a  sem i-perm anen t random -access 

mass memory. The c o n te n ts  o f th e  memory a re  changed by r e p la c in g  

th e  h o lo g ra p h ic  p l a t e .  A sch e m a tic  o f  th e  system  i s  shown in  F ig u re
OO

1 -7 . The d e f l e c to r  sy stem  i s  a  p a i r  of c ro s s e d ;  i . e . ,  x  and y , 

a c o u s to -o p t ic  B ragg  D i f f r a c t i o n  C e l l s .  The a c o u s t ic  fre q u e n c y  range  

i s  85 to  170 Mhz. S p e c i f i c a t io n s  c a l l  f o r  th e  s te p p in g  o f  th e  f r e 

q u e n c ie s  so  as t o  o b ta in  64 by 64 a d d re s s e s .  E x p e r im e n ta lly ,  a  32 

by 32 r a s t e r  h as  been  o b ta in e d .  A s t a t e  o f th e  a r t  c e l l ;  e . g . ,  a 

l i th iu m  n io b a te  t ra n s d u c e r  d r iv in g  c r y s t a l l i n e  a lp h a - io d ic  a c id ,  can 

random ly a d d re s s  s ix ty - f o u r  lo c a t io n s  w ith  an a c c e s s  tim e o f 1 .5  

m ic ro se c o n d s . Each o f th e  4096 s p e c i f i e d  o p t i c a l l y  a d d re s s a b le  sub

hologram s i s  c o n s id e re d  a  page o f d a t a .  Each page w i l l  be composed 

o f s ix ty - f o u r  6 4 - b i t  w o rd s. The subhologram s a re  1 .5  m i l l im e te r s  on 

edge and have a  2 m i l l im e te r  c e n te r  s p a c in g . T h is  g iv e s  a  pack ing  

d e n s i ty  o f  1024 x  106 b i t s  p e r  sq u a re  m e te r . The 4096 b i t s  p e r page 

a re  h o lo g r a p h ic a l ly  imaged on an a r r a y  o f p h o to - t r a n s i s to r s ;  one d e

t e c t o r  p e r  b i t .  The words in  th e  page a re  th e n  a c c e sse d  as  th ey  

would be in  a  s ta n d a rd  se m i-c o n d u c to r  memory. The s p e c i f i e d  word a c 

c e s s  tim e  i s  100 nanoseco n d s.

^  L. K. A nderson , L aser T ech n o lo g y , V o l. 9 , No. 3 , p .  6 2 , March 
1970.
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Memory U t i l i z a t i o n

The c o n t r o l  and a r i th m e t ic  p o r t io n s  o£ t h i r d  g e n e ra tio n  com put

e r s  a re  composed o f lo g ic  e le m e n ts ; e . g . ,  a n d -g a te s ,  n o r - g a te s ,  e t c .  

B ecause o f t h e i r  c h a r a c t e r i s t i c  h ig h  sp e e d , th e y  a re  u s u a l ly  sem i

c o n d u c to r d e v ic e s .  W hile  th e  c y c le  tim e f o r  a  s in g le  g a te  i s  v e ry  

s m a l l ,  t y p i c a l  o p e ra t io n s  c a l l  f o r  th e  s e q u e n t i a l  o p e ra t io n  o f  s e v 

e r a l  g a t e s .  T h u s , i f  th e  i n t r i n s i c  sp eed  o f  th e  sem i-co n d u c to r de

v ic e  i s  t o  be u t i l i z e d ,  th e  d e s ig n e r  m ust l i m i t  h i s  lo g ic  t o  s in g le  

le v e l  o p e r a t io n .  T h is  c o n s t r a i n t  le a d s  t o  v e ry  ex p en s iv e  hardw are i f  

done w ith  g a te s .  However, t h i s  s in g le  l e v e l  lo g ic  can  be c o n v e n ie n t

ly  and eco n o m ica lly  im plem ented by em ploying  ROM's. In  c o n s id e r in g  

th e  econom ics i t  i s  n o te d  t h a t  te n  b i t s  o f  memory a re  e q u iv a le n t  to  

one lo g ic  g a te  on th e  a v e r a g e .^  P re s e n t  te ch n o lo g y  can  p la c e  one 

b ip o la r  lo g ic  g a te  on a  te n  sq u are  m il a re a  o f c h ip  o r  i t  can  p la c e  

10 MOSFET ROM b i t s  on th e  same a r e a .  The economy o f th e  ROM o ccu rs  

b ecau se  i t  r e q u i r e s  o n ly  one custom  mask a s  compared to  a t  l e a s t  

th r e e  f o r  th e  g a t e s .  F u r th e r  economy i s  p r e s e n t  because  th e  memory 

le n d s  i t s e l f  t o  u n co m p lica ted  t e s t i n g  p ro c e d u re s .  The conven ience  

i s  in  th e  la c k  o f lo g ic  s im p l i f i c a t io n  n e c e s s a ry  f o r  econom ic f e a 

s i b i l i t y .  I t  i s  eco n o m ica l to  produce th e  ROM w ith o u t m in im iz in g  

th e  lo g i c .

As a  s p e c i f i c  a p p l i c a t io n  o f t h i s  u sage  o f  ROM's as lo g ic  fu n c 

t i o n s ,  th e  te c h n iq u e  o f  m icroprogram m ing h a s  been  used i n  th e  IBM

^  F .  Kvanma, E l e c t r o n i c s .  V o l. 4 3 , No. 5 ,  p p . 88 -9 5 , Ja n u a ry  5 , 
1970.
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360 s e r i e s  and i n  th e  RCA S p e c t ra  70 s e r i e s .  In  th e s e  m achines th e  

c o n t r o l  e lem en t i s  n o t th e  h a rd -w ire d  g a te s  o f th e  s ta n d a rd  o r  'f ix e d  

c o n t r o l '  co m p u ter, b u t r a th e r  i s  a  memory in  c o n ju n c tio n  w ith  v e ry  

e le m e n ta ry  l o g i c .  I n  th e  f ix e d  c o n t r o l  com pu ters , th e  lo g ic  i s  de

s ig n ed  so  as t o  produce th e  m ost e f f i c i e n t  o p e ra t io n  f o r  a  s p e c i f i c  

ty p e  o f com puter a p p l ic a t io n .  T h is  i s  done a t  th e  c o s t  o f low er e f 

f ic ie n c y  f o r  o th e r  ty p e s  of a p p l i c a t i o n s .  In  th e  m icroprogram ab le  

machine th e  c o n t r o l  e lem en t h a s  a  memory e le m e n t, e i t h e r  r e a d -w r i te  

o r  ROM, w hich  t r a n s l a t e s  th e  i n s t r u c t i o n  words i n t o  e le m e n ta ry  com

mands. To m a in ta in  h ig h  e f f i c i e n c y ,  th e  t r a n s l a t o r  i s  changed when 

th e  a p p l ic a t io n  i s  changed . C o n tro l  memories a re  som etim es r e f e r r e d  

to  as 'f i r m  w a r e ' . ^

The c o n c e p t o f  m icroprogram m ing h a s  been a p p l ie d  to  th e  m in i

com puter. The H e w le tt Packard  9800 S e r ie s  P rogram able C a lc u la to r  u ses 

a  ROM t o  t r a n s l a t e  c o n v e r s a t io n a l  in s t r u c t io n s  i n t o  e f f i c i e n t  com puter 

la n g u ag e . The HP 9800 S e r ie s  a l s o  u t i l i z e s  ROM's t o  su p p ly  i t s  u se rs  

w ith  s p e c ia l i z e d  program s such  a s  C a lc u la to r -A id e d  D esig n  program s in  

such  a r e a s  a s  ne tw o rk  a n a ly s i s ,  f i l t e r  s y n th e s i s ,  and microwave de

s ig n  to  name b u t  a  few . T hese ROM's a re  su p p lie d  a s  in te rc h a n g a b le  

p lu g - in  u n i t s .

A new a r e a  f o r  th e  a p p l ic a t io n  o f ROM's i s  th e  'Com m unications 

T e r m in a l '.  T hese  d e v ic e s ,  su ch  as  th e  T e c h tra n  4100A, p r e s e n t ly  per

form  some e d i t i n g  and d a ta  co m p ressio n  fu n c tio n s  b e fo re  t r a n s m it t in g

^5 w. R o b e r ts ,  Computer D e s ig n , V o l. 8 , No. 11, p . 147, November
1969.
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t h e i r  in p u t  to  th e  rem o te  com pu ter. ROM's c o u ld  be used to  e x te n d  

t h i s  co n c e p t by co m p ilin g  th e  c o n v e r s a t io n a l  language in to  a  la n 

guage more e f f i c i e n t  f o r  tr a n s m is s io n .

A no ther te c h n iq u e  used  to  in c re a s e  th e  e f f i c i e n c y  of a  memory 

i s  c a l l e d  's q u a r in g - u p '. The c h a lle n g e  i s  t o  use a  low -speed l e s s -  

e x p e n s iv e  la rg e  memory to  fe e d  a  h ig h -sp e e d  m ore-expensive  c o n t r o l  

memory. T h is  te c h n iq u e  u ses  long  words i n  th e  slow  memory. The long  

w ord , s h i f t e d  as a  u n i t  i n t o  th e  c o n t ro l  memory, i s  broken in t o  s e v 

e r a l  c o n t r o l  w ords. T h is  e f f e c t i v e l y  in c r e a s e s  th e  speed  o f th e  

in te rc h a n g e  by a  r a t i o  e q u a l t o  th e  number o f  c o n t r o l  words d e r iv e d  

from  one s to ra g e  w ord . A v e ry  s im i la r  te c h n iq u e  i s  t h a t  of page ad

d r e s s in g .  In  t h i s  l a t t e r  te c h n iq u e  th e  com puter a d d re s se s  th e  la rg e  

b lo c k s  s lo w ly . B u t once th e  b lo c k , o r p a g e , i s  fo u n d , the  in fo rm a 

t i o n  in  i t  i s  a c c e sse d  a t  h ig h  speed , A t h i r d  te c h n iq u e  i s  th e  use 

o f  a  s e r i a l l y  r e fe re n c e d  memory. In  t h i s  v a r i e t y  th e  b lo ck s a re  r e f 

e re n c e d  random ly, b u t  th e  in fo rm a tio n  i n  e a c h  b lo c k  i s  a cc essed  s e 

r i a l l y .  The s e r i a l l y  r e f e r e n c e d  memory i s  som etim es used i n  con

ju n c t io n  w ith  a  random a c c e ss  memory. The d a ta  i s  f i r s t  re a d  i n t o  

th e  RAM. I t  i s  th e n  random ly a c c e s s ib le  t o  th e  CPU.

P roposed  System

In  exam ining th e  l i t e r a t u r e  on o p t i c a l  m em ories, i t  was ob

s e rv e d  t h a t  th e  F ly in g  S p o t S canner and th e  sy stem  d esigned  by ICT 

used  CRT'8 , p h o to g rap h ic  f i lm ,  and p r o je c t io n  le n s e s .  I t  was a l s o  

n o te d  t h a t  BTL's and IBM's random acc ess  o p t i c a l  memories used  

l a s e r s ,  ho logram s, and B ragg c e l l s .  The sy stem  d es ig n ed  h e r e in  i s
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a r r iv e d  a t  by com bining th e  b e s t  f a c t o r s  o f th e  two above ty p e s  of 

o p t i c a l  m em ories. From th e  fo rm e r , th e  CRT w ith  i t s  h ig h  d e f le c t io n  

speed  i s  u t i l i z e d  w h ile  th e  p h o to g ra p h ic  b i t - b y b i t  te c h n iq u e  w ith  

i t s  s u s c e p t i b i l i t y  t o  d u s t and th e  le n se s  w ith  t h e i r  a lig n m en t p rob

lems a re  n o t .  From th e  l a t t e r ,  th e  hologram  w ith  i t s  image p r o j e c t 

in g  p ro p e r ty  and i t s  d i s t r i b u t e d  in fo rm a tio n  i s  u ti l iz e d  w h ile  th e  

B ragg c e l l s  w ith  t h e i r  th e rm al i n s t a b i l i t y  a re  n o t .  The l a s e r  was 

used in  th e  p re l im in a ry  d e s ig n  t o  w r i te  th e  hologram .

The i n i t i a l  w r i te  c o n f ig u r a t io n  i s  shown in  F ig u re  1 -8 . I t  

sh o u ld  s p e c i f i c a l l y  be n o ted  t h a t  th e  upper o r *ref e r e n c e ' beam i s  

fo cu sed  to  a  p o in t  b eh in d  th e  f i lm  p l a t e .  The re a s o n  f o r  t h i s  w i l l  

be ap p a re n t from  C h ap te r I I I .  The c i r c u l a r  a re a  on th e  f i lm  p la te  

t h a t  i s  i r r a d i a t e d  i s  r e f e r r e d  t o  a s  a  'p a g e ' .  I t  i s  assumed th a t  

s e v e r a l  pages w i l l  be a rran g ed  on a  s in g le  f i lm  p l a t e .  The le n s  d i 

r e c t l y  ahead  o f  th e  d a ta  m ask, som etim es r e f e r r e d  to  a s  th e  F o u r ie r  

le n s ,  i s  fo c u se d  to  a  p o in t on th e  f i lm  p la n e  in  th e  c e n te r  o f th e  

page to  be w r i t t e n .  A second page i s  w r i t t e n  by s h i f t i n g  th e  F o u r ie r  

l e n s ,  d a ta  m ask, and f i lm  module s o  t h a t  th e  r e f e r e n c e  beam i r r a d i a t e s  

a n o th e r  a r e a  o f  th e  f i lm  p l a t e .  The m ir ro r  and le n s  sy stem  o f th e  da

t a  o r 'o b j e c t '  beam a re  r e a d ju s te d  so  as t o  i r r a d i a t e  th e  newly de

f in e d  p age .

The r e a d  c o n f ig u r a t io n  i s  shown in  F ig u re  1 -9 . The d is ta n c e  

from  th e  CRT fa c e  to  th e  f i lm  i s  e q u a l  t o  th e  d is ta n c e  betw een th e  

f i lm  and th e  fo c u s  o f th e  r e f e r e n c e  beam in  th e  w r i te  c o n f ig u r a t io n .  

The p o s i t io n  o f  th e  s p o t o f l i g h t  on th e  CRT i s  e l e c t r o n i c a l l y  ad -
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ju s te d  by means o f th e  d e f l e c t i o n  p la te s  so  t h a t  i t  i s  c e n te re d  in  

f r o n t  o f th e  page to  be r e a d .  The h o lo g ra m 's  d i f f r a c t i o n  phenomenon 

c a u se s  a  r e a l  image t o  be fo cu sed  on th e  s e n s o r  p la n e .  The s e n s o r  

p la n e  i s  an  a r r a y  o f p h o to -d e te c to r s  a r ra n g e d  on a  o n e - to -o n e  c o r 

resp o n d en ce  w ith  th e  h o le  p o s i t io n s  o f  th e  d a ta  m ask.

In  C h ap te r I I I  i t  w i l l  be shown t h a t  a  s y n th e t ic  w r i te  sy stem  

i s  more advan tageous th a n  th e  p h y s ic a l  sy stem  o f F ig u re  1 -8 . The 

s y n th e t i c  system  i s  diagrammed in  F ig u re  1 -1 0 . The com puter gen

e r a t e d  hologram  i s  'p a i n t e d '  on th e  CRT fa c e  and i s  re c o rd e d  by an 

o s c i l lo s c o p e  cam era. T h is  s y n th e t ic  hologram  i s  r e a d  in  e x a c t ly  th e  

same manner as  th e  p re v io u s ly  d e s c r ib e d  p h y s ic a l ly  produced ho logram , 

assum ing i t  has  b een  p ro p e r ly  s c a le d .
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CHAPTER I I  

REVIEW OF OPTICAL THEORY

Review o f Fundam ental H o lo g rap h ic  T heory

I n  1948 D ennis Gabor e n v is io n e d  th e  p o s s i b i l i t y  o f im proving th e  

perfo rm ance o f  e l e c t r o n  m ic ro sco p es  by em ploy ing  th e  two s te p  le n s -  

l e s s  p ro c e s s  w hich he c a l l e d  h o lo g rap h y . As i s  w e ll  known, th e  f i r s t  

s t e p  o f th e  p ro c e ss  e n t a i l s  th e  re c o rd in g  o f  th e  in te r f e r e n c e  p a t t e r n  

betw een  th e  r a d i a t i o n  from  th e  o b je c t  o f i n t e r e s t  and t h a t  from  a  

background  o r  'r e f e r e n c e '  s o u rc e .  In  th e  second  s t e p ,  th e  re c o rd e d  

I n te r f e r e n c e  p a t t e r n ,  o r  ho log ram , i s  i l lu m in a te d  by a 'r e c o n s t r u c t 

i n g '  l i g h t .  I f  th e  r e c o n s t r u c t in g  wave has  c e r t a i n  r e l a t io n s h ip s  t o  

th e  r e f e r e n c e  w ave, th e  d i f f r a c t e d  w av efro n t so  g e n e ra te d  a t  th e  

ho logram  p la n e  c o n ta in s  th e  in fo rm a tio n  c a r r i e d  by th e  o r ig in a l  ob

j e c t  wave and c an , th e r e f o r e ,  be used  to  c r e a te  e i t h e r  a  v i r t u a l  

im age o r  a  r e a l  image o f  th e  o b je c t .

S y n o p t ic a l ly ,  one can  w r i te

U (hologram ) a O b je c t i  Background 

w here U i s  th e  complex am p litu d e  o f th e  wave in c id e n t  on th e  h o lo 

g ra p h ic  f i l m ,  'O b je c t ' i s  t h a t  p o r t io n  o f U t h a t  o r ig in a te d  a t  th e  

o b j e c t ,  and 'B ackground ' i s  th e  rem ainder o f U and s e rv e s  as a r e f 

e re n c e  s i g n a l .  U sing th e  symbol *  to  d en o te  th e  complex c o n ju g a te ,  

th e  i n t e n s i t y  a t  th e  ho logram  p la n e  i s

^ho lo  * U U* = (0  /  B) (0  /  B)*

:  0 0* i  0 B* /  0*B

I f  th e  h o lo g ra p h ic  f i lm  t h a t  was exposed t o  I h o ^Q i s  'p r o p e r ly ' p ro-
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c e s s e d ,  th e  r e s u l t a n t  tra n s p a re n c y  w i l l  have a p a r t i c u l a r  am p litu d e  

t r a n s m it ta n c e ,  T , where

T = <T(0 0* /  B B* /  0 B* + 0*B)

in  w hich i s  a  fu n c t io n  o f th e  f i lm  and th e  developm ent p ro c e s s .

I f  th e  r e c o n s t r u c t io n  s ig n a l  d u p l ic a te s  th e  o r ig i n a l  "Back

g ro u n d ' , th e n  th e  o u tp u t o f th e  hologram  i s

U (out) = T B s  < ^ [( |o |2 i  |B| 2 ) B + |B| 2 0 /  |B| 2 e l2 b  0* ]

The f i r s t  two te rm s combine in  r e c r e a t in g  th e  'B ackground ' w ave.
2

T h is  wave i s ,  how ever, d i s to r t e d  by th e  p re sen ce  of th e  I0 | te rm .
2

The t h i r d  term  r e c r e a t e s  th e  o r ig i n a l  'O b je c t '  wave, b u t a t  |B |

tim e 8 i t s  o r ig i n a l  a m p litu d e . The f o u r th  te rm  c r e a te s  a c o n ju g a te  t o

th e  r e c r e a te d  'O b je c t ' w ave, b u t i t  i s  d i s t o r t e d  by th e  p re se n c e  of 

th e  'B ackground ' w a v e 's  p h ase , b .

I f  th e  r e c o n s t r u c t io n  s ig n a l  i s  th e  c o n ju g a te  of th e  o r ig i n a l  

'B a c k g ro u n d ', th e n  th e  o u tp u t of th e  hologram  i s

U (ou t) = < r [ ( l 0 l2 /  IBI2) B* /  |B12 e i2 b  0 /  |B | 2 0 * ]

U sing  th e  same app roach  a s  b e fo re ,  th e  f o u r th  term  i s  now th e  one o f

i n t e r e s t .  T h is  te rm  c r e a te s  an u n d is to r te d  c o n ju g a te , o r  ' r e a l '  

image o f th e  o r i g i n a l  'O b j e c t '.

From t h i s  q u a l i t a t i v e  d e s c r ip t io n  o f  h o lo g rap h y , i t  can  be seen  

t h a t  th e  p r in c ip le s  o f e le c tro -m a g n e tic  f i e l d  th e o ry  a re  i n t e g r a l l y  

in v o lv e d . A r ig o ro u s  fo rm u la tio n  o f h o lo g rap h y  would r e q u i r e  th e  

s tu d y  o f e l e c t r i c  and m agnetic  f i e l d  v e c to r s  coup led  th ro u g h  Max-
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26w e l l 's  e q u a t io n s .  However, i t  h as  been  shown e x p e r im e n ta lly  t h a t

th e  c o u p le d -v e c to r  th e o ry  can  be red u ced  to  a s c a la r  th e o ry  y ie ld in g  

a c c u ra te  r e s u l t s  i f  1) th e  d i f f r a c t i n g  a p e r tu re  i s  la rg e  compared to  

a w aveleng th  o f  th e  r a d ia t io n  and 2) th e  d i f f r a c t e d  f i e l d s  a r e  no t

where v ( P , t )  i s  a  fu n c tio n  t h a t  c a n  r e p re s e n t  th e  p h y s ic a l  s i g n a l ,  

U(P,V) i s  th e  am p litu d e  d e n s i ty ,  and P i s  th e  p o s i t i o n .  R a th e r  than  

work w ith  th e  above form  o f th e  r e l a t i o n s h i p  w ith  i t s  tire so m e  t r i g -  

n o m e tric  i d e n t i t i e s ,  i t  i s  advan tageous t o  c o n s id e r  th e  com plex a n a l

y t i c  s i g n a l ,  V (P ,t)  where

27 28observed  to o  c lo s e  to  th e  a p e r tu r e .  * T h is  s c a l a r  th e o ry  i s  s e p 

a r a t e ly  a p p l ie d  t o  th e  in d iv id u a l  p o la r i z a t io n  com ponents.

F o r th e  g e n e ra l  p o ly ch ro m atic  c a s e ,

U(P,V) cos2 irv t dv

V (P ,t)  A V<r )  ( P , t )  /  iV ( 1 ) ( P , t )

in  which

V( r ) ( P , t )  = v ( P , t )  

and V ^ ' . ( P , t )  i s  th e  H i lb e r t  T ran sfo rm  o f V ^ ( P , t ) .  In  i n t e g r a l

form

I2m >t

26 S . S i l v e r ,  "Microwave A p e rtu re  A ntennas and D i f f r a c t i o n  T h eo ry " , JOSA
V o l. 5 2 , p .  131, 1962.

2 7 J .  W. Goodman, I n t ro d u c t io n  to  F o u r ie r  O p tic s . McGraw H i l l ,  I n c . ,  
New Y ork , 1968, p . 32.

M. B orn  and E . W olf, P r in c ip le s  o f O p tic s . Pergamon P r e s s ,  Long 
I s la n d  C i ty ,  N. Y ., 1965, p .  387.
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Now t h a t  th e  r e l a t i o n s h i p  betw een th e  a c tu a l  p o ly ch ro m atic  s i g 

n a l  and i t s  freq u en cy  com ponents has  been e s ta b l i s h e d ,  i f  one makes 

th e  s t i p u l a t i o n  th a t  o n ly  l i n e a r ,  t im e - in v a r ia n t  system s be c o n s id e r 

e d , th e n  c o n s id e ra b le  s im p l ic a t io n  can  be o b ta in e d  by c o n s id e r in g  th e  

u s u a l  m onochrom atic c a s e .  Thus

N ote t h a t  i n  t h i s  fo rm u la tio n  U(P,V) i s  no lo n g e r  a  d e n s i ty ,  b u t 

r a t h e r  an a m p litu d e .

H aving e s ta b l i s h e d  th e  n o ta t io n ,  c o n s id e r  now t h a t ,  i f  V (P ,t)  

i s  t o  be a  w ave, i t  must s a t i s f y  th e  s c a la r  wave e q u a t io n

w hich f o r  m onochrom atic r a d i a t i o n  red u ce s  to  th e  tim e-in d ep en d en t 

H elm holtz  e q u a tio n

From a  knowledge o f th e  v a lu e  o f U a t  a  p o in t  P ^ , i t s  v a lu e  a t
29

a second  p o in t ,  Pq , can  be o b ta in e d  by means o f G re e n 's  Theorem , i . e . ,

V ( P , t )  = U(P,V) e " i2 tf^

0

y 2U + ^2L1L u = 0 
C

o r more f a m i l i a r ly

(V2 /  k2) U = 0

d v o l  s

2^ Go A rfk en , M athem atica l M ethods f o r  P h y s i c i s t s ,  Academic P re s s ,  
New Y ork , 1968, pp . 598-611 .
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w here S i s  th e  c lo se d  s u r fa c e  su rro u n d in g  th e  volum e, v o l ,  and 

w here G and U a re  any com plex v a lu e d  fu n c t io n s  o f P . I f  G and U 

s a t i s f y  th e  H elm holtz e q u a t io n  and t h e i r  f i r s t  and second d e r iv a 

t i v e s  a re  c o n tin u o u s , th e n

The f u n c t io n  G(P) i s  known as a G re e n 's  F u n c tio n .  By ju d ic io u s ly  

c h o o s in g  th e  f u n c t io n  f o r  G (P ), one can  use  th e  above e q u a tio n  to  

f in d  U(Pq) i f  U (Pi) i s  a v a i l a b l e .

In  th e  K irch h o ff  fo rm u la tio n ,  th e  ' f r e e  space* G re e n 's  f u n c t io n

w here rg ^  i s  th e  d is ta n c e  from  Pg to  an  a r b i t r a r y  p o in t ,  P^, as 

shown in  F ig u re  2 -1 .  B ecause o f th e  c o n s t r a i n t  on c o n t in u i ty ,  th e  

volum e un d er c o n s id e r a t io n  m ust now ex c lu d e  th e  p o in t  Pq . The s u r 

fa c e  S i s  c o n s id e re d  as  th e  sum of S ' and S " .  A llow ing  th e  sp h e re  

S" around Pq to  s h r in k  to  th e  p o in t  Pq, i n t e g r a t i o n  over S p roduces

w here P^ i s  c o n s tra in e d  to  th e  s u r f a c e ,  S ' .  T h is  i s  th e  H e lm h o ltz - 

K irc h h o ff  I n t e g r a l .

i s  u sed^0 ;  i . e . ,
i k r

01
G ^ )  r  -

r01

da

30 J .  W. Goodman, o p . c i t . .  p .  36 .
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To ap p ly  t h i s  fo rm u la  t o  th e  t r a n s m is s io n  o f l i g h t  th r u  a  p la n e  

a p e r tu r e ,  such  as d e p ic te d  i n  F ig u re  2 -2 , th e  fo llo w in g  boundary con

d i t i o n s  can  be ad o p ted , as p re s c r ib e d  by th e  K irc h h o ff  fo rm u la tio n ;

1 . o v e r th e  a p e r tu r e ,  A: U and <fU/£n a re  u n a f fe c te d  by th e

a p e r tu re

2 . o v er th e  opaque s c r e e n ,  B: U = 0 , £U /Jn  z  0

3 . o v e r th e  s p h e re ,  C , o f i n f i n i t e  r a d iu s ;  U m eets th e  Sommer- 

f e l d  R a d ia tio n  C o n d it io n ; i . e . ,

lim  R [Yu 
[ jn

T h is  le a d s  to  th e  F re s n e l-K irc h h o f f  D i f f r a c t i o n  I n te g r a l

° < V  = iirJ J  ' lk u  c ° ' ( n - r <n) ]  d8
I t  sh o u ld  be n o te d  th a t  th e  assumed boundary  v a lu e s  a t  B a re  

n o t  c o r r e c t  in  th a t  i f  U and $U/Sn v a n ish  to g e th e r  a t  any p o in t  in  a 

p la n e ,  th e y  m ust v a n ish  i n  th e  e n t i r e  p la n e .  The su c c e s s  o f t h i s  f o r 

m u la tio n  i n  p r e d ic t in g  e x p e r im e n ta l r e s u l t s  was l a t e r  e x p la in e d  by

K o t t l e r  when he showed i t  to  be a  r ig o ro u s  s o lu t io n  to  a  s a l t u s  p ro b -
31lem o f d i f f r a c t i o n  a t  a  b la c k  s c r e e n .

S onm erfeld  n o ted  th e  in c o n s is te n c y  o f K irc h h o ff  and proposed  a  

d i f f e r e n t  G re e n 's  F u n c t io n .  He chose

F .  K o t t l e r ,  Ann d e r  P h y s lk .  V o l. 70 , p .  4 0 5 , 1923.

-  ikU :  0
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e
r '

i k r 6 i

01

w h ere , as shown In  F ig u re  2 -3 ,  r ^  i s  th e  m ir ro r  lo c a t io n  o£ w ith  

r e s p e c t  t o  th e  a p e r tu re  p la n e .  N ote th e  180° phase s h i f t  betw een th e  

s o u r c e s .  When r ^ j s  * q i » t h a t  i s ,  when P j i s  on th e  a p e r tu re  p la n e ,  

th e  r e s u l t  i s  th a t  G = 0 and

T h is  i s  th e  R ayleigh-Som m erfeld  fo rm u la tio n .

O p t ic a l  F o u r ie r  T ransfo rm

U sing  th e  symbols d e f in e d  in  F ig u re  2 -4 ,  i f  one s e t s  r ^  = r Q f o r  

am p litu d e  c o n s id e r a t io n s ;  i . e . ,  one assumes th e  p a r a x ia l  c a s e ,  th e n  

th e  i n t e g r a l  fo rm ula  becomes

The s i m i l a r i t y  betw een th e  r e l a t i o n s h ip  o f U(Pq) t o  U (Pj) and th e  

F o u r ie r  T ransfo rm  sh o u ld  now be a p p a re n t .  N ote t h a t  th e  assu m p tio n  

of m r Q f o r  am p litu d e  c o n s id e ra t io n s  i s  f a r  l e s s  s t r in g e n t  th a n  

th e  same assum ption  f o r  th e  exponen t s in c e  th e  exponen t i s  p e r io d ic  

f o r  changes i n  e q u a l t o  one w aveleng th  o f l i g h t .

Thus

ds

Now l e t t i n g  U -  0 over B, th e n

ds
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A f u r th e r  ex a m in a tio n  o f r g i  I s  i n  o r d e r .  I f  Pq i s  an a r b i t r a r y  

p o in t  in  th e  o/ , (3 p la n e ,  th e n

.2 1  *
r 01 = [ r Q2 * (x - 0 , ) 2  * (y ” ^ ) 2 ]

2 2 2 
I f  rQ i s  s u f f i c i e n t l y  la rg e  compared to  (x  -  of) /  (y - / ? )  » th e n

th e  b in o m ia l ex p a n s io n  f o r  rQ^ can  be approx im ated  by i t s  f i r s t  two

te rm s ; i . e . ,

r  C  r « /  (x - c O 2** (y  -  f i ) 2 
r 0 1 ~  r 0 * 2 r 0

By s u f f i c i e n t l y  la rg e  i s  m eant t h a t
'2 . . - . 2

.  r rt -  (x * fa  -  £> 
2 r 0r01  '  ‘ 0

Then one can  r e w r i t e  U(cf, /?) as
2 / a 2

A r°  r r f  1
J  J  l l l ( x ,y ) e  0 J e ® dx dy
x  y

R egroup ing  th e  te rm s , t h i s  can  be w r i t t e n  as 

U(et, f i }  z  K(«f, P )  T ’ [ u '( x ,y ) ]

where

K(c(, 0  ) =
e lk < t0 * 2 ? o >

iA ro

“ d ik * 2 t  Y2
< J '(x ,y )  = U (x ,y ) e  2lf°

L et

U"(of,^ ) = U(®*» fi  ) /  K ( « , f  )
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O bserve t h a t  U'(<*,/9) i s  th e  F o u r ie r  T ransfo rm  o f U '( x ,y )  and n o t of 

U (x ,y ) .  In d e e d , f o r  th e  g e n e ra l  c a s e ,  U"(<*,*•) i s  th e  F re s n e l  T ra n s 

form  o f U (x ,y ) ,  r a th e r  th a n  i t s  F o u r ie r  T ran sfo rm . N o te , how ever, 

t h a t  th e  i n t e n s i t y  p a t te r n  a s s o c ia te d  w ith  U(<*, f i )  i s  th e  in t e n s i t y  

p a t t e r n  o f  th e  F o u r ie r  T ran sfo rm  o f a fu n c t io n  whose i n t e n s i t y  p a t 

t e r n  i s  t h a t  o f  U (x ,y ) .

F o r s p e c i a l  c a s e s ,  th e  F o u r ie r  T ransfo rm  r e l a t i o n s h i p  can  be ob- 

ta in e d .  The s im p le s t  case  i s  a r r iv e d  a t  by c h o o s in g  x ,  y ,  and r^  

such t h a t

2 r ^-J' 2 TT i . e . ,  r^*(x2 /  y2]

T h is  p ro d u ces  th e  r e s u l t  t h a t
2 ^ 2 i k  x  /  y

e 2 r0 ^  1 /Q°  f o r  a l l  x  and y

T h is  i s  th e  F ra u n h o fe r  c a s e .

A no ther s im p le  case  i s  o b ta in e d  by p re m u ltip ly in g  U (x ,y ) by a

com pensa ting  f u n c t io n ,  T ( x ,y ) ,  su ch  t h a t

- i k ( * 2 L £ .  )
U (x ,y ) T (x ,y )  = U (x ,y ) e r °

Then „
2 < , ' * 1  2 4 > ' ' l

f  r  i k  v £ y"  i k  Z fT .JL .
U"(o*, p  ) « J J u ( x ,  y ) e * ' '  0 + '  2 r °

X y - i £  (o tx  / P y )
e  dx dy

H aving c a n c e l le d  th e  a p p ro p r ia te  te rm s , th e  F o u r ie r  T ran sfo rm  r e l a 

t io n s h ip  a p p e a rs .  As i s  w e ll  known, a  p h y s ic a l d e v ic e  w hich cou ld
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produce th e  above T (x ,y )  i s  a  le n s  o£ f o c a l  le n g th  r ^ .

P h i lo s o p h ic a l ly ,  one m igh t e x p la in  h o lo g rap h y  as a tr a n s fo rm  

p ro c e s s  ( re c o rd in g )  and an in v e rs e - t r a n s fo rm  p ro c e ss  ( r e c o n s t r u c t in g ) .  

F o r th e  s p e c ia l  c a s e s  t h a t  a re  F o u r ie r  T ra n s fo rm s , i t  i s  o bv ious t h a t  

th e  image shou ld  be re c o v e re d  s in c e  th e  F o u r ie r  T ransfo rm  p o s se s s  th e  

q u a l i t y  o f d u a l i t y .  F o r th e  le s s  f a m i l i a r  c a se  o f th e  F r e s n e l  T ra n s 

fo rm , one m ight c o n s id e r  ho log raphy  as  p h y s ic a l  c o n f irm a tio n  o f  i t s  

p o s s e s s in g  d u a l i t y .  T h is  p o in t  of v iew  a l s o  le a d s  to  th e  i n t e r p r e t a 

t i o n  o f  th e  f o c a l  p la n e  as  t h a t  p lan e  i n  w hich th e  tra n s fo rm  and th e  

in v e r s e - t r a n s fo rm  r e l a t i o n s h i p  p o sse ss  d u a l i t y .

E f f e c t  o f th e  P ro c e s s in g  H On H olography

The e lem en ta ry  c a se  o f a  p o in t  o b je c t  and a  p o in t  r e f e r e n c e  

so u rc e  i s  s u f f i c i e n t  t o  a f f o r d  an  i n s i g h t  in t o  th e  b a s ic  re c o rd in g  

l i m i t a t i o n s .  L e t th e s e  so u rc e s  be th e  p o in t  s o u rc e s ,  and

A0b j»  88 shown i n  F ig u re  2 -5 .  T hen,

ik u  ik se  e
0  < - . / * >  - - A t e f  U  t  A o b j - a -

S in c e  th e  s i l v e r  h a l id e s  o f p h o to g rap h ic  f i lm ,  as  w e ll  as o th e r  

p h o to s e n s i t iv e  m edia such  a s  d ich rom ated  g e l a t i n  and l i th iu m  n io b a te  

re sp o n d , e s s e n t i a l l y ,  t o  th e  te m p o ra lly  in t e g r a te d  i n t e n s i t y  o f  th e  

r a d i a t i o n  r a th e r  th a n  to  i t s  a m p litu d e , i t  i s  n e c e ssa ry  t o  c o n s id e r  

th e  i n t e n s i t y  d i s t r i b u t i o n ,  I ( a , f i )  w here 

I ( d , / 3 )  = U (d , & ) U * (« ,/? )

in  w hich th e  a s t e r i s k  (* ) d en o te s  th e  com plex c o n ju g a te .  I t  sh o u ld  

be n o te d , f o r  th e  sake  o f r i g o r ,  t h a t  th e  assu m p tio n  i s  made t h a t
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th e  expo su re  tim e i s  much lo n g e r th a n  th e  p e r io d s  o f e i t h e r  th e  r e f 

e re n c e  wave o r th e  o b je c t  w ave, b u t much s h o r te r  th a n  any b e a t  f r e 

quency betw een th e  r e f e r e n c e  and o b je c t  w aves.

I t  i s  now a p p ro p r ia te  to  examine a  s p e c i f i c  re c o rd in g  medium. 

S in c e  p h o to g rap h ic  f i lm  i s  th e  most common, i t  has  been ch o sen  as 

th e  m a te r ia l  to  be exam ined . In  th e  te rm in o lo g y  o f p h o to g rap h y , th e  

e x p o su re , E , i s  d e f in e d  as th e  i n t e n s i t y ,  I ,  in te g r a te d  o v er th e  e x 

p o su re  p e r io d ,  P) i . e . ,  E * J ’ldP.  T h is  e x p o su re , a f t e r  p ro p e r  p ro c 

e s s in g ,  r e s u l t s  i n  a  d a rk e n in g  o f th e  f i l m  a t t r i b u t a b l e  to  th e  p re 

c i p i t a t i o n  o f m o le c u la r  s i l v e r  from th e  exposed  s i l v e r  h a l i d e .  T h is  

d a rk e n in g  i s  g e n e ra l ly  e x p re sse d  in  te rm s of th e  p h o to g rap h ic  d e n s i 

t y ,  D, where

D = lo g 10 (1/tf)

et* 32w here I i s  th e  tr a n s p a re n c y  o f th e  f i lm  and i s  d e f in e d  as  th e  r a t i o

33o f  th e  t r a n s m it te d  i n t e n s i t y  t o  th e  in c id e n t  i n t e n s i t y .  The r e l a 

t i o n s h i p  betw een th e  ex p o su re  and th e  d e n s i ty  i s

D = ~ D0

i n  w hich Dq i s  th e  background  d e n s ity  and gamma i s  a p h y s ic a l c o n s ta n t  

t h a t  depends on th e  p ro c e s s in g  and on th e  ty p e  o f f i lm  u sed ; e . g . ,  

P lus-X  b e in g  a low c o n t r a s t  f i lm  h a s ,  un d er s ta n d a rd  p ro c e s s in g , d f l ,  

w h ile  H igh C o n tra s t  Copy no rm ally  has a  -  2 .  T hese p a ram e te rs  a re  

u s u a l ly  d isp la y e d  a s  th e  s lo p e  of th e  H u r te r - D r i f f i e l d  c u rv e s  f o r  th e

32 C . E . K. Mees, From Dry P la te s  to  E k tachrom . Z if f-D a v is  P u b lis h in g  
Company, New Y ork , 1961, p .  21 .

33 c .  E . K. Mees, The T heory  o f th e  P h o to g ra p h ic  P ro c e s s . M acM illan 
Company, New Y o rk , 1954, p .  162.



p a r t i c u l a r  f i lm  in  q u e s t io n .  I t  sh o u ld  be n o ted  th a t  th e  a c tu a l  de

velopm ent p ro c e s s ;  i . e . ,  type  o f d e v e lo p e r  s o lu t io n ,  tim e in  d ev e lo p 

e r ,  te m p e ra tu re , e t c . ,  d e te rm in es  th e  d ev eloped  v a lu e s  o f gamma. 

Combining th e  above r e l a t i o n s h i p s ,

^ l O ^ i n ^ o u t ^  3 ^ lo g lO13 " D0 

T ak ing  th e  a n t i - lo g a r i th m ,  th i s  i s  r e w r i t t e n  as

where

W 1! .  -  K I ' /

D0 -  t
K = 10 U P

The f u n c t io n  o f i n t e r e s t  t o  th e  h o lo g ra p h e r  i s  th e  am p litu d e  o f th e  

t r a n s m it te d  w ave, n o t i t s  i n t e n s i t y .  T h e re fo re ,  a  new f u n c t io n ,  th e  

am p litude  t r a n s m i t ta n c e ,  T , i s  d e f in e d  such  th a t

The a m p litu d e  o f th e  t r a n s m it te d  wave i s ,  th e n , e x p re s s e d  as 

“o u t  “ in  'Z *  [ “ < « ./“ > « * < -. <a>] ~*n

■- “ in

ik (u -8 )
K e f l  |A o b j | 2 *  e
— ^2 * ■ * 2 r e f  Ao b j— CTff

* e ik ( s - u )  1
i  2 A A  1----------r e f  ob j u 8

F o r th e  c a se  o f ^ = - 2 ,  th e  s o lu t io n  i s  s t r a ig h t - f o r w a r d .  U^n  i s  

ju d ic io u s ly  c h o sen ; i . e . ,  from  at p r i o r  knowledge of th e  s o lu t i o n ,  to  

be

n s a  e ikV° in  re c o n  —~

T h is  i s  s k e tc h e d  i n  F ig .  2,-6. T h en , th e  o u tp u t i s
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^ ^ ^Srecon ^Vref Ao b j*  v  u s
ik ( v / u - s )  

e__________

ik ( v - u / s )
/  2 A A . , S----------f re c o n  r e r  o b j v  u s

I f  v  = u ,  th e  l a s t  te rm  above becomes

s

Ik s

u

w here C I s  a  c o n s ta n t .  T h is  r e s u l t  i s  i n t e r p r e t e d  t o  mean t h a t  i f  

th e  d ev e lo p ed  hologram  i s  i r r a d i a t e d  by th e  o r i g i n a l  r e fe re n c e  

s o u rc e ,  th e  o r ig i n a l  o b je c t  wave i s  r e g e n e ra te d .  The th i r d  te rm , 

U3 ( « , / 3 ) ,  g e n e ra te s  a  second  image lo c a te d  a t  s '  a 2 u - s .  T h is  

image may be r e a l  o r  v i r t u a l ,  depending  upon th e  a lg e b r a ic  s ig n  o f  

s ' .  The f i r s t  two te rm s , ) and l^ C * , z*3) , a r e  m erely  th e  dim 

med r e c o n s t r u c t io n  s o u rc e .

The q u e s t io n  a r i s e s  a s  t o  th e  e f f e c t  o f  y  f  - 2 .  The answ er i s  

o b ta in e d  by u t i l i z i n g  th e  s e r i e s  ex p an sio n  f o r  an e x p o n e n t ia l  com

bined  w ith  th e  ex p an s io n  f o r  th e  common lo g a r i th m ; i . e . ,

I f  th e  r e f e r e n c e  beam i s  s i g n i f i c a n t l y  s t r o n g e r  th a n  th e  o b je c t  

beam , th e  i n t e n s i t y  a t  th e  f i lm  p la n e  can  be  d e s c r ib e d  as

x
a

i n ( l / y )  = x  -% x 2 /  1 /3  x 3

• •  •  •

• • • •  -1  < x *  1

I(o{ ,/3 ) = I Q /  Ai (*,/3)
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The outcome o f th e  developm ent p ro c e s s  i s

t  -  i q- / 72 ( l

= 1o ^ 2 [ 1 " ? 12 l n(17 Ai/][o * h *  ln<1 * A ^ V  
/ • • •] 

= V ^ 2 f 1 -  V 1 [A i/i0 <AI/ I0>2
* f t *  [AI7lo * **’ 2 * •••] }

F o r sm a ll v a lu e s  o f / ^ I / I q  and m o dera te  v a lu e s  of j j , t h i s  can  be ap

prox im ated  as

t  = i 0"̂ /2 ( i  -  A i/V
= c  ( I 0 -  / / 2  A 1 ^ ^ ) )

where

c = io1 ' * / 2
T h is  i s  i n t e r p r e te d  to  mean th a t  f o r  th e  c o n d it io n s  s t a t e d ,  v a r i a t io n s  

in  th e  v a lu e  o f gamma w i l l  v a ry  th e  f r in g e  c o n t r a s t  on th e  h o lo g ra p h ic  

f i lm .

However, gamma i s  a fu n c tio n  of th e  i n t e n s i t y ,  I .  T h is  means 

t h a t  in  g e n e r a l ,  th e  r e l a t i o n s h ip  o f T to  A i  i s  n o t l i n e a r .  To ob

t a i n  a hologram , I  m ustbbe c o n s tr a in e d  to  t h a t  r e g io n  o f th e  H-D 

c u rv e s  fo r  w hich  gamma i s  a p p ro x im a te ly  c o n s ta n t .

A nother l i m i t a t i o n  i s  imposed by th e  f i n i t e  r e s o lu t io n  c a p a b i l i 

ty  o f th e  f i lm ;  i .e .*  th e  f i l m 's  a b i l i t y  t o  re c o rd  th e  s e p a ra te  l in e s  

o f a  g r a t i n g .  From p rev io u s  e x p r e s s io n s ,  one can o b se rv e  t h a t  T 

v a r i e s  as a  f u n c t io n  o f o(and ft .  I f  T i s  made to  v a ry  a t  to o  h ig h  

a r a t e ,  th e  a d ja c e n t d a rk  and c l e a r  l in e s  w i l l  n o t be r e s o lv e d ,  b u t ,



r a t h e r ,  b len d ed  in t o  one g ray  l i n e .  S ta te d  d i f f e r e n t l y ,  f i lm  i s  a  low 

p a s8 s p a t i a l  f i l t e r .  In  C h ap te r I I I ,  a t t e n t i o n  w i l l  be g iv e n  to  th e  

e f f e c t  o f t h i s  r e s o lu t io n  l i m i t  on th e  a llo w a b le  s iz e  o f th e  hologram  

and on th e  c o n f ig u r a t io n  o f th e  memory.
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CHAPTER I I I  

SYSTEM ANALYSIS

System  D e s c r ip t io n

A sch em a tic  draw ing o f th e  w r i te  p ro cess  i s  shown in  F ig u re  3 - 1 .  

The le n s  lo c a te d  beh ind  th e  d a ta  mask i s  chosen  and p o s it io n e d  so  

t h a t  th e  l i g h t  o f th e  i l lu m in a t in g  beam i s  fo c u se d  a t  th e  f i lm  p la n e .  

The m ask, whose fu n c tio n  i s  t h a t  o f an e n c o d e r , may be as  sim ple a s  a 

punched c a rd  o r  as s o p h is t ic a te d  as  an a r ra y  o f n em a tic  l iq u id  c r y s 

t a l s .  As d e p ic te d ,  th e  l i g h t> d i f f r a c t e d  by th e  'h o l e s '  o f th e  d a ta  

m ask, i l lu m in a te s  only a sm a ll p o r t io n  of th e  f i lm  p l a t e ;  th e reb y  

a llo w in g  f o r  an a rra y  o f pages to  be w r i t t e n  on a  s in g le  4 -b y -5  in c h  

p la te  o f  f i lm .  A co n v erg in g  r e f e r e n c e  beam i l lu m in a te s  th e  same 

a re a  o f th e  f i lm  p l a t e .  To w r i te  on a d i f f e r e n t  p o r t io n  o f th e  f i l m ;  

i . e . ,  t o  w r i te  an o th e r p ag e , th e  an g le  ^ , as shown in  F ig u re  3 -2 ,  

a t  w hich  th e  le n s  i s  i l lu m in a te d  i s  v a r ie d  and th e  r e fe re n c e  beam 

s h i f t e d  a c c o rd in g ly .

The r e c o n s tr u c t io n  p ro c e s s  i s  d e p ic te d  i n  F ig u re  3 -3 .  The 

e l e c t r o n  beam o f th e  c a th o d e  ra y  tu b e  (CRT) i s  a d ju s te d  so  th a t  i t  

a c t i v a t e s  th e  phosphor d i r e c t l y  b eh in d  th e  c e n t e r  o f th e  page t o  be 

r e a d .  The d iv e rg in g  l i g h t  from  th e  phosphor i r r a d i a t e s  an  a re a  o f 

th e  ho logram  th a t  in c lu d e s  th e  page to  be r e a d .  Only th e  o u tp u t r a d i 

a t io n  from  th e  d e s ire d  page im pinges on th e  s e n s o r  bank ; th e  o u tp u ts  

from  a d ja c e n t  pages a re  made to  f a l l  o u ts id e  th e  l i m i t s  o f th e  s e n s o r  

b ank . The te ch n iq u e  t h a t  c a u se s  t h i s  d is c r im in a t io n  w i l l  be d e t a i l e d  

l a t e r  i n  t h i s  C h ap te r.
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FIGURE 3 - 1
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OBJECT BEAM SCHEMATIC 

FIGURE 3 - 2
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FIGURE 3 - 3
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D e r iv a t io n  o f W rite  E q u a tio n s

The a n a ly t ic  e x p re s s io n  f o r  th e  r a d i a t i o n  in c id e n t  on th e  f i lm

i s  found w ith  th e  a id  o f F ig u re  3 -4 . The com plex am p litude  o f  th e

s ig n a l  i r r a d i a t i n g  th e  d a ta  mask i s  e x p re s se d  as 

U (x ,y ) = Aob j

w here

r  = [ r 02 /  (x - o ( 0) 2 /  (y  ~ P 0) 2 ]

and i s  a c o n s ta n t  and i s  chosen as  th e  z e ro  phase r e f e r e n c e .

P h y s ic a l ly , th e  e f f e c t  o f th e  minus s ig n  in  th e  exponen t i s ,  q u i t e  

e v id e n t ly ,  to  c r e a te  a  co n v erg in g  w ave. R e c a l l  t h a t  th e  tim e f a c t o r  

i s  e “ i t , J t .  T hus, f o r  a  c o n s ta n t  phase f r o n t ,  as tim e in c r e a s e s ,  th e  

r a d i u s ,  r ,  must be d e c re a s in g ;  i . e . ,  a sp h e re  c o l la p s in g  i n  on i t s e l f  

t o  th e  l i m i t  o f a p o in t .

The complex am p litu d e  o f th e  s ig n a l  from  th e  d a ta  mask a r r iv i n g

a t  th e  hologram  p la n e  i s  g iv e n  by
-1  K u a  f  f  i k ( - r / s )

U ( * , f 3 ) r  - --T---1  J J  T (x ,y )  -----  dx dy
x  y

w here s i s  d e f in e d  in  F ig u re  3-5  and T (x ,y )  i s  th e  t ra n s m is s io n  fu n c 

t i o n  o f th e  d a ta  m ask. T h is  tr a n s m is s io n  f u n c t io n  can  be e x p re s se d  

as

T (x ,y )  — 1 over c i r c l e s  o f r a d iu s  rh o  z e ro  ( f Q)

c e n te re d  a t  th e  p o in ts  x ^ , y^

th a t  co rresp o n d  t o  one b i t s

— 0 e lsew h ere

The v a r ia b le  s  can  be  e x p re s se d  as
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DATA MASK ILLUMINATING BEAM 

FIGURE 3 - 4
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x

RADIATION FROM ILLUMINATED 
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FIGURE 3 - 5
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s s [s02 i  (x - cl)2 i  (y -/^)2]

N ote t h a t  w h ile  ' r '  d e p ic ts  th e  u n d if f r a c te d  i l lu m in a t in g  beam, ' s '

d e p ic t s  th e  d i f f r a c t e d  r a d i a t i o n  from  th e  i l lu m in a te d  d a ta  m ask. A l

so  n o te  t h a t  th e  rQ p la n e  i s  n o t n e c e s s a r i ly  c o in c id e n t  w ith  th e  8q 

p la n e .  Assuming t h a t  th e  s a g i t t a l  ap p ro x im atio n  i s  v a l id  f o r  b o th  r

and s ,  th e n  0
(x  - o'q) /  (y - ^ j )

r *  T0 f  — 0----------------------

and

s = s 0 /  My - f l f
0 2 s 0

I f  r ^  i s  a r b i t r a r i l y  s e t  e q u a l to  8q,  th e n  th e  am plitude o f th e  

r a d i a t i o n  from  th e  mask im ping ing  on th e  f i lm  i s  g iv e n  as

- i *  [ f  i k  r - o -  l‘(y ' /a° ) i
— r 61 J J  2 "°

J * x  y 8<T

i k  f  s 0 /  (x -<*>2 I  (y, - f t 2 ] 
e  2 8g dx dy

E x t r a c t in g  th e  term s n o t  f u n c t io n s  o f x o r  y from  th e  i n t e g r a l ,

. . . . .  » - ' V « " - A d  _
2 h l  e  2 80 

2 e
80f f - i k / s 0 f  (« -* 0)x  /  ( 0 - /^
J J  T (x ,y )  e * **dx dy
x  y

From C h ap te r I I ,  i t  sh o u ld  be ap p a re n t t h a t  t h i s  r e l a t io n s h ip  can  c o r 

r e c t l y  be e x p re sse d  as

Uo b J« . / 3 >  : K [ T(x,y)J

w here d en o te s  th e  F o u r ie r  T ransfo rm  and th e  phase o f K i s  a  fu n c 

t i o n  o f #  and P  .
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To e v a lu a te  t h i s  tra n s fo rm , th e  I n t e g r a l  p o r t io n  of 

i s  r e w r i t t e n ,  w ith  th e  a id  of F ig u re  3 -6 ,  as

^  ^  a ,
x y

=  I I / f e ~*0 [(•'-<oHH / f c o s »  t  ( ^ ( y ^ / s i r f ) ]  ^

i j / e

In  w hich x =  x ±  ̂ f  COB ®

and y =  y j  ^ /  8 in  0

I f  th e  s u b s t i t u t i o n  in d ic a te d  in  F ig u re  3-7 i s  c a r r i e d  o u t ;  i . e .

^ '  S  o r  -  * 0  =  w  COB v

P  '  s  P  -  P q  a  W s in  <p

th e n  th e  tra n s fo rm  i s  r e w r i t t e n  as

f  f  W' (c o 8 / 'c o s 0  ^ s i n f  sin© )
e 0 1 J J  J  e  80 P d f  d6

i  j  /  9

where th e  l i m i t s  o f in t e g r a t i o n  a re

o -  o <s: 2 rr
34T h en , making th e  fo llo w in g  m a th em a tica l o b s e rv a t io n s ,

co s0  coatp i  8 in0  s in  y  =  cos(Q -yO

and

^  M. Born and E . W olf, P r in c ip le  o f O p t ic s ,  Pergamon P r e s s ,  Long 
I s la n d  C i ty ,  1965, p .  305.



DATA MASK POLAR COORDINATES 

FIGURE 3 - 6
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HOLOGRAM POLAR COORDINATES 

FIGURE 3 - 7
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_2iM kfw
f  "T rT  c o s (0 “ f>  / , p 1

J  « S°  « * * r ', o * ^ J

th e  e x p re s s io n  f o r  th e  tra n s fo rm  can  be r e w r i t t e n  as

f o

i  j

Making use o f  th e  i d e n t i t y

0 * « 0  f t *

35

f x x '  J  (x ' 
JO 0

) d x 1 = x  (x)

th e  term  o f i n t e r e s t  can  be e x p re s se d  as

ik  , .2 _ 2 ,*2 2
- iA o b jfo  2 s021. («» -ID ^  -^0 ) /k /0w

Uo b j (et» ^  = w s

“7|J [<0,_0o)x± *

‘o

- i k

i  j

To o b ta in  a  p ro je c te d  r e a l  image o f th e  d a ta  mask when a  d i 

v e rg in g  beam em anating  from  th e  f a c e  o f th e  CRT i s  used  as th e  re c o n 

s t r u c t i o n  beam, i t  is  n e c e ssa ry  to  s e l e c t  a  co n v erg in g  r e f e r e n c e  beam. 

T h is  beam w i l l  be fo cu sed  th r u  th e  f i lm  to  a p o in t  b eh in d  th e  a re a  

(page) of th e  f i lm  b e in g  u se d ; i . e . ,  on th e  p e rp e n d ic u la r  from  o^, / ^ .  

T h is  i s  shown i n  F ig u re  3 -8 . L e t th e  beam be a n a l y t i c a l l y  e x p re s se d  

as

35 E . Jahnke and F .  Emde, T a b le s  o f F u n c t io n s . Dover P u b l ic a t io n s ,  
New Y ork, 1945, p . 145.
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<A

REFERENCE BEAM COORDINATES 

FIGURE 3 - 8
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- Ik u

Ur e f (el» ^ ) = Ar e f  * u

where

u

The i r r a d ia n c e  a t  th e  f i lm  p la n e  d u r in g  c o n s t r u c t io n  i s  shown 

a s  I  below

The r e a l  image i s  c o n s tru c te d  from  th e  tra n s m is s io n  te rm  t h a t  c o r 

resp o n d s  to  th e  f o u r th  te rm  o f th e  above e x p re s s io n .  Making th e  usu

a l  o p t im is t i c  assum ption  o f an i d e a l  r e c o rd in g  medium and id e a l  p ro 

c e s s in g ,  th e  t r a n s m it ta n c e  fu n c t io n  o f i n t e r e s t  i s

D e r iv a t io n  o f  Reed E q u a tio n s

The a n a ly t i c  e x p re s s io n  f o r  th e  r e c o n s t r u c t io n  r a d i a t i o n  i s  

found w ith  th e  a id  o f F ig u re  3 -9 .  The c o o rd in a te s  mu ( / * )  and nu ( ^ )  

a re  used  to  d en o te  th e  n o n -p o in t ,  o r  e x te n d e d , n a tu re  o f th e  re c o n 

s t r u c t i o n  beam s o u rc e ,  i . e .  th e  e x c i te d  phosphor s p o t on th e  CRT.

.  I Ur a f (« ,/3  )l t  I VobJC«, >1

- ik u

e
i  j
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A ls o , b e fo re  e x p re s s in g  t h i s  r a d i a t i o n  in  a n a l y t i c  fo rm , i t  i s  

n e c e s sa ry  t o  c lo s e ly  exam ine th e  freq u en cy  ( te m p o ra l)  o f th e  r a d i a 

t i o n  from  th e  CRT. N orm ally , i t  i s  s e v e ra l  hundred  Angstroms in  

bandw idth  f o r  common f a s t  decay  p h o sp h o rs . As s u c h , i t  would n o t be 

c o r r e c t  t o  u se  th e  e q u a tio n s  d ev e lo p ed  in  C h ap te r I I  s in c e  th e y  w ere 

d e r iv e d  under th e  assum ption  o f m onochrom atic r a d i a t i o n .  To o v er

come t h i s ,  th e  phosphor w i l l  be m odeled as  a  c o l l e c t i o n  o f s p a t i a l l y  

d i s t r i b u t e d  m onochrom atic s o u r c e s .  The model o f  th e  phosphor w i l l  

s e t  th e  fre q u e n c y  o f a  segm ent o f th e  s p o t a t  one v a lu e  f o r  a tim e 

in t e r v a l  ^ \ t ,  and th e n  change t o  a n o th e r  freq u en cy  f o r  th e  n e x t i n 

t e r v a l .  ̂  In  g e n e ra l ,  i t  i s  n o t p e rm is s ib le  t o  assume th a t  a l l  th e  

segm ents a re  s im u lta n e o u s ly  r a d i a t i n g  a t  th e  same freq u en cy  o r  even  

th a t  a  d e t e r m in i s t i c  r e l a t i o n s h i p  e x i s t s  amongst th e  segm en ts . F u r

th e rm o re , o n ly  a  p r o b a b l i s t i c  r e l a t i o n s h ip  e x i s t s  betw een th e  f r e 

quency o f a  p a r t i c u l a r  segm ent a t  tim e t  , and i t s  freq u en cy  a t  tim e 

t  / / \ t f  i . e . ,  i t  i s  n o t v a l id  to  assume th a t  th e  p h o s p h o r 's  r a d i a t i o n  

i s  c o h e re n t .

S in c e  h o lo g rap h y  i s  n o rm ally  th o u g h t o f a s  em ploying c o h e re n t 

l i g h t ,  i t  i s  a p p ro p r ia te  t o  o u t l in e  th e  r o le  t h a t  co herence  p la y s  i n  

h o lo g rap h y  and to  e x p lo re  th e  r a m if ic a t io n s  a r i s i n g  from  th e  use o f 

th e  p h o sp h o r 's  r a d ia t io n  f o r  re a d in g  th e  ho logram . R e c a l l  th a t  th e  

in t e r f e r e n c e  p a t t e r n  o f two waves i s  g iv en  by

^  G. R . F o w les , In tro d u c t io n  to  Modem O p tic s . H o l t ,  R in e h a r t ,  
and W in sto n , I n c . ,  New Y ork , 1968, p . 72 .
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w here i s  th e  com plex c o e f f i c i e n t  o f coherence

# 1 2  -  1 and # ~ 0 8X6 d is p la y e d  i n  F ig u re  3 -1 0 ,show ing th e  d i s t r i 

b u tio n s  o f I  from  th e  p re v io u s  fo rm u la  f o r  s in u s o id a l  in c id e n t  w aves. 

From t h i s  f i g u r e ,  i t  can  be se e n  t h a t  a  h ig h  v a lu e  o f  co h eren ce  i s  

n e c e s sa ry  i f  th e  in t e r f e r e n c e  i a  t o  c r e a te  th e  d i f f r a c t i o n  l i n e s  on

th e  h o lo g ra p h ic  f i lm .  More r ig o ro u s  p ro o fs  o f t h i s  a r e  a v a i la b le  in

38th e  l i t e r a t u r e .

The co h eren ce  re q u ire m e n ts  o f  th e  re a d o u t p ro c e ss  a re  q u i te  

d i f f e r e n t .  I n  te rm s o f  th e  problem  a t  h and , l e t  f ( y u , v , ^ , ^ , t )  

r e p r e s e n t  th e  com plex am p litude  o f  th e  r a d i a t i o n  a t  th e  image p o in t 

£ emanat i ng  from  th e  so u rce  p o in t  f* , ^  d u rin g  th e  tim e i n t e r 

v a l  A * b e g in n in g  a t  tim e t .  The t o t a l  v a lu e  o f th e  a m p litu d e  a t  

t h i s  §  , o p o in t  can  be e x p re s se d  as

S in ce  th e  phosphor s p o t w i l l  be m odeled as a  f i n i t e  c o l l e c t i o n  o f 

seg m en ts , t h i s  t o t a l  v a lu e  can  be e x p re s s e d  as

I f  th e  m x  n so u rc e  segm ents a r e  co m p le te ly  c o h e re n t ,  th e n  th e  

i n t e n s i t y  i n  th e  image p lane  i s  g iv e n  by

37 j .  D eV elis and G. R eyno lds, T heory  and A p p lic a tio n  o f H olography . 
A ddlsonaW esley  P u b lis h in g  C o .,  R ead in g , M ass., 1967, p .  2 1 .

m n

38 I b id . p p . 111-128.



68

COHERENCE = 1

I

£ i
COHERENCE = 0

Effec t  of coherence

FIGURE 3 - 1 0
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•tOH^ » ^ ^  = ^  j*» 'I * O
I f  th e  m x  n  segm ents a re  in d e p e n d e n t, i . e .  j f  ” 0 ,  th e n  th e  i n -

39t e n s i t y  i n  th e  image p la n e  i s  g iv e n  by

I IN C C H ^ » d » £ (m»n »X » t  • ^  £ » fc)
m n

From th e  Law o f C o n se rv a tio n  o f E nergy , i t  i s  a p p a re n t t h a t

J J 1co a (f * 1 • i S aJ ■ / / Iisc(ffl< J • ̂ » £) d/  d?
i  ? f ' l

i f  th e  so u rc e  o f th e  r a d i a t i o n  i s  a  h e m is p h e r ic a l r a d i a to r  and th e  

l i m i t s  on th e  in t e g r a t i o n s  a re  p lu s  and m inus i n f i n i t y .  I f  th e  

e q u a l i t y ,  on a  b i t - b y - b i t  b a s i s ,  i s  v a l id  f o r  th e  f i n i t e  l i m i t s  o f 

th e  c o rre sp o n d in g  p h o to d e te c to r s ,  th e n  th e  la c k  o f coherence  w i l l  

n o t a f f e c t  th e  d a ta  o u tp u t .  The s p e c i f i c  c o n s t r a i n t s  on th e  system  

r e q u ir e d  to  a ch iev e  t h i s  c o n d i t io n  w i l l  be found l a t e r  in  t h i s  chap 

t e r .

The r a d i a t i o n  a t  th e  p o in t  on th e  hologram  from  a segm ent

f4 , >> o f  th e  phosphor s p o t can  be  e x p re s s e d , u s in g  F ig u re  3 -9 , as

ik£V

A urecon( ^ ec o n  —“—

w here

V ' (V02 * |/*“ (0t ’ ] Z+ [* “ ’ ̂ RC> ] 2

397 Goodman, o p , c l t » . p .  106,



70

I t  i s  u n d e rs to o d  t h a t  1^ i s  kjC /» , y , t )  and t h a t  Are c o n  i s  Are c o n  

( f\ » V » t ) .  The t o t a l  In s ta n ta n e o u s  am p litude  o f th e  r e c o n s t r u c t io n  

beam a t  th e  p o in t  on th e  hologram  can  be r e p r e s e n te d  as

//
ik2V

« r e c o n < « .  fi • *> * I I  ^  d v
A e—!CC“

v
I* W

The e x p re s s io n  f o r  th e  com plex am p litu d e  o f  th e  s ig n a l  r a d ia 

t i o n  a t  th e  image p la n e  i s  th e n

r  r  i k 2 R

U( §  $  ̂ • *•) * J J T4< *** & } ure c o n (  ®< > $  » t )  ^  ■ do( d ^

o t  P
in  which

R .  [ r q2 /  ( c t - j V  /  < £ -  £ ) 2 ] %
C o n s o lid a tin g  th e  work to  t h i s  p o in t*  I .e . ,e x p a n d in g  th e  e x p re s s io n  

f o r  U ( ^ ,  ^ ,  t )

“ ^ ^ o b j ^ e f  f o  6 6

*  P

- ik u  

u0 80

( o c 2 -  c( 0 2 / / 9 2 - ^ o 2 )

i  J

Ikj (v 0 4 [ f  -  (* -  «RC) ] 2 t  [v - ( f  - /%<■>] 2 |

[  f  ‘m o .  «■ 2v0
J J  ^ 2 v 0



n

d p  d\> d<* d fi

N ote th e  s a g i t t a l  ap p ro x im atio n  f o r  v  and R in  th e  above e q u a tio n *

U ( / »   ̂ » b) as computed above r e p r e s e n t s  th e  s ig n a l  on th e  sen* 

s o r s  f o r  th e  a r b i t r a r y  p e r io d  t  t o  t  /  D uring  t h a t  p e r io d ,  th e

segm ents of th e  phosphor s p o t w ere a s s ig n e d  p a r t i c u l a r  a m p litu d e s ,  

p h a s e s , and w a v e le n g th s . T h e re fo re ,  t o  o b ta in  a  v a l id  r e p r e s e n ta t io n  

o f  th e  p h y s ic a l  s i g n a l ,  U (£  , q , t )  m ust be o b ta in e d  by p ro p e r ly  

w e ig h tin g  th e  many p o s s ib le  U ( £ ,  ^  ,  t )  s o lu t i o n s .  Toward t h i s  en d , 

one would s e p a r a te ly  compute each  U ( £ ,  ^ ,  m, n ,  and s to r e  t h e i r  

in d iv id u a l  o u tp u t s .  T hen u s in g  th e  d i s t r i b u t i o n  s t a t i s t i c s  o f th e  

p h o sp h o r*8 r a d i a t i o n ,  one would sum th e s e  in d iv id u a l  o u tp u ts .

D i g i t a l i z a t i o n  o f  Read S ource  Model

The s o lu t io n  o f th e  above e q u a t io n  f o r  U ( f ,  £ , t )  be means o f 

a  d i g i t a l  com puter program  r e q u i r e s  t h a t ,  a s  a lre a d y  s t a t e d ,  th e  con

tin u o u s  v a r i a b le s  o f  in te g r a t io n *  e .g . , / * ,  v>, t ,  be tra n s fo rm e d  in t o  

d i s c r e t e  v a r i a b l e s .  In  th e  a tte m p t t o  keep  th e  com puter tim e w ith in  

re a so n a b le  l i m i t s  such  d i g i t a l i z a t i o n  m ust im ply  r e l a t i v e l y  rough  

a p p ro x im a tio n s . M odels a re  fo rm u la te d  f o r  th e  s p a t i a l  and te m p o ra l 

(freq u en cy ) v a r i a b le s  o f th e  CRT s p o t .

CRT S p a t i a l  M odel.  The I n t e n s i t y  o f  th e  r e c o n s t r u c t io n  so u rc e  

(CRT) 8p o t i s  assumed t o  v a ry  as  a  G au ss ian  fu n c t io n  o f  p  and V/ i . e . ,
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I ( j 4,  P )»  I Q e

F o r th e  s t r a ig h t - f o r w a rd  c a s e ,  one would now c o n s t r u c t  G au ssian  ra n 

dom number g e n e ra to rs  to  o b ta in  th e  sam ple p o in ts  o f  /w, y  . I t  

shou ld  be r e c a l l e d  th a t  a  la rg e  number o f sample p o in ts  a re  n e c e ssa ry  

to  p re c lu d e  th e  p o s s i b i l i t y  o f  a  skewed sample d i s t r i b u t i o n .  F o r th e  

p re v io u s ly  in d ic a te d  re a so n  and f o r  th o se  t h a t  w i l l  become a p p a re n t 

from th e  su c c e e d in g  work, i t  i s  n o t p o s s ib le  to  u t i l i z e  a  la rg e  num

b e r  o f sam ple p o in t s .  The skew ness problem  w i l l  be avo ided  by means 

o f a s t r u c tu r e d  sam pling  te c h n iq u e ;  i . e . , c o n s t r a i n t s  w i l l  be p laced  

on th e  random ness o f th e  sam ple p o in t s .

The s p a t i a l  d i s t r i b u t i o n  o f  th e  so u rce  i n t e n s i t y  i s  R ay le ig h  

i f  e x p re s se d  i n  p o la r  c o o r d in a te s .  The cu m u la tiv e  d i s t r i b u t i o n  

fu n c t io n  P ( r ,0 )  i s  w r i t t e n  as

r r  r e 2 * 2P ( r ,0 )  ■ I I I 0 e  r 'd r 'd O
J 0

where I q i s  a  c o n s ta n t  w ith  r e s p e c t  t o  r  and 9 . T h is  can  be s im p l i-

The n o rm a lize d  cu m u la tiv e  d i s t r i b u t i o n  fu n c tio n  c a n  be shown to  be

2
- r

f i e d  to

■r

P ( r )  ■
0
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U sing  t h i s  f u n c t io n ,  p ( r ) ,  th e  s p o t i s  b roken  in to  N a n n u la r  r e g io n s ,  

o r  r i n g s ,  o f e q u a l pow er. The b o u n d a rie s  o f th e se  re g io n s  a r e  ob

ta in e d  from  th e  fo llo w in g  e q u a t io n s ;

r L -r* 2
2 / 2*7*̂

1/N -  I r '  e d r '
r L - l

2- r
2<r2

— — e

r L

L - l

o r

r L s  -  7 2  ln ( l-L /N )  

w here 1 ^  L N.

W ith in  each  band , th e  p o s i t io n  o f th e  av erag e  r  i s  found  from  th e  

fo llo w in g  e q u a t io n ;

-  f L ^r .  ■ I 2 nff 2J r '  1/a- r ’ e  d r '
—

I f  in  th e  i n t e r e s t  o f n o ta t io n a l  s i m p l i c i t y ,  one s e t s

p .  —
^  v /2  o '

th e n

r f L  2
/ 2 - f '

/ l s n L  7 ’ « r  d f
J  / L - l
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I n te g r a t in g  by p a r t s

/ l s N £ -j>' e ' f  2 ^ L/  e  ~ f  d p ' j

^L-l A - l
and re c o g n iz in g  th e  second p a r t  as th e  i n t e g r a l  r e p r e s e n ta t io n  o f th e  

E r r o r  F u n c tio n  " e r f " ;  th e n

f .  L - l  7 2L r
/ l  s N | * L - l e  - / l« * ^ 2  L e r f ( / L) -  e r f C / ^ J  j

T h is  fu n c t io n  i s  e v a lu a te d  u s in g  th e  a p p ro x im a tio n ^

erf(j>)  s i -  ( a ^ t  /  a2t 2 /  a3t 3) e  ¥  /  6(j>)

w here

M / ) |  -  2 .5  x 10“5 f o r  0 £  j> co 

t  .  l / ( l / p )  

p » 0 .47047 

a 1 s  0.3480242 

a 2 —0.0958798 

a3 = 0.7478556

R andom ization  i s  a ch ie v e d , w i th in  th e  above c o n s t r a i n t s ,  by a l 

low ing th e  p o in ts  w i th in  each r i n g  to  v a ry  random ly from

f L -  C^L -  t0  / l  ^ "  / l - 1 ) / 2 * Thi8 1,8 8ubJe c t  t o  th e  ad’

M. Abromowitz and I .  S teg u n , Handbook o f M athem atica l F u n c tio n s . 
Dover P u b l ic a t io n s ,  I n c . ,  New Y ork , 1965, p . 299 .
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d i t i o n a l  c o n d i t io n s  t h a t  th e  p o in ts  a l t e r n a t e  a b o u tJ> and t h a t  

th e y  be s e p a ra te d  by e q u a l a n g le s .  A f u r t h e r  d eg ree  o f random iza

t i o n  i s  o b ta in e d  by r o t a t i n g  each  r in g  by a  random f r a c t i o n  o f  2 TT"

r a d i a n s .  The ra n d o m iz a tio n s  w ere accom plished  u s in g  an i n - l i n e  gen-

41e r a t o r  t h a t  produced a  u n ifo rm  d i s t r i b u t i o n .

The F o r t r a n  Program  used  to  compute th e  m o d e l 's  v a lu e s  i s  i n 

c lu d e d  a s  Appendix 3 - 1 .  A g ra p h ic  d is p la y  o f th e  d i g i t a l i z e d  CRT 

s p o t i s  shown in  F ig u re  3-11 f o r  th e  c a se  o f fo u r  r in g s  w ith  tw elve  

p o in ts  p e r  r i n g .

CRT F requency  M odel. The dependence o f i n t e n s i t y  on w av e len g th  

f o r  t h i s  proposed  m odel was chosen  w ith  a  p a r t i c u l a r  in p u t fo rm a t i n  

v ie w . The bandw idths o f  s ta n d a rd  f a s t - d e c a y  CRT phosphors a r e  f a i r 

ly  b ro a d ; to o  b ro ad  t o  be o f much use i n  th e  e n v isa g e d  a p p l i c a t io n .

By s im ply  p la c in g  a  narrow  b an d -p ass  f i l t e r  betw een  th e  phosphor and 

th e  o u tp u t s e n so rs  o f th e  image p la n e , an  a c c e p ta b le  bandw id th  c a n  be 

p ro d u ced , a lth o u g h  o f c o u r s e ,  a t  th e  expense  o f  pow er. The com plex

i t y  o f th e  i n t e n s i t y  v a r i a t i o n s  w ith  te m p o ra l freq u en cy  u s u a l ly  n e

c e s s i t a t e s  a  g r a p h ic a l  p r e s e n ta t io n .

41 G. M a rsa g lie  and T .  B ra y , "One L ine Random Number G e n e ra to rs  and 
T h e ir  Use in  C o m b in a tio n s" , Com m unications o f  th e  A ssoc , f o r  
Computing M achinery . V o l. 11, No. 11, Nov. 1968, p p . 7 5 7 -9 .
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I t  sh o u ld  be n o te d  t h a t  some o f th e  europ ium  a c t iv a te d  p h o s-
42 43

p h o rs ,  such  as  Gd20^:Eu and YgOgSzEu and YVO^:Eu and Y20^:Eu

have s in g le  o r  dou b le  l i n e s  w ith  bandw id ths o f l e s s  th a n  20A°.

W hile th e  decay tim e s  o f  th e se  p h o sp h o rs , w hich a re  i n  e x c e ss  o f

800 m ic ro seco n d s , a r e  n o t co m p a tib le  w ith  th e  demands o f a  h ig h

sp eed  memory, th e y  c o u ld  be  u t i l i z e d  i n  a  low er speed  d e v ic e .

To d i i t a l i z e  t h i s  g r a p h ic a l  d a ta ,  c o n v e n ie n t,  a r b i t r a r y  s c a le s  

a re  chosen  f o r  th e  a b s c is s a  and th e  o r d in a t e .  An a p p ro p r ia te  number 

o f  d a t a - p o in ta ' c o o rd in a te s  a re  r e c o rd e d . The a b s c is s a  v a lu e s  a re  

changed to  w av e len g th  by a p p ly in g  th e  r e l a t i o n s h i p

"  s  $  x  * " 0

A s im i l a r  r e l a t i o n s h i p  c o n v e r ts  o rd in a te  v a lu e s  t o  i n t e n s i t y .  T h is  

te c h n iq u e  i s  d e s i r a b l e  s in c e  th e  q u a d ru le d  d iv i s io n s  on th e  g rap h  

pap er used  f o r  th e  f i l t e r  c h a r a c t e r i s t i c  c u rv e s  a re  n o t  n e c e s s a r i ly  

a l ig n e d  w ith  c o n v e n ie n t i n t e n s i t y  and fre q u e n c y  v a lu e s ;  r a th e r  s c a le  

m ark e rs  a re  superim posed  on th e  p a p e r .  T hese  m arkers a re  c o n v e n i

e n t ly  used  t o  e s t a b l i s h  th e  v a lu e s  o f and .

I t  i s  now n e c e s s a ry  t o  c o n v e r t  th e s e  'a p p r o p r ia t e  d a t a - p o in t s '  

i n t o  a  s e t  o f p ro p e r ly  w e ig h ted  p o in t s .  I n  th e  scheme a d o p te d , th e

42
W. T .  M aloney, "R eal-T im e H o log rap h ic  F i l t e r i n g  of O sc illo sc o p e  
T r a c e s " ,  A p p lied  O p t ic s . V o l. 10, No. 11, Nov. 1971, p p . 2 5 5 4 -5 .

^  A, Levine and F .  P a l l i l a ,  "YVO^jEu, A New H ig h ly  E f f i c i e n t  P hos- 
f o r  C o lo r T e le v is io n " ,  E le c tro -C h e m ic a l T ech n o lo g y , V o l. 4 ,  No.
1 -2 , p .  16.



78

p o in ts  a re  s e le c te d  so  as t o  be e q u a l ly  w e ig h te d . L et th e  a r b i t r a r y  

d a ta  p o in ts  be W(ML) and AMP (ML) where 1 ^  ML ;= NL and NL i s  th e  

t o t a l  number o f  d a ta - p o in ts  s e le c te d .  I f  th e s e  p o in ts  a re  c o n s id e r 

ed to  o u t l in e  a  c u rv e ,  th e n  th e  a re a  under th e  cu rv e  i s  th e  t o t a l  

power o f th e  s o u rc e .  The d i s t r i b u t i o n  f u n c t io n ,  DAMP(ML), i s  th e  

power up to  th e  w av e len g th  W(ML) where

DAMP (ML) = DAMP (ML-1) i  (AMP (ML) -  AMP(ML-l))/2 

*  (W (ML) -  W (ML-l))

The t o t a l  power o f  th e  so u rc e  i s  DAMP(NL) • I f  NF w eigh ted  p o in ts  

a r e  d e s i r e d ,  each  p o in t  has  DAMP(NL)/NF pow er. The power below

th e  MFth  w e ig h ted  p o in t  i s

RAMP(MF) s  DAMP(NL)/(2*NF) * (2*MF -  1)

e . g . , i f  a t o t a l  o f  10 p o in ts  i s  ch o sen , th e n  th e  w aveleng th  a t  th e  

4 th  p o in t  i s  ch o sen  so  t h a t  7 /2 0 th s  o f  th e  power i s  e m itte d  w i th in

th e  s p e c t r a l  ra n g e  below th a t  w a v e le n g th . One m ust now f in d  th e

w av e len g th  RW(MF) th a t  co rresp o n d s  t o  a  d i s t r i b u t i o n  f u n c t io n  o f 

m agnitude RAMP(MF).  Once i t  i s  d e te rm in ed  th a t  

DAMP (ML) — RAMP(MF) ^  DAMP (ML-1) 

i t  i s  n e c e ssa ry  t o  f in d  [ \ p  where 

^ w  a RW(MF) -  W(ML-l) 

to  o b ta in  BH(MF).

R e fe r r in g  to  F ig u re  3 -1 2 , th e  c ro s s -h a tc h e d  a re a  i s  ap p ro x im a te 

ly

DAREA •  AMP (ML-1)* A w /  %(AMP (ML) -AMP(ML-1) ) *

(A»*AW> / CW (MW -w 00-1) )



79

AMP

AMP (ML)

AMP(ML-l)

\

\
W(ML-l)

RW(MF)

METHOD OF SELECTING FREQUENCY POINTS 

FIGURE 3 - 1 2
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T h is  e x p re s s io n  c a n  be so lv e d  f o r  Aw by th e  q u a d ra t ic  fo rm u la . 

H aving o b ta in e d  / \w ,  th e n

RW(MF) s  W (ML-1) /  Aw

The F o r t r a n  program  im plem enting  th e  above approach  i s  shown 

i n  Appendix 3 -2 .  T h is  program  was used  to  o b ta in  th e  w eig h ted  p o in ts  

f o r  two s p e c i f i c  c a s e s .  The tra n s m is s io n  c u rv e s  f o r  th e se  c a s e s  a re  

shown as F ig u re s  3 -13  and 3 -1 4 . The c u rv e s  a re  th o se  of 100A° and 

30A° c o s ra e rc ia l l a s e r  l i n e  f i l t e r s .  The com puted p o in ts  a re  i n d i 

c a te d  on th e se  g rap h s  as w e ll  as a p p e a rin g  in  th e  com puter p r i n t 

o u ts  a s s o c ia te d  w ith  th e  program .

A n a ly t ic a l ly  D e riv e d  Com puter S im u la tio n

As a  p r e p a ra to ry  s te p  f o r  e v a lu a t in g  U(J*» , t )  on th e  d i g i t 

a l  com puter, th e  i n t e g r a t i o n  w ith  r e s p e c t  to  cl and f t  was s im p l i 

f i e d .  By making e x te n s iv e  use  of th e  p re v io u s ly  d e f in e d  r e l a t i o n 

s h ip s  t h a t  -  « q  ■ w coa^f and * w 8*n  V '• e »8»

o ( 2  -  e/Q2  :  w2 c o s2 \fj /  2 « q W  c o s  y /  ,  th e  exponen t can  be red u ce d

t o

i(Cw^ /  Dw c o s iff /  Ew Biniff /  G)

w here

C - - - |  ( 1 / u q  /  l / s Q) /  ^  ( 1 /v q  /  1/R0)



81

5300A5100A4900A

SCALE
MARKERS

0 . 6

EQUIVALENT
WAVELENGTHS

0 .5

0 .4

0 .3

V 5145A° /  100A° FILTER 

FIGURE 3 - 1 3



82

5140A

30.05A

SCALE
MARKERS

5100A

EQUIVALENT
WAVELENGTHS

°  , °5145A /  30A FILTER

FIGURE 3 - 1 4



83

E s  k

G * -Uuq /  k£
( o f -  A  ) 2  /  ( Z 3  -  £  ) 2

, 0 R c ' v 0 RcV o t -------------- -----------------------

. *  V 2
r  o ..

2 v o *0

( f - y 2 * «-<o>:
2 Ro ]

Then one can  r e w r i te  U(m, n , §  , ^  ,  t )  as

A . .A „A e
£° 

®0 v 0 Ro

iG

 - t C K
( k / 0w /s0 ) e

/ L L  eiW(D C°8V/  ̂E 8inyl/) dV'
v  x i  y j

The in t e g r a t i o n  o v e r y* can be perfo rm ed  u s in g  th e  r e l a t i o n s h i p s  

D co s  y/ /  E s in y /  * (D2 /E 2) ^  cos  ( y* -  t a n -1E/D )

and

I

2 T  i z  co s  (6  -  jf)
e  d0 « 2Y rj0 (Z)
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L e t t in g

F = (D2/E 2)^

th e n
A . .A „A,r / _ n *.\ ob1 r e f  reco n  jU (m ,n, j  , n , t) * y  /

t *2 0 0 0 C

/  Ji(k/o"/ao) clC” !EE 2 trjQ(Fw)
w i  j

J O  i  G
T  e lo

dw

T h is  i n t e g r a t i o n  can  n o t be accom plished  w ith o u t ap p ro x im atio n .

The ex p a n s io n  o f th e  in te g ra n d  as t o  p e rm it i n t e g r a t i o n  i s  ach iev ed  

by s e t t i n g

2 ? 4 3 6
e 1Cw = 1 /  ICw2 -  £ - f -  -  /  • • • •

and

V W  ■ - -  f  - ' H i  *
The i n t e g r a t i o n  i s  accom plished  by  u s in g  th e  r e l a t i o n s h i p

fw0 n -1
u n w

w“  J q(Fw) dw 3 2. J j ĈFWq) -  (n -1 )  J 2*Fw0*

n-2
w

-  (n -1 ) (n -3 )  J 3 ffw 0) * • • • •
F

The r e s u l t a n t  e x p re s s io n  f o r  th e  r a d i a t i o n  in  th e  image p lan e  i s

r . * Ao b 1 ^ re f^ re c o n) 0 i  gU (m ,n, J  , n , t )  s  r— J   r ” e
°  ‘ A 2 u0 0 0 0

£  «, E E  j< 5 /“ °>,

*  . 1  * y  ^
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w here g^ i s  a c o e f f i c i e n t .  R e c a ll  t h a t  F i s  F (m ,n , £ ,  , x , y , t ) .

C o in c id e n t w ith  t h i s  developm ent o f  th e  e q u a tio n s  fo r  

i[ , t ) , a  second s e t  o f e q u a t io n s  w ere d ev e lo p ed  f o r  a  s p e c ia l  c a s e  

o f th e  above sy stem . The s p e c ia l  c a s e ,  w hich was o r ig in a l ly  con 

s t r u e d  to  be o f o n ly  academ ic i n t e r e s t ,  s e t  th e  b i t - h o l e  o f th e  

d a ta -m ask  to  a p o in t ;  i . e . ,  ■ 0 .  As i s  shown l a t e r  in  t h i s  ch ap 

t e r ,  t h i s  s p e c ia l  c a s e  became th e  c e n te r  o f  i n t e r e s t .  The d e t a i l e d  

m athem atics o f i t s  developm ent i s  in c lu d e d  as Appendix 111-3 . The 

F o r t r a n  program i s  g iv e n  in  Appendix 1 1 1 -4 .

As a p re lim in a ry  s te p  t o  e x e c u tin g  th e  F o r t r a n  program CMPOUT, 

an e s t im a te  of th e  c e n t r a l  p ro c e s s in g  u n i t  (CPU) ru n  tim e was made. 

The number o f w av e len g th s  chosen  was 10, th e  number of s p a t i a l  CRT 

s p o t p o s i t io n s  was 4 8 , and th e  number o f n o n -z e ro  mask b i t s  was 3 . 

W ith  th e  b i t  p o s i t io n s  s e le c te d  as in  F ig u re  3 -1 5 , i t  was d e c id e d  

to  s e l e c t  th e  ^*, ^  sam ple p o in ts  as shown in  t h a t  f ig u r e .  I f  

tw e lv e  p o in ts  a re  c o n s id e re d  s u f f i c i e n t  to  map th e  am plitude co n 

to u r  f o r  eac h  s p o t 's  r a d iu s ,  two hundred sam ple p o in ts  a re  r e q u i r e d .  

The B e s s e l F u n c tio n  was found  by ex p erim en t t o  have a CPU tim e o f  11 

m i l l i s e c o n d s .  A s im p le  c a l c u la t io n  shows t h a t  th e  B e sse l F u n c tio n  

e x e c u tio n  tim e w ould consume 3168 seconds (5 2 .8  m in u te s ) .  A f a i r  

e s t im a te  o f th e  e n t i r e  CPU tim e  would d o u b le  t h i s  v a lu e .  S in ce  i t  

was in te n d e d  to  r e p e a te d ly  u se  t h i s  program  f o r  v a r io u s  co m b in a tio n s  

o f th e  system  p a ra m e te rs  i n  an  a ttem p t t o  f in d  an optimum s e t  o f 

th e s e  p a ra m e te rs , t h i s  tim e f a c to r  m ust be c o n s id e re d  as e x c e s s iv e .  

T h e re fo re ,  i t  was n e c e s s a ry  to  f in d  a n o th e r  ap p ro ach .
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I n t e r p r e t i v e l y  D erived  Com puter S im u la tio n

In  th e  p re c e d in g  s e c t i o n ,  th e  r a d ia t io n  on th e  o u tp u t ,  o r  sen 

s o r ,  p la n e  was to  be com puted as  a  r e s u l t  o f th e  s t r i c t  m a th em a tica l 

m a n ip u la tio n  o f  th e  e q u a t io n s .  In  t h i s  s e c t io n ,  th e  o u tp u t r a d ia 

t i o n  i s  com puted w ith  th e  a id  o f in s ig h t s  in to  th e  p h y s ic a l  p ro 

c e s s e s  in v o lv e d .

The e s se n c e  of t h i s  app ro ach  l i e s  i n  th e  i n t e r p r e t i v e  e x p lo i ta 

t i o n  o f th e  exponen t in  th e  i n t e g r a l  e x p re s s io n  f o r  U (£*, q ) ,  F i r s t  

n o te  t h a t  G i s  c o n s ta n t w ith  r e s p e c t  to  o la n d ^ .  T h e re fo re  i t  can 

be e x t r a c te d  from  th a t  i n t e g r a l .  T h u s , in  th e  £ ,  ^  image i n t e n s i 

ty  te rm , i t  i s  c a n c e lle d  w ith  i t s  c o n ju g a te  te rm . N ex t, c o n s id e r  

th e  e f f e c t  o f th e  c o e f f i c i e n t  o f th e  q u a d ra t ic  te rm . R e c a ll  th a t  i n

an im aging  sy stem , th e  fo c u s  p la n e  i s  t h a t  in  w hich  th e  c o e f f i c i e n t

44 45of th e  q u a d r a t ic  term  o f th e  exponen t eq u a ls  z e r o .  * F o r the 

problem  a t  h and , th e n , th e  fo c u s  p la n e  i s  t h a t  i n  w hich C eq u a ls  

z e ro ,  i . e .

-k /2  ( l / u 0/ l / s 0 ) /  k2 /2  ( l / v 0/ l / R 0) = 0

D e f in in g

A k  * k2 -  k

and a p p ro x im a tin g

k /k j  = 1 -  A k/ fc

44 Goodman, o p . c l t . .  p p . 9 2 -4 .

45 D eV elis  and R eyno lds, o p . c i t . .  p .  71 .
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th e n  from  th e  e x p re s s io n  f o r  C e q u a ls  z e r o ,  one can  o b ta in

[ L / i '
0 v0 uo 8o k L u0 80

I  .

O bserve th a t  i f  e q u a ls  z e ro ,  th en  

l0 S " l / v 01/Rn s - l / v n /  l / u 0 /  l / s 0 4  1/R oc

w here R i s  R f o r  th e  c e n te r  w av e len g th . U sing t h i s ,  one can  es* oc o

t a b l i s h  th e  r e l a t i o n s h ip

i/R q  = ^ o c  " A k/ k ( i / u o  * l / 8o>

and

R
R „  , ~ Ak

° C ^R qc k
±  + 1 -  
u0 80

I f  th e  se n so rs  a re  lo c a te d  i n  th e  R p la n e ,  th e n  th e  e f f e c t
O C

o f Ro i  Roc i s  in f e r r e d  w ith  th e  a id  of F ig u re  3 -1 6 . L ig h t a t  th e  

fre q u e n c y  c o rre sp o n d in g  to  fo c u se s  a p o in t  o b je c t  in t o  th e  RQ 

p la n e  a t  th e  p o s i t io n  G e o m e tr ic a lly , t h i s  s t r i k e s  th e  s e n so r

p la n e ,  Ro c , a t  th e  p o s i t i o n  £ c . From th e  a p p l i c a t io n  o f th e  th e o 

rem  on s im i la r  t r i a n g l e s ,  i t  becomes obv ious t h a t

fc * $0 [ *«/?.]

and

<R0 *fo  ^  [ (Roc"Ro> * < ? c  " J o >  ]
2 i  %
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T h is  second e x p re s s io n  red u ce s  to

f ,  * i  w0 Roc 4 *  ( l / u 0 * I / s 0>
The term  £ g i s  i n t e r p r e t e d  as th e  s p re a d ,  o r  sm ear, in  th e  J *  d i 

r e c t i o n  on th e  s e n s o r  p la n e  due to  th e  m is - fo c u s in g  o f th e  im age.

46T h is  i s  com parab le  t o  ch ro m a tic  a b e r r a t io n  in  a  le n s .  To empha

s i z e  th e  c o n tin u o u s  n a tu re  of t h i s  e f f e c t ,  i t  i s  h e lp fu l  t o  r e p la c e  

Wq by /\Wq . The minus s ig n  i s  su p p re s se d  and th e  e x p re s s io n  b e 

comes one o f  a b s o lu te  v a lu e ,  i . e .

£ g = Aw 0 Roc -Afc ( l / u 0 /  l / s 0 )

H aving found  th e  s i z e  of th e  s p re a d  f o r  a g iv en  w ave-num ber, 

k t  A k » it: *8 now a p p ro p r ia te  t o  f in d  i t s  c e n t r o id .  I f  th e  h o lo 

gram page a p e r tu r e  w ere i n f i n i t e ,  th e  image would form  a t  a  p o in t  

w here th e  c o e f f i c i e n t s  o f ot and w ere z e r o . ^  F o r th e  §  c o o rd i

n a t e ,  t h i s  r e q u i r e s  t h a t

r  ' ^ o ]  .  k ,  r  •  f x s L r . .  X °  iI  “o  8o  . 2 L v o  Ro  J
T h is  red u ces  t o

F .  J e n k in s  and H. W h ite , Fundam ental o f  O p tic s . M cGraw-Hill 
Book C o ., New Y ork , 1957, p . 157.

47 D eV ells and R ey n o ld s , op . c i t . « p .  71 .
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w ith  th e  a id  o f

T h is  second  s p re a d  te rm  r e s u l t i n g  from  th e  freq u en cy  bandw id th  mer

i t s  e x p la n a t io n .  I f  one r e c a l l s  t h a t  a  hologram  i s  a  com posite  of 

f a m i l i a r  d i f f r a c t i o n  g r a t in g s ,  th e n  b ased  on e x p e r ie n c e ,  one e x p e c ts

o r a n g u la r  d i s p e r s io n ,  d e te rm in e s  th e  p o s i t io n  o f th e  image j u s t  as 

a l in e  g r a t i n g  s e p a ra te s  th e  sp ec tru m  in t o  d i f f e r e n t  l i n e s  when i t  

i s  i r r a d i a t e d  w ith  w h ite  l i g h t .

S in c e  th e  a p e r tu r e  i s  f i n i t e ,  i t  i s  n e c e ssa ry  t o  acco u n t f o r  

th e  d i f f r a c t i o n  p a t t e r n  th a t  t h i s  a p e r tu r e  g e n e ra te s .  T h is  p a t te r n

w i l l  be acco u n ted  f o r  as a s p re a d  e q u a l to  th e  c e n t r a l  d is k  o f th e

A iry  p a t t e r n ;  i . e . , th e  f i r s t  z e ro  o f  th e  d i f f r a c t i o n  p a t t e r n  w i l l  be

used as  th e  bound f o r  th e  problem  a t  h an d . Thus

t o
d i f f e r e n t  w av e len g th s  to  be b e n t d i f f e r e n t  am ounts. T h is  ben d in g ,

3 .832

in  th e  image p la n e , o r

3 .832

i n  th e  s e n s o r  p la n e .

48 B orn and W olf, o p . c i t . . p .  408
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Combining a l l  th e  sp re a d  c o n t r ib u t io n s ,  one o b ta in s

r  « o , *1 * r c ’‘ A a < .  A k / * o

L “o °o vo k “o s o I J

w here

r e p r e s e n ts  th e  f i n i t e  e x te n t  o f th e  r e c o n s t r u c t io n

so u rce

A p r e p r e s e n ts  th e  co n tin u o u s n a tu re  o f th e  d i f f r a c t i o n  

p a t t e r n  and 0 ^  p £  3 .8 3 2 .

As an a id  i n  u n d e rs ta n d in g  th e  v a r io u s  mechanisms In v o lv ed  in  

t h i s  l a s t  e q u a t io n , i t  w i l l  be s e p a ra te d  in to  m ean ing fu l g ro u p in g s . 

Thus

lo c a t io n  o f p o in t  c e n te r  i f  a l ig n e d

o f f s e t  due to  n o n -a lig n m en t o f r e 

c o n s t r u c t io n  so u rce

smear due to  f r e 

quency bandw idth

sm ear due to  d i f f r a c t i o n  o f  f i n i t e

a p e r tu r e

sm ear due t o  n o n -p o in t n a tu re  o f r e -

oc c o n s t r u c t io n  so u rce
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I t  i s  a l s o  h e lp fu l  t o  r e w r i te  th e  e q u a t io n  i n  a n o th e r  c o n fig u 

r a t i o n ;

£  c  * . / p o s i t i o n  ^ ^ o f f s e t  ^ _ /*sp read

where

f p o s i t io n  oc 

J "  o f f s e t  ■ Roc " I f  ]

1 4 - y ]

ps. i A p \
kw0 v 0 j

T h is  d e r iv a t io n  was d u p l ic a te d  f o r  th e  ^  d i r e c t i o n .

By means o f th e se  e q u a t io n s  f o r  and ^c , one can  compute 

th e  e f f e c t s  o f system  p a ra m e te r  changes on th e  o u tp u t o f  th e  sy stem . 

In  th e  d e s ig n  o f th e  sy s tem , i t  sh o u ld  be a p p a re n t t h a t  th e  sp a c in g  

betw een b i t  p o s i t io n s  on th e  d a ta  mask must be such  t h a t  a d ja c e n t 

b i t  im ages do n o t o v e rla p  i f  th e re  i s  to  be no i n t e r - b i t  c r o s s t a lk ;  

i . e . ,  | x A -  ^  2 £  B1 7̂ 1 w here %  i s  th e  sy stem  m a g n ifica 

t i o n .  Thus th e  minimum d a ta  mask dim ension  i s  2N £  J  where N 

i s  th e  number o f b i t s  p e r  page in  th e  x - d i r e c t i o n .

a

I n te rp a g e  C ro s s ta lk  -  O p tic a l  S u p p re s s io n .  In  th e  p rev ious 

s e c t i o n ,  th e  te rm  s e t  seemed t o  r e p re s e n t  o n ly  a  p o te n t i a l  p ro b 

lem . I t  co u ld  re a so n a b ly  be assumed th a t  i t  w ould cau se  i n t e r - b i t
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c r o s s t a l k  i£  th e  r e c o n s t r u c t io n  so u rce  was m isa lig n e d  from  th e  e x a c t  

p o s i t i o n  of th e  r e f e r e n c e  s o u rc e .  H owever, a  second look showed 

t h a t  i t  co u ld  be u sed  to  su p p re ss  in te r - p a g e  c r o s s t a lk .  As was n o te d  

p r e v io u s ly ,  th e  s i z e  o f th e  o u tp u t image i n  th e  £  d i r e c t io n  i s  2 N ^ . 

I f ,  as shown in  F ig u re  3 -1 7 , any s t r a y  r a d i a t i o n  from  th e  r e c o n s t r u c 

t i o n  so u rc e  a t  p o s i t i o n  i r r a d i a t e s  an  a d ja c e n t  page,* 

th e n  i t  io  n e c e ss a ry  t h a t  th e  m isa lig n m en t betw een th e  so u rc e s  be 

such  th a t

/ o f f s e t  -  2 s / isp re a d

The v a r ia b le  o f  i n t e r e s t  i s  th e  d i s ta n c e  t h a t  must e x i s t  b e 

tw een a d ja c e n t °^RC s to  in s u re  a la rg e  enough O f f s e t *  ^ i s -

ta n c e  w i l l  be c a l l e d  h , where

h 8 * 0  -  *RC

Then

C  [<*0 _ °^RC *| [  * 0  * 0 “** 1
J  o f f s e t  * Roc [  uQ v0J 8 oc |  u0 " v0 J

B e fo re  p ro c e e d in g  to  f in d  th e  minimum page s e p a r a t io n ,  i t  i s  n e c 

e s s a r y  to  o b ta in  th e  maximum v a lu e  o f  g» T h is  i s  r e q u ire d  s in c e  th e  

maximum v a lu e  o f o c c u rs  a t  max» In  th e  background m a te r i a l  o f

C h a p te r  I I ,  i t  was n o te d  t h a t  th e  |B | and |0 | term s of th e  ho logram  

tr a n s m is s io n  r e s u l t e d  i n  a dimmed, b u t o th e rw is e  u n a l te r e d ,  r e c o n s t r u c 

t i o n  so u rce  w a v e fro n t. I f  t h i s  energy  w ere a llo w ed  to  im pinge on th eJ
s e n s o r s ,  i t  would be c o n s id e re d  a n o is e  s i g n a l .  To overcome t h i s  prob* 

lem , one need o n ly  p la c e  th e  d a ta  mask to  th e  s id e  of th e  f i lm  s in c e
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th e  u n d i f f r a c te d  n o is e  s ig n a l  w i l l  n o t be b e n t to  th e  s e n s o r  p o s i 

t i o n .  T h is  te c h n iq u e  i s  commonly r e f e r r e d  to  as s id e -b a n d  h o lo g ra 

phy. I f  th e  f i lm  s i z e  i s  ' c ' ,  th e n ,  as  shown in  F ig u re  3 -1 8 , 

c<n s c -  wA /  n r0 max 0 s

I f ,  f o r  th e  sak e  o f  s im p l i c i t y ,  one a llo w s un ;  vQ, th e n

Roc = 80 and

Roch
o f f s e t

N o ting  t h a t  f o r  th e  l im i t in g  c a s e ,  

Xt  = ( N - l ) f ,

A p  s p

Aw - w0
th e n

[ V ' l

h =
^ ^ AKnax _jj A^m ax

k  k

T h is  v a lu e  o f  h i s  th e  minimum page s e p a r a t io n .  R e w ritin g  t h i s  

e q u a t io n ,  one o b ta in s

* h ( l  /  & B SX  ) 
k

N =
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w here N i s  th e  maximum number o f rows t h a t  a  page can  have w ith o u t 

i n t e r - b i t  o r  in te r - p a g e  c r o s s t a l k .

As a  p re lim in a ry  s te p  t o  e v a lu a t in g  N f o r  v a r io u s  v a lu e s  o f th e  

sy stem  p a ra m e te rs , i t  i s  lo g i c a l  to  f i r s t  s e a rc h  f o r  maxima by more 

s o p h i s t i c a te d  m a th em a tic s . However, in  te rm s o f th e  system  b i t  

p ack in g  d e n s i ty ,  i t  i s  n o t th e  number o f b i t s  p e r page th a t  i s  o f 

prim e im p o rtan ce , b u t  r a t h e r  th e  number o f b i t s  re c o rd e d  p e r sq u a re  

c e n t im e te r  o f f i lm .  I f  th e  le n g th  of th e  f i lm  edge i s  L, th e n  th e  

number o f rows of pages i s  Q where

and th e  t o t a l  number o f rows o f p o in ts  i s  T where

An a t te m p t was made to  o p tim iz e  t h i s  w ith  r e s p e c t  t o  h ,  r Q, Wq ,  and 

Uq s im u lta n e o u s ly .  The r e s u l t  was n o n -p h y s ic a l .  The b e s t  t h a t  c o u ld  

be ac h ie v e d  was s im u lta n e o u s  o p tim iz a tio n  w ith  r e s p e c t  to  wQ and Uq . 

The e x p re s s io n s  a re

T hese r e l a t io n s h ip s  w ere used in  th e  co m p u te rized  e v a lu a t io n  o f  N.

T= Q x  N

and

u0 = * <h r o <r 0
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A s im i la r  developm ent was done f o r  th e  ^  d i r e c t i o n  t o  c a lc u 

l a t e  th e  maximum number o f  colum ns, M. The program  u sed  t o  e v a lu a te  

M and N f o r  v a r io u s  v a lu e s  o f c ,  ^ k ,  / \ p , h ,  Wq, Uq, and r ^  i s  i n 

c lu d e d  as A ppendix I I I - 5 .

The s e l e c t i o n  o f th e  v a lu e  o f a l l  b u t one o f th e se  system  p a ra 

m e te rs ;  i . e . , c ,  h ,  wQ, uQ, r Q, andak , w as, w ith in  re a s o n ,  a t  th e  d i s 

c r e t i o n  of th e  d e s ig n e r .  Ak i s  in c lu d e d  in  t h i s  group s in c e  th e  s y s 

tem d e s ig n e r ,  s u b je c t  to  power c o n s id e r a t io n s ,  can  choose th e  f i l t e r  

b andw id th . On th e  o th e r  hand , th e  minimum s iz e  o f th e  CRT s p o t ,  

i s  n o t under h i s  c o n t r o l .  T h e re fo re ,  i t  was n e c e ssa ry  t o  o b ta in  i n 

fo rm a tio n  on a v a i la b le  v a lu e s  from  CRT m a n u fa c tu re rs . A sam pling  

o f t h i s  in fo rm a tio n  i s  su p p lie d  a s  T a b le  3 -1 .  On th e  b a s i s  o f t h i s  

d a t a ,  th re e  nom inal s p o t  s iz e s  w ere s e le c te d ;  5xl0*^cm as  r e p r e s e n t 

a t iv e  o f th e  la rg e  d ia m e te r  m agnetic  d e f l e c t i o n  tu b e s ,  2 0 x l0 “^cm as 

r e p r e s e n ta t iv e  o f  th e  la rg e  d ia m e te r , h ig h  r e s o lu t io n  e l e c t r o s t a t i c  

d e f le c t i o n  tu b e s ,  and 50x10 cm as  r e p r e s e n ta t iv e  o f th e  group  th a t  

in c lu d e s  th e  a v a i la b le  F a i r c h i ld  765H s e r i e s  O s c il lo s c o p e s .  As an  

a d d i t io n a l  r e s u l t  o f  th e  co rresp o n d en ce  r e q u ir e d  to  g e n e ra te  T ab le  

3 -1 ,  in fo rm a tio n  on c u r r e n t  phosphor decay  tim es was o b ta in e d .

P h ilc o  d a ta  shows P16 phosphor w ith  a  decay  tim e to  th e  107. p o in t  

o f 0 .1  m icrosecond  and P24 w ith  a  v a lu e  o f 1 m icro seco n d . F o r e x 

tre m e ly  h ig h  sp eed  u s e , W estinghouse l i s t s  i t s  1X42 phosphor as 

h av in g  a decay  tim e o f  1 nanosecond.

The com puted v a lu e s  of N and M a re  g iv e n  in  T ab le  3 -2  f o r  a 

se lec  te d  sam ple o f  sy stem  p a ra m e te rs . T hese exam ples a re  f o r  th e
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M an u fac tu re r

P h ilc o

N ote:

G e n e ra l
E l e c t r i c

F a i r c h i ld

*

W eatinghouse

N ote:

D e s ig n a tio n  R e s o lu tio n  D iam ete r Phosphor Focus &
x l0 " 3cm in c h e s  D e f le c t io n

4XP16 0 .976 2 .8 P16 Mag -  Mag
4WP16 0.725 2 .8 P16 Mag -  Mag
5ECP16 1.27 5 P16 Mag -  Mag
5ECP24 1.27 5 P24 Mag -  Mag

P16 0 .1 m icroseconds decay to 107. p t .
P24 1 .0 fl II 19 it it

Z4836 5 .0  2 S p e c ify  ES -  Mag
Z4880 2 .5  3 " ES -  Mag
Z4790 5 .0  5 " ES -  Mag
Z4915 1 .25  5 " Mag -  Mag
Z4665 16 .0  5 " ES -  ES

5CWP 2 5 .0
K2202 3 .7
K2252 3 .5
K1871 1 .8
K21321P-2/B 4 5 .0

5
2
2%
5
4

*  765H S e r ie s  O sc illo sc o p e

S p e c ify ES -  ES 
ES -  ES 
ES -  ES 
Mag -  Mag 
ES -  ES

WX4903P 
WX30890

1.6
1 .3

4%
4%

S p e c ify

PX42 Phosphor 1 .0  nanosecond decay  to  107. p t .

ES -  Mag 
ES -  Mag

CATHODE RAY TUBE CHARACTERISTICS 

T a b le  3-1
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h * 0.1cm
c -  2.0cm
s -  15cm 

o

AA
A° cm

wo
cm

v 0
cm

N M

30 0.005 0 .03 3 .0 2 .3 6 .9
*0.2841 *4 .45 2 .6 8 .1

100 0 .03 3 .0 0 .96 3 .4
*0.156 *6 .01 1 .0 3 .5

30 0 .0 2 0 .0 3 3 .0 1 .4 3 .4
*0.284 *4 .45 1.5 3 .7

100 0 .03 3 .0 0 .75 2 .3
*0.156 *6 .01 0 .7 9 2 .3

30 0 .0 5 0 .0 3 3 .0 0 .76 1.7
*0.284 *4 .45 0 .7 9 1 .8

100 0 .03 3 .0 0 .52 1 .4
*0.156 * 6 .0 1 0 .5 4 1 .4

* Optimum v a lu e s o f and o v0

values OF n AND M

T ab le  3-2
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d e s i r a b l e  c a se  of re a s o n a b ly  la rg e  f i lm  s i z e  and sm a ll page s i z e  w hich 

combine to  form  a la rg e  c a p a c i ty  memory. N ote th a t  o p tim iz a tio n  o f uq 

and wQ le a d s  to  only  m odest in c re a s e s  in  c a p a c i ty  w h ile  r e s u l t i n g  in  

page overlap ,*  i . e . ,  wQ ik h .  T h is  o v e r la p p in g  n e c e s s i t a t e s  m u l t ip le  

f i lm  e x p o su re .

A more e x te n s iv e  s e t  o f v a lu e s  o f N and M i s  l i s t e d  in  T ab le  3 -3 . 

I n  exam in ing  th i s  l i s t ,  r e c a l l  t h a t  th e  maximum number of rows o f 

pages in  a d i r e c t io n  on th e  f i lm  s h e e t of d im ension  c i s  c / h .  Thus 

i f  th e  f i lm  dim ension  i s  0 .5  cm and th e  page s e p a r a t io n ,  h , i s  0 .1  

cm, th e n  f iv e  rows o f pages can  be form ed . U sing t h i s  ta b le  t o  com

p a re  th e  v a lu e s  o f N to  th o se  o f M, one can  c l e a r l y  see  th e  h ig h  

p r ic e  in  b i t - p a c k in g  d e n s i ty  t h a t  i s  p a id  f o r  s id eb an d  h o lo g rap h y .

In -L in e  o r Gabor Type Hologram . As was p re v io u s ly  s t a t e d ,  th e

m o tiv a t io n  f o r  s id e -b a n d  ho lo g rap h y  was t h a t  i t  removed th e  n o is e
2 2

s ig n a l  cau sed  by th e  |B I and lol te rm s . A nother w ell-know n advan

ta g e ,  w hich was n o t m en tioned  in  th e  above, i s  t h a t  i t  a ls o  a n g u la r 

ly  s e p a r a te s  th e  r e a l  image from  th e  v i r t u a l  image as shown in  F ig u re  

493 .1 9 . Because of th e  h ig h  p r ic e  in  b i t - s t o r a g e  d e n s ity  b e in g  p a id  

f o r  t h i s  n o is e  s u p p re s s io n , a c lo s e r  ex am in a tio n  o f th e  need f o r  i t  

was made.

As in  th e  p re c e d in g  w ork, th e  fo cu s  p la n e  i s  t h a t  p lane  in  w hich 

2 2th e  c o e f f i c i e n t s  o f o( and £  in  th e  exp o n en t a re  z e ro .  Thus f o r  th e

49 Goodman, op. c i t . . p . 218.
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VIRTUAL IMAGE

REAL IMAGE

RECONSTRUCTION
SOURCE

OBSERVER

ANGULAR IMAGE SEPARATION 
OF

SIDE-BAND HOLOGRAPHY 

FIGURE 3 - 1 9



desired  term,

0 = 1/R /  l / v 0 - 1 / u q  - l / s 0

I f  Uq ■ Vq , th en

R :  Sq = Rg . . r e a l  image 

F o r i t s  c o n ju g a te  image te rm ,

0 = 1/R /  1/Vq /  I / u 0 /  1/ Sq

1/R = - (1 /vq /  1 /uq /  1 / sq) . *. v i r t u a l  image

F or th e  so u rce  -  so u rc e  c o n ju g a te  te rm ,

0 .  l / v 0 /  1/R 

R -  -Vq .* .  v i r t u a l  image 

F o r th e  o b je c t  -  o b je c t  c o n ju g a te  te rm ,

0 = l / v Q /  1/R

R ■ -Vq . . v i r t u a l  image

S in ce  a l l  th e  n o is e  w av e fro n ts  a re  seem ing ly  g e n e ra te d  on th e  f a r  

s id e  o f th e  ho logram , one would e x p e c t th e  power d e n s ity  a t  th e  se n 

s o r  p lan e  due to  th e  n o is e  w av efro n ts  t o  be sm a ll compared to  th e

power d e n s ity  o f th e  fo cu sed  s ig n a l  w a v e fro n t. T h e re fo re , i t  ap p ea rs

th a t  th e  Gabor ty p e  hologram  can be u sed  e f f e c t i v e l y .  A sch em a tic  of 

th e  proposed sy stem  i s  shown in  F ig u re  3 -2 0 .

W hile t h i s  may in c re a s e  th e  v a lu e  of N, i t  can  n o t make i t  e q u a l

to  t h a t  o f M. The re a so n  f o r  t h i s  i s  e v id e n t from  F ig u re  3 -2 1 . As 

can  be seen , th e  d a ta  mask must be s e t  to  th e  s id e  so t h a t  th e  r a d i a 

t i o n  from  i t  i s  n o t in te r c e p te d  by th e  r e f e r e n c e  beam co n v erg in g  

l e n s .  To th o se  u n fa m i l ia r  w ith  h o lo g rap h y , th e  ap p aren t s o lu t io n  

m igh t be to  p la c e  th e  re fe re n c e  beam b eh in d  th e  f i lm ,  as shown in
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DATA
MASK

FOCUS OF
REFERENCE
BEAM

HOLOGRAM

SCHEMATIC OF DESIRED 
GABOR SYSTEM

FIGURE 3 -  20



DASHED RAYS INDICATE CONE OF BLOCKAGE

EFFECT OF REFERENCE BEAM LENS 

FIGURE 3 - 2 1
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F ig u re  3 -2 2 . T h is ,  how ever, p roduces a r e f l e c t i o n  hologram  In  which

50th e  Image I s  view ed w ith  r e f l e c t e d  l i g h t .

S in c e  th e  o b s ta c le  to  th e  h ig h e r  b i t - s t o r a g e  d e n s i ty  i s  th e  

p re se n c e  o f th e  p h y s ic a l co n v e rg in g  le n s  in  th e  r e f e r e n c e  beam, a s o 

l u t io n  i s  t o  remove th e  p h y s ic a l  le n s .  T h is  can  be accom plished  by 

abandoning  th e  p h y s ic a l 'w r i t e '  p ro c e ss  in  fa v o r  o f a s y n th e t ic  w r i te

p ro c e s s ;  i . e . , g e n e r a t e  th e  hologram  on a com puter. As w i l l  be shown
2

l a t e r ,  t h i s  te c h n iq u e  makes i t  p o s s ib le  to  e l im in a te  th e  IB i and 

10 I n o is e .  T h is  s y n th e t ic  sy stem  i s  th e  s u b je c t  o f  C h ap te r IV.

H aving th u s  removed th e  o b s ta c le  o f th e  le n s ,  th e  hologram  can  be made 

so  t h a t  N « M.

In te rp a g e  C ro s s ta lk  -  M echan ica l S u p p re s s io n . In  exam ining  

T ab le  3 -3 , one o b serv es  t h a t  as th e  page s e p a r a t io n  i s  in c re a s e d ,  th e  

a llo w a b le  number o f b i t s  p e r  page in c re a s e s  a l s o .  However, one n o te s  

th a t  th e  number of pages p e r  f ix e d  s i z e  hologram  d e c re a se s  as page 

s e p a r a t io n  in c r e a s e s .  The ad v an tag e  o f th e  o p t i c a l  su p p re s s io n  of 

in te rp a g e  c r o s s t a l k  i s  t h a t  th e  u s e r  need on ly  p o s i t i o n  th e  hologram  

in  a  s e t  p la n e  in  f r o n t  o f th e  CRT w ith  no co n ce rn  as to  th e  d e ta i le d  

a lig n m en t in  t h a t  p la n e . The a lig n m en t would be done by e l e c t r o n i c a l 

ly  p o s i t io n in g  th e  CRT s p o t s ' c o o rd in a te  axes to  c o in c id e  w ith  th o se  of 

th e  ho logram . However, i f  th e  p r ic e  in  b i t  s to ra g e  d e n s i ty  th a t  must 

be p a id  f o r  t h i s  system  co n v en ien ce  i s  to o  h ig h , th e  in te rp a g e  c r o s s 

t a l k  c a n , o f c o u rs e ,  be su p p re s se d  m e c h a n ic a lly . A scheme f o r  t h i s

50
I b i d . p . 251.



Re fl e c t io n  hologram

FIGURE 3-22
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I s  shown In  F ig u re  3 -2 3 .

An e s t im a te  o£ th e  p r ic e  In  s to ra g e  d e n s i ty  b e in g  p a id  f o r  th e  

o p t i c a l  su p p re s s io n  can  be o b ta in e d  from  T ab le  3 -3 . C o n sid e r th e  h =

0 .5  cm colum ns as in d i c a t iv e  o f th e  in c re a s e  in  d e n s i ty  th a t  would be 

a f fo rd e d  by a  m echan ica l sy stem ,’ i . e .*  th e  v a lu e s  in  th e  h = .5  column 

a re  a t t a in a b le  f o r  s e p a r a t io n s  o f h ■ 2 w q  = 0 . 1  cm. On a two dim en

s io n a l  b a s i s ,  th e  p r ic e  i s  a d e c re a se  in  d e n s i ty  o f betw een tw enty 

and tw e n ty - f iv e - to - o n e . As an exam ple, c o n s id e r  th e  c a se  o f c • 2cm, 

Wq -  0 .05cm , AA = 30A°, sq  = 15cm, A ,  a 0 .02cm , and Vq * 0.5cm . I f

c a s e  i s  115,600 i f  m ech an ica l s e p a r a t io n  u se d . The h ig h e r  r e s o lu t io n  

CRT would in c re a s e  t h i s  to  o v er o n e -h a lf  m i l l i o n  b i t s .

The h = 0.5cm c a se  i s  o n ly  in d i c a t iv e  o f th e  d e n s i ty  p o s s ib le  

i f  m ech an ica l s u p p re s s io n  i s  u sed . Em ploying th e  m athem atics de

v e lo p e d  in  th e  p re v io u s  s e c t io n  e n t i t l e d  ' I n t e r p r e t i v e l y  D erived  

Computer S im u la t io n ',  one can  w r i te

h a 0.1cm , M2 -  3 .8 2 fts 4 2 = 16; b u t i f  h - 0 .5cm , th e n  M2 - 1 7 .32 ^  
2

17 = 289. F o r c • 2 , th e  t o t a l  number of b i t s  f o r  th e  h = 0.5cm

i  A p /(k w 0) /  A ^ v0y

U 8in« 'Ihnax 2 c /2  -  wo mA  y j max = smax

one o b ta in s
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Ro c { A k / k [  c /< 2u0) / « o / 8o ]  * A P/(kw o ^  AP/vq

oc k  bq

A F o r t r a n  program was w r i t t e n  to  e v a lu a te  f o r  th e  fo llo w in g  

v a lu e s :

The program  was ex ecu ted  by s e t t i n g  v a lu e s  of M up t o  20 and exam in

in g  th e  e f f e c t  o f th e  v a r i a t i o n  on ^ Q. From th e  e q u a t io n ,  o b serve  

t h a t  as M in c r e a s e s ,  ^ 8 in c re a s e s  to  i n f i n i t y .  F u r th e r  in c re a s e s  in  

M r e s u l t s  in  n e g a tiv e  v a lu e s  o f y

In  a l l  th e  c a se s  com puted, rem ained p o s i t i v e ;  i . e . ,  r e a l i z a b l e .  

As s p e c i f i c  exam ples o f t h i s  c o n s id e r

AA= 100 A° 

c ■ 2cm 

s Q a 15cm 

s 0.02cm 

wQ a 0.03cm

v a 0.5cm 3.0cmo

M -  20

/ \ \ z 30, 100 A°

c a 0 .5 ,  1 .0 ,  2.0cm

s Q a 3 , 10, 15, 30cm

v Q r 0 .0 5 , 1 .0 ,  3.0cm  

wQ = 0 .0 3 , 0 .1 ,  0 .1 5 , 0.5cm
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Then

^  g s 1.9cm 0.34cm

I n te r p r e t i n g  t h i s ,  a t  l e a s t  400 b i t s  can  be s to re d  on a 0.03cm  page 
2

and 33 pages o r 435K b i t s  on a 2cm sq u a re  p ie c e  of f i lm .

Expanded System . I f  th e  c a p a c i ty  of th e  system , as d e s c r ib e d  to

th i s  p o in t ,  i s  n o t g re a t  enough, s e v e r a l  m ethods e x i s t  to  in c re a s e  i t .

One of th e  more obvious methods i s  to  in c re a s e  th e  number o f b i t s  per

page by in c r e a s in g  th e  s iz e  of th e  d a ta  m ask. However, i n  exam ining

th e  e x p re s s io n  f o r  ^ Sprea<j» one n o te s  th a t  as y jmax i s  in c re a s e d ;

i . e . , a s  more d a ta  p o in ts  a re  added , ^ s p r e a d  i s  in c re a s e d .  The la r g -

e r  ^ Sprea<j» c o u rs e ,  r e q u ir e s  more sp a c in g  between d a ta  p o in ts  and

th i s  r e s u l t s  in  an even la rg e r  v a lu e  f o r  y ,  . The outcome i s  a
Jmax

cumbersome d a ta  m ask. More im p o r ta n t , how ever, i s  th e  f a c t  th a t  th e re  

i s  a l i m i t  to  th e  f i e l d  of view t h a t  th e  h o lo g ra p h ic  f i lm  can  f a i t h 

f u l l y  r e c o r d ;  i . e . ,  th e  f i lm , as n o te d  in  C h ap te r IV, has  a  f i n i t e  

r e s o lu t io n  l i m i t .  U sing th i s  te c h n iq u e  f o r  in c re a s in g  th e  system  c a 

p a c i ty  w ould e v e n tu a l ly  expand th e  d a ta  mask to  th e  p o in t  t h a t  i t  

would exceed  th a t  f i e l d  of v iew . A second obvious m ethod, t h a t  o f i n 

c re a s in g  th e  number o f pages p e r ho logram , w i l l  lead  to  th e  same p ro b 

lem. T h is ,  l ik e w is e ,  can be seen  by exam ining  the  e x p re s s io n  f o r

^  sp read*

Two o th e r  methods w i l l  be d e s c r ib e d  h e r e .  Both c a l l  f o r  in c r e a s 

in g  th e  a d d re s s in g  nom enclature by on l e v e l .  S tan d a rd  system s have 

th e  b i t ,  th e  w ord, th e  page, and th e  memory. A new s u b d iv is io n ,  th e  

c h a p te r ,  i s  p ro p o sed . As i t s  name im p l ie s ,  i t  would be composed o f
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page8 i . e . , i t  would be  a new le v e l  betw een  th e  page and th e  memory.

The f i r s t  method i s  p re d ic a te d  on th e  assum ption  t h a t  a  s u i t a b l e  

p h o to -d e te c to r  r e a d -o u t  a r ra y  i s  a v a i la b le  a t  a low c o s t .  I f  s o ,  

s e v e r a l  d e t e c to r  a r r a y s  cou ld  be p o s i t io n e d ,  as in d ic a te d  i n  F ig u re  

3 -2 4 , so  t h a t  e ac h  a r r a y  sensed  th e  s ig n a l  from  a s p e c i f i e d  p o r t io n  

of th e  ho logram ; t h a t  p o r t io n  b e in g  a c h a p te r .  The o u tp u ts  o f  each  

a r ra y  would be co n n ec ted  in  p a r a l l e l  t o  th e  c o rre sp o n d in g  o u tp u ts  of 

a l l  th e  o th e r  a r r a y s .  I t  i s  im p o r ta n t to  n o te  th a t  w h ile  th e  a d d re s 

s in g  nom encla tu re  has been  in c re a s e d ,  th e  a c tu a l  a d d re s s in g  code has 

n o t .

The second  method u t i l i z e s  a  sy stem  o f m ir ro rs  p la c e d  so  as to  

a p p a re n tly  d u p l i c a te  th e  m u l t ip le  a r r a y  te c h n iq u e  of th e  f i r s t  sy stem . 

T h is  system  i s  shown in  F ig u re  3 -2 5 . I t  sh o u ld  be m en tioned  th a t  th e  

ho lo g ram -to -im ag e  d is ta n c e  co u ld  e a s i l y  be v a r ie d  betw een c h a p te r s  to  

conform  to  th e  geom etry  of th e  m i r ro r  sy stem . The same co u ld  be done 

f o r  th e  a p p a re n t a n g le  of th e  im age.

U sing a  fo u r  in c h  CRT, th e  c a p a c i ty  o f th e  system  c o u ld  be i n 

c re a s e d  tw e n ty - f iv e  f o ld  by means o f th e  'c h a p t e r '  te c h n iq u e . U sing 

th e  v a lu e s  o f a  p re v io u s  exam ple, t h i s  would allow  f o r  th e  s to ra g e  of 

o ver 10 M e g a b its .

C o n c lu sio n s

The f e a s i b i l i t y  o f  u s in g  a  CRT as th e  so u rce  o f r a d i a t i o n  f o r  a 

com puter ROM h a s  been p roven . W hile i t  has been shown p o s s ib le  t o
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su p p re ss  in t e r - p a g e  c r o s s - t a l k  by a  p u re ly  o p t i c a l  te c h n iq u e ,  th e  

m ech an ica l page s e p a r a t io n  te c h n iq u e  was p roven d e s i r a b le  from  a  b i t  

d e n s i ty  p o in t  o f v iew . U sing t h i s  l a t t e r  approach and a  s y n th e t i c a l 

ly  g e n e ra te d  ho logram , a RAM system  was desig n ed  t h a t  has  a b i t  s t o r -
2

age d e n s i ty  c a p a b i l i t y  in  e x c e ss  o f 100K b i t s  per cm and an acc ess  

tim e o f ap p ro x im a te ly  10 n an o seco n d s.
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CHAPTER IV 

SYNTHETIC HOLOGRAM

In tr o d u c t io n

On th e  b a s is  o f th e  b i t - s t o r a g e  d e n s i ty  c o n s id e r a t io n s  developed 

in  C h ap te r I I I ,  i t  was d e te rm in ed  th a t  a s y n th e t i c a l l y  g e n e ra te d  h o lo 

gram sh o u ld  be p roduced . In  th e  p re s e n t  C h a p te r , th e  a b i l i t y  o f the 

s y n th e t ic  approach  to  su p p re ss  unw anted term s th a t  a re  p re s e n t  in  the 

o p t i c a l l y  p roduced  hologram  i s  shown. A lso  n o ted  i s  th e  d i f f u s io n  

advan tage  o f th e  s y n th e t ic  d a ta  mask p o in t  s o u rc e s .  As i s  shown in  

C h ap te r V, th e re  a re  o th e r  b e n e f i t s  to  be d e r iv e d  from  u t i l i z i n g  a 

s y n th e t ic  ho logram . F o r exam ple , th e  s y n th e t ic  ho logram  can  be made 

f r e e  from  th e  d e tr im e n ta l  e f f e c t s  o f  le n s  im p e rfe c tio n s  and mechan

i c a l  v ib r a t i o n s .

In  t h i s  C h a p te r , th e  n e c e s s a ry  e q u a tio n s  a re  developed  to  c a l 

c u la te  th e  tr a n s m itta n c e  p a t t e r n  o f th e  s y n th e t ic  ho logram . To im

plem ent t h i s  th e o ry  a modem was d es ig n ed  and f a b r i c a te d  f o r  th e  p ro 

d u c t io n  o f s y n th e t ic  ho logram s; and t h a t  modem was co n n ec ted  to  a 

rem ote com puter te rm in a l so  t h a t  a  sam ple s y n th e t ic  ho logram  cou ld  

be made to  show th e  f e a s i b i l i t y  o f t h i s  approach . T h is  C h a p te r  con

t a in s  a  d e s c r ip t io n  o f th e  a c tu a l  system  and th e  r e s u l t s  of system  

t e s t i n g  as  w e l l  as an exam ple o f s y n th e t ic  hologram s produced by the  

sy stem .

D e r iv a t io n  o f T ran sm issio n  P a t t e r n  E q u a tio n

F i r s t ,  th e  a p p ro p r ia te  e x p re s s io n  f o r  th e  tr a n s m is s io n  p a t te r n  

o f th e  hologram  m ust be d e te rm in e d . As p re v io u s ly  s t a t e d ,  th e  syn-



120

t h e t l c  n a tu re  o f  t h i s  p ro c e s s  a llo w ed  th e  u t i l i z a t i o n  of an o th e r 

w ise  im p r a c t i c a l  d a ta  m ask, i . e .  a  mask c o n fig u re d  o f id e a l  p o in t 

s o u rc e s .  U sing  th e  c o o rd in a te s  o f  F ig u re  4 -1 ,  th e  r a d i a t i o n  from  th e  

d a ta  mask in c id e n t  on th e  f i lm  p la n e  was e x p re sse d  as

ik s  
A, ® -

where

’•i j

and i j  i s  c o n s id e re d  as a s in g le  s u b s c r ip t .  As p re v io u s ly  d e s c r ib e d ,

8 - = h 2 / ( -  xi)2 * - y }  ] *

th e  r e f e r e n c e  beam was e x p re s s e d  as

- ik u
nr e £ ( « ' . ^ )  = * r . f  V

where

u -  [ u o2 /  (<* - « 0) 2 /  (Z3- ^ ) 2 ] *

Thus th e  com plex s ig n a l  am p litu d e  a t  th e  hologram  p la n e  i s

^ o l o ^ 0*’ ^  " ^ b j ^ 0* * ^  ^ Ur e f  ̂  ^

and th e  c o rre sp o n d in g  i n t e n s i t y  i s

W * " 4 '  ■ [ Uo b j < * >,4) > Ur e f < «

= I “ obj1 2 * ' “ r e f 1 2 * " r X b j  * Dre £ UobJ 

F o r th e  c a se  o f  ^  - 2 ,  th e  l a s t  e x p re s s io n  i s ,  e x c e p t f o r  a m u l t i -
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p l i c a t i v e  c o n s ta n t ,  a l s o  th e  e x p re s s io n  f o r  th e  h o lo g ram 's  am p litude  

t r a n s m it t a n c e ,  Th o l o ^ ' ^ ^ *  U sing th e  n o ta t io n  o f C h ap te r I I ,

Th o l o « ’ ^  s ^ I h o lo ( o ( , '3 )

As p re v io u s ly  n o te d , th e  f i r s t  two te rm s o f  Th o lo ^  * > a re  

n o is e  te rm s th a t  can  m a th e m a tic a lly  be d is c a rd e d  from  th e  hologram  

p r o c e s s .  S in ce  th e  s y n th e t i c  com puter g e n e ra te d  hologram  i s  n o t e n 

cum bered by th e  same c o n s t r a i n t s  as th e  p h y s ic a l  h o lo g ra p h ic  p ro c e s s ,  

th e s e  te rm s can be su p p re s se d . R e c a ll in g  th a t  th e  complex a m p litu d e , 

U, was d e f in e d  as th e  tim e -in d e p e n d e n t p o r t io n  o f th e  complex a n a ly 

t i c  s ig n a l ,  i t  i s  a p p a re n t t h a t  th e  v i r t u a l  image te rm , T ^ , can n o t be

d is c a r d e d .  R a th e r , i t  m ust be combined w ith  T^ to  form  th e  r e a l ,  o r 

p h y s ic a l  s i g n a l .  N ote t h a t  and a re  th e  t r a n s m it ta n c e  term s 

c o rre sp o n d in g  to  th e  t h i r d  and f o u r th  term s o f  th e  above e x p re s s io n  

f o r  I h 0 i 0 * T hus, th e  t r a n s m it ta n c e  fu n c tio n  to  be s y n th e s iz e d  b e 

comes

■ 2 “  [  ur e £ < » ' - ^  W ' t - H

,  * 
w here i s  th e  phase o f Ai j Ar e f»

C lo s e r  ex am in a tio n  o f  T g ^  r e v e a ls  t h a t  i t  i s  c a p a b le  o f assum

in g  n e g a t iv e  v a lu e s .  T h is  i s  n o t  c o n s is te n t  w ith  th e  p r o p e r t i e s  o f 

th e  re c o rd in g  medium. In  th e  o p t i c a l l y  p roduced  c a s e ,  th e  and 

te rm s , s e rv in g  as a b i a s ,  p re v e n t t h i s  from  o c c u r r in g .  In  th e  sy n 

t h e t i c  c a s e ,  a  b ia s  te rm  i s  a l s o  r e q u ir e d .  L e t t h i s  te rm  be
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A
X “ 2 

b ia s  “min 8 i j  min4 - a  8H

N o tin g  th a t  u 2s uQ and n j *  v  t h i s  b ia s  can  s a f e ly  be adop ted  as

IA *

= 2 A .b ia s  u0s Q “  i j

The e x p re s s io n  f o r  th e  tr a n s m is s io n  o f th e  s y n th e t ic  hologram  th en  

becomes

•  2 t r ¥ -  L a  A:Es y i . ' -  u0s 0 <Xj> i J

* 2 - 7 T  cos [  k (8 l J ,<u) * * u  ]

Em ploying th e  p a r a x ia l  a p p ro x im a tio n  as b e f o r e ,  i . e .

f o r  am p litu d e  c o n s id e ra t io n s  

u ■ uo

S -  30

f o r  phase  c o n s id e ra t io n s

f
11 s  u  /

°  2u

8 j  i s  8 r  i j  o 2s

th e  t r a n s m is s io n  f u n c t io n  i s

A * r e f
I * ,  |  1 * cos  [  "o *T ( * , / $ ) :  2 /  . A, . < i  ^ cos I u * s

syn ' ? >  u0s 0 i J  1 L o o



I t  sh o u ld  be n o te d  th a t  I n  th e  a c tu a l  p ro d u c tio n  o£ th e  s y n th e t ic  h o lo 

gram , a  T 0f £ 8 e t  was added to  r a i s e  Tayn above th e  fo g  le v e l  o f th e  

f i lm .

An i n t e r e s t i n g  s id e  e f f e c t  o f u t i l i z i n g  p o in t  so u rc e s  f o r  th e  d a 

t a  mask sh o u ld  a ls o  be n o te d . In  norm al pho to g rap h y , any p o r t io n  o f 

th e  scene  b e in g  re c o rd e d  i s  re c o rd e d  o n ly  on one a r e a  o f th e  f i lm .  I f  

th a t  a r e a  o f th e  pho tograph  i s  d e s tro y e d , a l l  in fo rm a tio n  abou t th a t  

p o r t io n  o f th e  scene i s  l o s t .  L ik ew ise , i f  a  ho logram  o f a d a ta  mask 

w ith  la rg e  b i t  h o le s  i s  made u s in g  n o n -d if fu s e  l i g h t ,  a  s im i la r  r e 

s u l t  o c c u rs .  To overcome th e  p o s s i b i l i t y  o f a sm a ll s c r a tc h  o r  a 

sp eck  o f d u s t  d e s tro y in g  in fo rm a tio n  c o m p le te ly , h o lo g ra p h e rs  can  

d i f f u s e ly  i l lu m in a te  o b je c t s .  T h is  r e s u l t s  in  l i g h t  from  e v e ry  p o r

t i o n  o f  th e  o b je c t  s c a t t e r i n g  to  e v e ry  a re a  segm ent o f th e  f i lm .  

C o n s id e r  th e  e f f e c t  o f d e c re a s in g  th e  s iz e  o f th e  d a ta  b i t  h o le s .  As 

th e  h o le s  a re  d e c re a se d  in  s i z e ,  t h e i r  d i f f r a c t i o n  p a t te r n s  a t  th e  

hologram  p la n e  in c r e a s e .  F o r th e  l im i t in g  c a se  o f  p o in t  'h o l e s ' ,  

th e  d i f f r a c t i o n  p a t te r n  becomes i n f i n i t e .  As a r e s u l t ,  th e  in fo rm a

t i o n  from  any one b i t  i s  s to r e d  everyw here on th e  ho logram . T hus, 

th e  s y n th e t i c  hologram  d ev e lo p ed  in  t h i s  C h ap te r p o s se s s e s  Che p rop 

e r t i e s  o f a  d i f f u s e  hologram .

D i g i t a l i z a t i o n

In h e re n t  i n  t h i s  s y n th e s is  was th e  need to  c o n v e r t th e  tr a n s m is 

s io n  f u n c t i o n  Tsy n (of ,< £ ) ,  from  a  co n tin u o u s  fu n c t io n  o f <y and 0  i n 
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t o  a d i s c r e t e  fu n c tio n  o f th o se  c o o rd in a te s .  In  acco m p lish in g  t h i s ,  

I t  i s ,  o f c o u rs e ,  n e c e ssa ry  t o  sam ple th e  e ( ,/3  p la n e . To t h i s  en d , 

th e  sam p lin g  r a t e  had to  be d e te rm in e d .

53
S in c e  freq u en cy  i s  d e f in e d  as

f  A 1 d phase
”  2 tt d v a r i a b le

th e  s p a t i a l  freq u en cy  com ponent of TSyn ( o ( » ^ )  *n th® d i r e c t io n  i s

f  .  J L  d Q kC sju /u )/ 0 ^ )
* “ I'D- d oL

±  r ^  ~°<o i  «  ~x i  1
= ^  l  u0 8 o  J

Thus th e  N y q u is t R ate  i s

N.R * 2_ r 5J2, . l
L uo 8o J

F o r th e  exam ple o f page 113 o f C h ap te r I I I ,

2
N .R .^   f  0 .0 3  , 7 .8  1

^  l  3 15 J5145(10

i  19 ,400 l i n e s  per cm. 

s 1 ,940  l i n e s  per mm.

S in c e  th e  r e s o lu t io n  l i m i t  o f A gfa 10E70, a h ig h  r e s o lu t io n  f i lm  used  

f o r  h o lo g rap h y  i s  2800 l i n e s  p e r  mm, i t  i s  p o s s ib le  to  g e n e ra te  such

33 A. C a r ls o n ,  Com m unications System s: An I n t r o d u c t io n  to  S ig n a ls
and N oise  in  E l e c t r i c a l  Com m unication. McGraw H i l l ,  New Y ork, 
1968, p . 223.



126

a hologram . I t  sh o u ld  be n o ted  th a t  th e  v a l i d i t y  o£ u s in g  th e  N yqu ist 

r a t e  as th e  minimum r a t e  t o  p rev en t a l i a s i n g  o£ th e  F re s n e l  tra n s fo rm  

has  been  shown i n  th e  l i t e r a t u r e . ^ 1, *55*56

A more s t r i n g e n t  re q u ire m en t was p la c e d  on th e  f i l m 's  r e s o lu t io n

l i m i t  when th e  e f f e c t  o f sam ple p u ls e  w id th  was c o n s id e re d . As i s  w e ll
57 58known in  com m unications th e o ry , '  th e  e f f e c t  of p e rm it t in g  th e  Ny

q u i s t  r a t e  sam pling  p u lse  w id th  to  ap p ro ach  a  d u ty  c y c le  o f f i f t y  p e r 

c e n t  i s  to  de-em phasize  th e  h igh  fre q u e n c y  p o r t io n  of th e  s i g n a l 's  

sp ec tru m . In  te rm s of th e  memory sy stem , t h i s  means t h a t ,  as th e  syn 

t h e t i c  h o lo g ram 's  sam ple p u lse  w id th  in c r e a s e s ,  th e  o u te r  d a ta  b i t s  of 

th e  imaged d a ta  mask a re  s u b je c t  to  a  r e l a t i v e  decrem ent i n  i n t e n s i t y .  

P ro v id ed  th a t  t h i s  decrem ent i s  no t to o  s e v e re ,  i t  can  be com pensated 

f o r  by v a ry in g  th e  s e n s o r  a m p li f i c a t io n  w ith  p o s i t io n .  I n t e r p r e t i n g  

t h i s  re q u ire m e n t, th e  r e s o lu t io n  l i m i t  of th e  f i lm  must be g r e a t e r  

th a n  th e  N y q u is t r a t e ;  e x a c t ly  how much g r e a t e r  depends on th e  se n 

s o r s '  s e n s i t i v i t y  and dynamic ra n g e .

^  T . Haung, " D i g i t a l  H olography", IEEE S pectrum . V o l. 5 9 , No. 9, 
S e p t .  1971, p .  1344.

^  W. C athey  J r . ,  "The E f f e c t  of F i n i t e  Sam pling in  H o log raphy" , 
O jjtik , V o l. 2 7 , 1968, pp . 317-26 .

^  W. C a r te r ,  " A l ia s in g  in  Sampled H ologram s", P ro ceed in g s of IEEE. 
V o l. 56, J a n .  1968, pp . 96-8 .

57 A. C a r lso n , Op. C i t .« pp . 283 -6 .

E . C ra ig , L ap lace  and F o u r ie r  T ransfo rm s f o r  E l e c t r i c a l  E n g in e e rs .
H o l t ,  R in e h a r t ,  and W inston , New Y ork , 1966, pp. 3 9 4 -8 .
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T h is  d is c u s s io n  would n o t be com plete  w ith o u t acknow ledging th e  

p re sen ce  o f  q u a n t iz a t io n  n o is e .  A th e o r e t i c a l  a n a ly s i s  of th e  e f f e c t  

o f t h i s  q u a n t iz a t io n  n o is e  on th e  o u tp u t image w ould be ex trem ely  com

p l i c a te d  s in c e  th e  q u a n t iz a t io n  i s  ta k in g  p la c e  i n  th e  F re s n e l  domain 

of t h a t  im age. T h e re fo re ,  i f  i t  i s  d e s ire d  to  know th e  s p e c i f i c  e f 

f e c t s  o f  th e  q u a n t iz a t io n  on th a t  o u tp u t im age, th e  e x p e rim e n ta l av 

enue ap p e a rs  to  be th e  b e s t  ap p ro ac h . For th e  memory system , th e  

q u a n t iz a t io n  n o i s e 's  e f f e c t s  w ere m inim ized by u t i l i z i n g  s ix te e n  le v 

e l s  of e x p o su re . I t  sh o u ld  be n o te d  th a t  th e  e f f e c t s  o f b in a ry ,  o r
59 ,60

two l e v e l ,  q u a n t iz a t io n  have been analyzed  in  th e  l i t e r a t u r e .  

Im p lem en ta tio n

As a  f i r s t  s t e p  tow ard  im plem enting  p ro d u c tio n  o f a s y n th e t ic  

ho logram , a F o r t r a n  program  was w r i t t e n  to  e v a lu a te  TSyn ^ 0 ,» ^ ) *

T h is  program  i s  su p p lie d  in  A ppendix IV

The second  s te p  was th e  d e s ig n  of a  system  c a p a b le  of c o n v e r t

in g  th e  n u m e ric a l o u tp u t o f  th e  com puter in to  a  ho logram . A b lo c k  

sch em a tic  o f th e  system  s e le c te d  i s  shown as F ig u re  4 - 2 .  T h is  p a r 

t i c u l a r  sy stem  was chosen  b e c a u se , in  u t i l i z i n g  th e  a v a i la b le  aco u s

t i c  c o u p le r ,  t e l e ty p e ,  o s c i l lo s c o p e ,  and cam era , i t s  in c re m e n ta l c o s t  

of ap p ro x im a te ly  $300.00 was w i th in  th e  p r o j e c t 's  b u d g e ta ry  con-

59 A. Kozma and D. K e lly , " S p a t i a l  F i l t e r i n g  f o r  th e  D e te c tio n  o f 
S ig n a ls  Submerged in  N o is e " , A pp lied  O p t ic s . V o l. 4 ,  Apr. 1965, 
pp . 387 -92 .

J .  Goodman, Op. C j t . .  p p . 235-40 .
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s t r a l n t s .  F u rth e rm o re , i n  n o t r e q u i r in g  s p e c ia l  c o n c e ss io n s  from  th e  

Computer C e n te r ,  I t  a llow ed  f o r  f l e x i b i l i t y  o f s c h e d u lin g .

An ex am in a tio n  o f th e  a v a i la b le  t e l e ty p e  system  in d ic a te d  th a t  

th e  o u tp u t of th e  a c o u s t ic  c o u p le r  was th e  p o in t  in  th e  t e l e ty p e  s y s 

tem m ost s u i t a b le  t o  s e rv e  as th e  in p u t to  th e  hologram  g e n e r a to r .

I t s  s u i t a b i l i t y  a r i s e s  from  th e  f a c t  t h a t  th e  au d io  f r e q u e n c y - s h i f t  

k ey in g  has been  tra n s fo rm e d  in to  th e  s ta n d a rd  v o l t a g e - le v e l  ASCII 

p u lse -c o d e  m o d u la tio n  s ig n a l  and from  th e  f a c t  t h a t  th e  o u tp u t o f 

th e  a c o u s tic  c o u p le r ,  b e in g  a ja c k  c o n n e c to r ,  l e n t  i t s e l f  t o  a  tem

p o ra ry  in t e r c e p t  t h a t  d id  n o t r e q u ir e  a  m o d if ic a t io n  o f th e  e x i s t i n g  

te le ty p e  system  h a rd w are .

From a system  d e s ig n  p o in t  o f v ie w , th e  modem of F ig u re  4 -2  

tra n s fo rm s  th e  s e r i a l  PCM o u tp u t o f th e  a c o u s t ic  c o u p le r  i n t o  a FDM 

s i g n a l .  T h is  PDM s ig n a l  i s  th e n  a p p l ie d  t o  th e  z -a x is  in p u t  o f th e  

o s c i l lo s c o p e .  T h is  in p u t sw itc h e s  th e  CRT s p o t 'o n ' f o r  th e  d u ra t io n  

o f th e  PDM p u ls e .

I t  was o r i g i n a l l y  in te n d e d  to  c o n v e r t  th e  s e r i a l  PCM o u tp u t o f 

th e  a c o u s t ic  c o u p le r  i n t o  a PAM s i g n a l .  An ex am in a tio n  o f th e  a v a i l 

a b le  F a i r c h i ld  766 o s c i l lo s c o p e  showed t h a t  i t s  in t e n s i t y  c i r c u i t r y  

in t e r a c t e d  w ith  i t s  fo c u s in g  c i r c u i t r y .  As a  r e s u l t ,  an a t te m p t t o  

am p litu d e  m odulate  th e  CRT s p o t would p roduce d e -fo cu sed  s p o t s .  T h is  

c o u ld  n o t be t o l e r a t e d  s in c e  h ig h  r e s o lu t io n  was needed t o  m eet th e  

sam pling  r a t e  r e q u ire m e n ts .  E xam ination  o f  th e  o s c i l lo s c o p e  a l s o  r e 

v e a le d  th a t  th e  Z -m o d u la tio n  in p u t was c a p a c i to r -c o u p le d  t o  th e  -1400
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v o l t  c a th o d e  o f  th e  CRT. S in c e  th e  asynchronous n a tu re  o f th e  In p u t 

d a ta  w ould p roduce u n d e s ira b le  t r a n s i e n t s  i f  a - c  co u p led  to  th e  c a th 

ode, i t  was n e c e ssa ry  to  d e v ise  a  d -c  c o u p lin g  schem e. The scheme, 

u t i l i z i n g  p h o to - e l e c t r i c  d e v ic e s ,  i s  shown in  a  su b seq u en t f ig u r e .

A t th e  end o f th e  H)M p u ls e ,  th e  of p o s i t io n  i s  s te p p e d  to  th e  

r i g h t  by one in c re m e n t, and th e n  th e  p ro c e ss  i s  r e p e a te d .  The in c r e 

ment i s  chosen  to  be e q u iv a le n t  t o  1/256 o f a  l i n e  w id th . A f te r  256 

p o in ts  have been  re c o rd e d  in  th e  ct d i r e c t i o n ,  one in c rem en t i s  made 

in  th e  §  d i r e c t i o n  and th e  ot p o s i t io n  i s  r e - i n i t i a l i z e d .  T h is  

p ro ced u re  c o n tin u e s  u n t i l  th e  256 by 256 p o s i t i o n  m a tr ix  o f th e  syn

t h e t i c  ho logram  has been co m p le ted . To p re v e n t com puter command s i g 

n a l s ,  e . g .  c a r r ia g e  c o n t ro l  and l i n e  f e e d , from  p ro d u c in g  e rro n eo u s  

p o in ts  on th e  hologram , a d i g i t a l  f i l t e r  was d e s ig n ed  to  d is c r im in a te  

a g a in s t  a l l  b u t th e  d e s ir e d  s ix te e n  c h a r a c te r  c o d e s .

The t h i r d  s te p  in  th e  in v e s t i g a t io n ,  th e  component s p e c i f i c a t i o n  

and th e  hardw are  f a b r i c a t i o n  was a s s ig n e d  to  R. Mozzone as p a r t  of 

h i s  M a s te r 's  T h e s is  w ork. F or th e  d e t a i l s  o f t h i s  s t e p ,  th e  re a d e r  

i s ,  t h e r e f o r e ,  r e f e r r e d  to  h i s  t h e s i s . H o w e v e r ,  f o r  th e  sake of 

co m p le te n e ss , th e  system  d iagram s a re  in c lu d e d  as F ig u re s  4-3A ,B ,C .

N e x t,a  rough  check  o f th e  s te p  s c a le  o f g ray  g e n e ra te d  by th e  

com plete  sy stem  was perform ed to  e n su re  re a so n a b le  l i n e a r i t y  w ith in

R. M ozzone, "A System  f o r  G e n e ra tin g  D i g i t a l  Holograms',' M a s te r 's  
T h e s i s ,  Newark C o lleg e  o f E n g in e e r in g , E .E . D e p t . ,  1974.
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th e  f i lm  exposure  l a t i t u d e .  U sing a  h ig h -sp e e d  PCM g e n e ra to r ,  th e  p re 

lim in a ry  t e s t  s u p p lie d  f o r t y - f i v e  seco n d s o f  co n tin u o u s  'o n e s ' to  th e  

in p u t  o f th e  modem; t h i s  was fo llo w ed  by f i f t e e n  seconds o f ' z e r o s ' .  

T h is  sequence was re p e a te d  f o r  a scen d in g  in p u t v a lu e s ,  i . e .  f o r t y -  

f iv e  seconds o f 'tw o s ' fo llo w ed  by f i f t e e n  seconds of ' z e r o s ' ,  th e n  

f o r t y - f i v e  seconds o f  ' t h r e e s '  fo llo w e d  by f i f t e e n  seconds o f ' z e r o s ' ,  

e t c .  I t  shou ld  be n o te d  th a t  a  l in e  o f ' f i f t e e n s '  was f i r s t  produced 

to  i d e n t i f y  th e  s t a r t i n g  p o in t  on th e  f i lm .

The r e s u l t  was a  g ray  s c a le  as shown in  F ig u re  4-4A ,B . An e x a c t  

a n a ly s i s  of t h i s  g ra y  s c a le  would r e q u i r e  a  'M ic ro d e n s ito m e te r ' ,  an 

o p t i c a l  in s tru m e n t u sed  to  m easure th e  d e n s i t i e s  o f t r a n s p a r e n c ie s .  A 

q u a l i t a t i v e  v i s u a l  a n a ly s i s  was made s in c e  t h i s  in s tru m e n t was n o t 

r e a d i ly  a v a i l a b l e .  T h is  a n a ly s is  in d ic a te d  th a t  th e  ex p o su re  due to  a 

'o n e ' exceeded t h a t  n e c e ss a ry  to  r i s e  above th e  to e ,  o r  g ro s s  fo g ,  le v 

e l  o f  th e  f i lm  as d e f in e d  in  F ig u re  4 -4 C . The a n a ly s is  a l s o  in d ic a te d  

t h a t  th e  exposure  due to  a ' f i f t e e n '  was below th a t  c o rre sp o n d in g  to  

th e  " sh o u ld e r"  o f th e  c u rv e , o r s a t u r a t i o n ,  l e v e l  of th e  f i l m .  From 

t h i s  i t  was co n cluded  th a t  th e  e x p o su re s  w ere i n  th e  r e g io n  w here th e  

^  o f th e  developed  p ic tu r e  was e s s e n t i a l l y  c o n s ta n t .  I n t e r p r e t i n g  

t h i s ,  i t  ap p ea rs  t h a t  th e  f i lm  was a c t in g  as an ' i d e a l '  medium.

As a f i n a l  sy stem  t e s t ,  th e  in p u t  p a ram e te rs  o f th e  program  

HOLOGR were ch osen  so  as to  produce a  known o u tp u t p a t t e r n .  The in p u t 

geom etry  s y n th e s iz e d  by th e s e  p a ram e te rs  i s  shown in  F ig u re  4 - 5 .  The 

program , w ith  th e s e  p a r t i c u l a r  p a ram ete r v a lu e s ,  was la b e le d  FRING3.



135

EXAMPLE OF GRAY SCALE 

FIGURE 4 -  4A
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EXAMPLE OF GRAY SCALE 

FIGURE A -  4B
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The hologram  p a t te r n  f o r  t h i s  c o n f ig u ra t io n  sh o u ld  be th e  f a m i l i a r  

one o f F re s n e l  R in g s . An exam ple of th e s e  r in g s  i s  shown in  F ig u re  

4 - 6 .  T hese r in g s  o ccu r a t  d is ta n c e s  d^ from  th e  c e n t e r ,  where

dn = ^  2 s o n  *

F o r th e  t e s t  p age , dmin s 0 .4 4  cm, d ^ ^  s 0 .5 0  cm, 8Q s 15 cm, and 

X a 5145 A°. A s im p le  c a l c u la t io n  in d ic a te d  th a t  n , ^  s 125 and 

"max = T hus, th e  t e x t  p a t t e r n  sh o u ld  show ap p ro x im ate ly  37

l i n e s .  From th e  f i g u r e ,  i t  can  be shown th a t  th e  in d iv id u a l  l i n e s  

su b te n d  le s s  th an  3 .6 °  o f a r c .  Thus th e y  a re  ap p ro x im ate ly  s t r a i g h t  

l i n e s  and a re  o r ie n te d  p a r a l l e l  to  th e  &  a x i s .

The i n i t i a l  e x e c u tio n  o f FRING3 produced  th e  o u tp u t shown in  

F ig u re  4 -7 .  I t  sh o u ld  be n o te d  th a t  s in c e  th e  minimum tra n s m is s io n  

tim e was 1 .65  h o u rs , th e  t e s t  ru n s  w ere , as in  t h i s  c a s e ,  f r e q u e n t ly  

te rm in a te d  b e fo re  c o m p le tio n . The 1 .65 hou r tim e f ig u r e  i s  th e  r e 

s u l t  o f u s in g  th e  lo w -freq u en cy  te lep h o n e  l i n e  to  t r a n s m it  d a ta  from  

th e  com puter to  th e  t e l e ty p e w r i t e r .  The t e l e t y p e 's  110 baud r a t e  a l 

lows o n ly  e le v e n  1 0 - b i t  c h a r a c te r s  to  be t r a n s m it te d  p e r seco n d .

T h u s , p ro v id ed  no t im e -s h a r in g  d e lay s  a re  e n c o u n te re d , 5 ,958  seconds 

a re  r e q u ir e d  to  t r a n s m it  th e  256-by-256 c h a r a c te r s  o f th e  ho logram . 

However, i t  sh o u ld  be n o te d  th a t  d u rin g  a  ty p i c a l  th re e  hour t r a n s 

m is s io n  p e r io d , on ly  te n  m in u tes  o f com puter tim e was u sed . I f  o n e 's  

i n t e n t  w ere to  d e s ig n  a  system  s u i ta b le  f o r  th e  ' f u l l - s c a l e '  p roduc

t i o n  o f th e se  s y n th e t ic  ho log ram s, i t  i s  assumed th a t  he would ta k e  

ad v an tage  o f t h i s  o rd e r  of m agnitude tim e r e d u c t io n .  T h is  m ig h t be 

accom plished  by c o n n e c tin g  th e  modem d i r e c t l y  to  a  m in i-co m p u te r.
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FRESNEL RINGS 

FIGURE 4 - 6



EFFECT OF NOISE BITS 

FIGURE 4 - 7
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However, s in c e  th e  i n t e n t  o£ t h i s  s tu d y  was t o  show th e  f e a s i b i l i t y  

o f p ro d u c in g  s y n th e t ic  hologram s th ro u g h  th e  u t i l i z a t i o n  o f a p a r 

t i c u l a r  te c h n iq u e , i t  was n o t  n e c e s s a ry  to  a c q u ire  su ch  a  m ini-com - 

p u te r .

An a n a ly s i s  of th e  p a t t e r n  in  F ig u re  4 -7  in d ic a te d  th a t  e x t r a  

b i t s  w ere b e in g  produced ; i . e . ,

l i n e  1: 254 le g i t im a te  b i t s ,  2 i l l e g i t i m a t e  b i t s

l i n e  2: 247 le g i t im a te  b i t s ,  9 i l l e g i t i m a t e  b i t s

l i n e  3: 248 le g i t im a te  b i t s ,  8 i l l e g i t i m a t e  b i t s

e t c .

I t  was th e s e  e x t r a ,  o r n o n - le g i t im a te ,  b i t s  th a t  acco u n ted  f o r  th e  

n o n - c i r c u la r  shape o f th e  p age . The so u rce  o f th e se  e x t r a  b i t s  was 

t r a c e d  to  a m a l-a d ju s te d  modem i n t e r f a c e .  The m a l-ad ju s tm en t r e 

s u l t e d  in  th e  in t e r f a c e  a c t in g  as a  l i n e a r  a m p l i f i e r  f o r  th e  n o is e  on 

th e  in p u t l i n e  r a th e r  th a n  a b in a ry  sw itc h  w ith  a th re s h o ld  th a t  e l im 

in a te d  th e  n o is e .

The in t e r f a c e  was r e - a d ju s t e d  t o  c o r r e c t  t h i s  and FRING3 was 

e x e c u te d  a g a in .  The r e s u l t  i s  shown in  F ig u re  4 - 8 .  The page ap

p e a re d  t o  have th e  p ro p e r c i r c u l a r  sh ap e . However, i t  was n o te d  th a t  

th e  l i n e s  w ere n o t v e r t i c a l ,  b u t  w ere c a n te d  to  th e  r i g h t .  To check  

th e  assu m p tio n  th a t  th e  cau se  o f th e  c a n t in g  was th e rm a l d r i f t  in  th e  

o s c i l l o s c o p e 's  vacuum tu b e  h o r iz o n ta l  a m p l i f i e r ,  a un ifo rm  s ig n a l  was 

s u p p lie d  t o  th e  modem. The r e s u l t  i s  F ig u re  4 - 9 ,  p ro v in g  th e  assump

t i o n  to  be c o r r e c t .  The d r i f t  was reduced  by r e p la c in g  th e  o s c i l l o 

s c o p e 's  h o r iz o n ta l  a m p l i f i e r .
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HORIZONTAL DRIFT 

FIGURE 4 - 8



CONFIRMATION OF HORIZONTAL DRIFT 

FIGURE 4 - 9
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A su b se q u en t e x e c u tio n  o£ FRING3 r e s u l t e d  in  F ig u re  4 -1 0 . T h is  

p i c t u r e ,  w hich  r e q u ir e d  ap p ro x im a te ly  th re e  hou rs  to  c o n s t r u c t ,  r e 

v e a le d  a n o th e r  problem ; i . e . ,  an i n t e n s i t y  d r i f t .  I t  shou ld  be n o te d  

t h a t  th e  i n t e n s i t y  was s e t  b e fo re  each  program  e x e c u tio n  th ro u g h  a  

t r i a l  and e r r o r  te c h n iq u e ; i . e . ,  th e  i n t e n s i t y  c o n t r o l  on th e  o s c i l l o 

scope was a d ju s te d  u n t i l  a s u i t a b l e  g ray  s c a le  was p h o tog raphed . A 

s u i t a b l e  s c a le  was d e f in e d  as  one t h a t  in c lu d e d  b o th  knees of th e  

H u r t e r - D r i f f i e l d  c u rv e . To s u b s t a n t i a l l y  red u ce  th e  s e v e r i ty  of 

th e  i n t e n s i t y  d r i f t ,  i t  was n e c e s s a ry  to  a llo w  a warm-up p e r io d  of 

ap p ro x im a te ly  n in e ty  m in u tes  f o r  th e  o s c i l lo s c o p e .  D uring  th e  p e

r io d ,  i t  was r e q u ir e d  th a t  th e  CRT beam I n te n s i ty  be a d ju s te d  t o  ap 

p ro x im a te ly  th e  v a lu e  used  in  making th e  hologram . To p r o te c t  th e  

p h o sp h o r, th e  beam was d i r e c te d  o f f - s c r e e n .

An ex a m in a tio n  of F ig u re  4 -10  showed th a t  i t  p o sse sse d  t h i r t y -  

seven  l i n e s  and th a t  th o se  l i n e s  w ere ap p ro x im ate ly  s t r a i g h t  and 

p a r a l l e l  t o  th e  a x i s .  S in c e  t h i s  ag reed  w ith  th e  p re d ic te d  o u t

p u t ,  i t  was concluded  th a t  FRING3 proved th e  c o r r e c tn e s s  of th e  p ro 

gram HOLOGR. I t  shou ld  be n o te d  th a t  t h i s  o u tp u t ,  b e in g  s ix  c e n t i 

m e te rs  in  d ia m e te r , i s  a  10GK m a g n if ic a t io n  o f th e  d e s ir e d  hologram .

B ecause th e  modem was co n n ec ted  in  p a r a l l e l  w ith  th e  t e l e ty p e 

w r i t e r ,  a  h a rd  copy o f th e  o u tp u t o f FRING3 was produced s im u lta n e o u s 

ly  w ith  th e  p ro d u c tio n  o f F ig u re  4 -1 0 . S e v e ra l o f th e  m iddle rows o f 

th e  o u tp u t a re  shown aa  F ig u re  4 -11  where th e  sym bols 0 , 1 ,2 ,3 ,4 ,5 ,6 ,  

7 ,8 ,9 ,J ,K ,L ,M ,N ,0  a re  th e  h exadecim al code in  a scen d in g  o rd e r .

W hile F ig u re  4 -1 1  co n firm s th e  p re se n c e  o f 37 l i n e s ,  i t  a lso  i n d i 

c a te s  th e  g ra y  s c a le  th a t  sh o u ld  be d is p la y e d  in  F ig u re  4 -1 0 .



PARTIAL AND COMPLETED FRING3 OUTPUT 

FIGURE 4 - 1 0
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F u rth e rm o re , F ig u re  4 -11  shows th a t  each  i n t e n s i t y  c y c le ,  i . e .  l i n e ,  

o f F ig u re  4 -10  i s  composed o f  seven  s p o t s .

The e f f e c t s  o f two a d d i t io n a l  s ig n a l  problem s th a t  w ere e x p e r i 

enced  a re  d is p la y e d  in  F ig u re s  4 -12  and 4 -1 3 . I t  was d e te rm in ed  th a t  

th e  f i r s t  problem  was th e  r e s u l t  o f n o is e  t r i g g e r in g  th e  r e s e t  l in e  

o f th e  c o u n te r .  T h is  problem  was so lv e d  by s h ie ld in g  t h a t  l i n e .  The 

second  problem  was i d e n t i f i e d  as b e in g  th e  r e s u l t  o f m essages from  

th e  com puter c o n so le  o p e r a to r .  T h is  unw anted in te r v e n t io n  was de

c re a s e d  to  a  minimum by em ploying th e  com puter command s ta te m e n ts  

t h a t  su p p re ss  com puter system  b ro a d c a s ts  and m essag es; i . e . ,

/BCNTRL MES*N0,BCST*N0. F ig u re  4 -14  i s  an exam ple of th e  com bined 

e f f e c t  o f th e se  two p rob lem s.

H aving t e s t e d  th e  system  and v a l id a te d  i t s  c o r r e c tn e s s ,  and 

h av in g  i d e n t i f i e d  th e  o p e ra t io n a l  problem  a re a s  and rem edied  them as 

w e ll  as p o s s ib le ,  th e  n e x t s te p  was to  s y n th e s iz e  a hologram  r e p r e 

s e n ta t iv e  o f th e  ty p e  s u i t a b l e  f o r  a p p l ic a t io n  as a com puter memory. 

T h e re fo re ,  th e  sy stem  d e p ic te d  in  F ig u re  4 -1 5  was s y n th e s iz e d .  The 

d a ta  mask b i t  s e p a r a t io n  co rresp o n d s  t o  t h a t  re q u ir e d  by ^ s p r e a d  

f o r  th e  ca se  o f A A ■ 100A°, c h a p te r  s i z e  ■ 1cm, s Q = 15cm, CRT 

sp o t s iz e  ■ 0.05cm , uQ ■ 3cm, m ■ n ■ 2 0 , and m echan ica l in te rp a g e  

c r o s s - t a l k  s u p p re s s io n .  F o r th e  sake o f s im p l ic i ty ,  o n ly  th r e e  of 

th e  d a ta  mask b i t s  w ere 'o n e s ' .  N ote t h a t  th e s e  th re e  b i t s  a re  ad 

ja c e n t  b i t s  and t h a t  th e y  s t r a d d le  th e  c e n te r  o f th e  d a ta  m ask. The 

r e s u l t a n t  s y n th e t ic  hologram  i s  shown in  F ig u re  4 -1 6 . The c a l i b r a 

t i o n  g ray  s c a le  t h a t  was made a f t e r  a  warm-up p e r io d  o f o n e -a n d -a -
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EFFECT OF UNWANTED RESET 

FIGURE 4 - 1 2



EFFECT OF UNWANTED MESSAGES 

FIGURE 4 - 1 3
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COMBINED EFFECT OF UNWANTED MESSAGES AND RESETS 

FIGURE 4 - 1 4
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MEMORY HOLOGRAM 

FIGURE 4 - 1 6
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h a l f  h o u rs  and Im m ediately  b e fo re  th e  hologram  i s  in c lu d e d  in  th a t  

f i g u r e .  As can  be se e n , th e  i n t e n s i t y  d r i f t  problem  i s  s t i l l  e v i -  

d e n t .  So t h a t  a c l e a r e r  v i s u a l i z a t i o n  o f th e  f i n e  s t r u c t u r e  of th e  

hologram  can  be o b ta in e d , F ig u re  4 -17  i s  in c lu d e d . T h is  l a t t e r  f i g 

u re  h a s ,  q u i t e  e v id e n t ly ,  s u f f e r e d  an  unwanted ' r e s e t ' .

W ith  th e  a tta in m e n t o f  th e  s y n th e t ic  hologram  o f F ig u re  4 -1 6 , 

th e  f e a s i b i l i t y  o f p rod u cin g  a  s y n th e t ic  ho logram , u s in g  t h i s  te c h 

n iq u e , was shown. I t  w as, t h e r e f o r e ,  d ec ided  to  h a l t  t h i s  phase of 

th e  e x p e r im e n ta l w ork. T h is  d e c is io n  was a ls o  prom pted by th e  f a c t  

t h a t  th e  d i g i t a l  com puter was s u f f e r in g  from  a m a lfu n c tio n  in  i t s  

com m unications c o n t r o l l e r .  T h is  m a lfu n c tio n  was such  th a t  i t  had be

come v e ry  im probab le t h a t  th e  com m unications l i n k  would c o n tin u o u s ly  

o p e ra te  f o r  th e  re q u ire d  th r e e  h o u rs .

F u r th e rm o re , i t  appeared  th a t  th e  r e c u r r in g  problem  of i n t e n s i t y  

d r i f t  o v er th e  th r e e  hour p e r io d  co u ld  on ly  be so lv e d  by o b ta in in g  an 

o s c i l lo s c o p e ,  o r  o th e r  CRT d e v ic e ,  w hich was e s p e c i a l l y  c o n s tru c te d  

f o r  th e rm a l s t a b i l i t y  in  i t s  i n t e n s i t y  c i r c u i t r y  o r  to  w hich s p e c ia l  

feed b ack  c i r c u i t r y  was f i t t e d .  T h is  equipm ent was n o t  re a so n a b ly  a -  

v a i l a b l e .  An a l t e r n a t i v e  s o lu t i o n  to  th e  d r i f t  problem  was to  de

c re a s e  th e  tim e n e c e ssa ry  t o  'p a i n t '  th e  ho logram . T h is  tim e r e 

d u c tio n  c o u ld  be accom plished  by a t ta c h in g  th e  modem to  a  h ig h  b i t -  

r a t e  o u tp u t l i n e  of th e  com pu ter. N ote t h a t  t h i s  would a l s o  overcome 

th e  p roblem  w ith  th e  com m unications c o n t r o l l e r  u p - tim e . T h is  tim e 

r e d u c t io n  co u ld  a l s o  have been  accom plished  w ith  th e  a id  o f a v a r i 

a b le  sp eed  d i g i t a l  r e c o r d e r ,  e . g .  r e c o rd  a t  t e l e ty p e w r i t e r  speed  and
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MEMORY HOLOGRAM WITH MESSAGE BITS

FIGURE 4 - 1 7
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p la y  back to  th e  modem a t  a h ig h e r  sp e e d . U n fo r tu n a te ly ,  th e s e  op

t io n s  w ere n o t  a v a i la b le  fo r  t h i s  p r o j e c t .

C o n c lu sio n s

W hile th e  d e v ic e s  n e c e ss a ry  to  overcome th e  p ro d u c tio n  problem s
62

w ere n o t a v a i la b le  t o  t h i s  p r o j e c t ,  t h e i r  e x i s t e n c e ,  to g e th e r  w ith  

th e  o b ta in e d  o u tp u t shown in  F ig u re  4 -1 6 , in d ic a te  th e  f e a s i b i l i t y  

o f  t h i s  approach  to  th e  developm ent o f a  s y n th e t ic  ho logram .

62 T e c h tra n  I n d u s t r i e s ,  580 J e f f e r s o n  R d ., R o c h e s te r ,  N .Y ., p roduces 
v a r ia b le  speed  re c o rd in g  com m unications te rm in a l (4100A) w hich 
can  re c o rd  a t  110 baud r a t e  and p la y  b ack  a t  2400 baud r a t e  
( f a c to r y  o p t io n ) .
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CHAPTER V 

BIT INTENSITY NONUNIFORMITY

I n tr o d u c t io n

The p re c e d in g  c h a p te rs  w ere dev o ted  to  th e  system  d e s ig n  a s 

p e c ts  o f a s p e c i f i c  o p t i c a l  h o lo g ra p h ic  com puter memory sy stem . In  

t h i s  c h a p te r ,  some c o n s id e r a t io n  w i l l  be g iv e n  to  a  m ajor problem  

th a t  h as  been  found when h o lo g ra p h ic  m em ories, i n  g e n e r a l ,  a re  t e s t 

e d . The problem  i s  th a t  o f u n ifo rm  d e t e c t a b i l i t y  o f th e  d a ta  p o in t s .  

By t h i s  i s  m eant t h a t  th e  d e te c te d  v a lu e s ,  in  te rm s o f th e  l i g h t  e n 

e rg y  im p in g in g  on th e  p h o to d e te c to r s ,  of 'o n e s ' and o f  'z e r o s '  f l u c 

tu a te  g r e a t ly  f o r  th e  v a r io u s  b i t s  d i s t r i b u t e d  th ro u g h o u t th e  memo

r y .  The v a lu e s  v a ry  to  th e  p o in t  t h a t  a p a r t i c u l a r  'z e r o '  may p ro 

duce a h ig h e r  o u tp u t th a n  a  p a r t i c u l a r  'o n e ' .  T h is  makes i t  impos

s ib l e  t o  d e s ig n  an e r r o r  f r e e  th r e s h o ld  d e te c t io n  schem e.

T here  a re  s e v e r a l  so u rc e s  of t h i s  n o n u n ifo rm ity . F iv e  a re

l i s t e d  i n  T ab le  5 -1 , a long  w ith  t h e i r  r e l a t i v e  c o n t r ib u t io n s  t o  th e

63 64n o n u n ifo rm ity  problem . * Of th e s e  f iv e  c a u s e s ,  i n t e r b i t  d i f 

f r a c t i o n  in t e r f e r e n c e  was exam ined in  some d e t a i l  by t h i s  r e s e a r c h -

63 J .  T . LaM acchia, W. A. B a r r e t t ,  & R. L. Townsend, "N on-U niform i
ty  o f th e  R e c o n s tru c te d  Image from  Holograms Used in  D a ta  S to rag e" , 
p re s e n te d  a t  F a l l  M ee tin g , O p tic a l  S o c ie ty  o f A m erica, O c t. 1970, 
H ollyw ood, F lo r id a .

^  D r . LaM acchia was a t e c h n ic a l  s u p e rv is o r  a t  BTL a s s ig n e d  th e  ta s k  
o f re d u c in g  n o n -u n ifo rm ity  i n  th e  h o lo g ra p h ic  memory o u tp u t .  Mr. 
B a r r e t t  was a ss ig n e d  th e  p a r t i c u l a r  ta s k  o f e v a lu a t in g  th e  a f f e c t  
o f d i f f r a c t i o n  in t e r f e r e n c e  by D r. LaM acchia. The ex p e rim en ta 
t i o n  was perform ed in  th e  la b o ra to ry  o f D r. Townsend and f r e q u e n t 
use  was made o f h is  e x p e r t i s e  w ith  e x p e r im e n ta t io n .
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DEFLECTION EFFICIENCY (2 :1 )

HOLOGRAM DIFFRACTION EFFICIENCY (2 :1 )

PHOTODETECTOR SENSITIVITY (2 :1 )

INTER-BIT DIFFRACTION INTERFERENCE (2 :1 )

CAUSES OF NON-UNIFORMITY 
AND

THE RANGES OF THEIR INDIVIDUAL VARIATIONS 

T a b le  5-1



159

e r  s in c e  i t  showed prom ise o f p a r t i a l  c o r r e c t io n  th ro u g h  th e  a p p l i 

c a t io n  o f d i f f r a c t i o n  t h e o r y , ^

The e x te n t  of t h i s  problem  i s  shown in  F ig u re  5 -1 . T h is  f ig u r e  

was o b ta in e d  by h o r iz o n ta l ly  scan n in g  a row o f e i g h t  b i t s  w ith  a  

p h o to m u lt ip l ie r  head th a t  was mounted on a m otor d r iv e n  c a r r i a g e .  A 

s e rv o -s y s te m  a tta c h e d  to  t h i s  c a r r ia g e  produced an o u tp u t v o lta g e  

t h a t  co rresp o n d ed  to  th e  h o r iz o n ta l  p o s i t io n  of th e  h ead . T h is  s i g 

n a l  was used  to  d r iv e  th e  "X" ch a n n e l o f an XY r e c o r d e r .  The o u tp u t 

o f th e  PM a m p lif ie r  w as, o f c o u rs e ,  used to  d r iv e  th e  "Y" ch an n e l o f 

t h a t  r e c o r d e r .  S in ce  th e  d a ta  masks used th ro u g h -o u t th e  exp erim en t 

r e p o r te d  i n  t h i s  C h ap te r c o n s is te d  of b i t  h o le s  h av ing  a nom inal r a 

d iu s  o f 5 0 .8  m icrons and sp aced  a t  254 m icron  i n t e r v a l s ,  a 5 m icron  

p in h o le  was p la ced  over th e  fa c e  o f th e  PM tu b e  to  o b ta in  s u f f i c i e n t  

r e s o lu t io n  to  observe th e  shape o f th e  in d iv id u a l  b i t  im ages. I t  

sh o u ld  be n o te d  th a t  th e  im ages w ere always produced w ith  a m agni

f i c a t i o n  o f  u n i ty .

N o tic e  t h a t  f o r  th e  hologram  produced w ith  th e  65 m il d iam ete r 

a p e r tu r e  a t  th e  f i lm  p la n e , th e  maximum to  minimum i n t e n s i t y  r a t i o  

i s  a p p ro x im a te ly  1 .4 :1 ;  w h ile  f o r  th e  35 m il ho logram , th e  v a r i a t i o n  

ap p roaches 2 ;1 .  T h is  e f f e c t  o f a p e r tu r e  s iz e  su g g e s ts  t h a t  one 

so u rc e  o f th e  b i t - t o - b i t  v a r i a t i o n  i s  th e  d i f f r a c t i o n  in te r f e r e n c e

^ W. A. B a r r e t t  and R. L . Townsend, " B it  I n t e n s i t y  N onuniform ity  
in  an O p tic a l  Memory", T e c h n ic a l Memorandum MM71-2212-2, B e l l  
T elephone L a b o ra to r ie s .
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betw een th e  n e ig h b o rin g  b i t s  of th e  d a ta  m ask.

Of c o u rs e ,  th e  d i f f r a c t i o n  in t e r f e r e n c e  i s  n o t  th e  o n ly  so u rce  

o f  b i t - t o - b i t  n o n -u n ifo rm ity  in  th e  d a ta  o f F ig u re  5 -1 . The o th e r  

f a c t o r s  l i s t e d  in  T ab le  5 -1  p lu s  m ech an ica l f a c t o r s  such as d a ta  mask 

h o le  n o n -u n ifo rm ity , d u s t ,  and movement a re  a l s o  in v o lv e d . F u r th e r 

m ore, th e  n o n - l in e a r  n a tu re  o f th e  r e c o rd in g  m edia te n d s  to  am p lify
66th e  o th e r  ca u se s  o f  n o n -u n ifo rm ity .

Q u a l i ta t iv e  D is c u s s io n

The d i f f r a c t i o n  in te r f e r e n c e  e f f e c t s  may be q u a l i t a t i v e l y  d e s 

c r ib e d  as fo l lo w s .  Upon r e c o n s t r u c t io n ,  th e  b i t s  o f th e  d a ta  mask 

a re  imaged by th e  hologram  o n to  th e  r e c o n s t r u c t io n  p la n e . C en te red  

a t  each  b i t  p o s i t i o n  in  t h i s  p lan e  th e r e  w i l l  appea r th e  d i f f r a c t i o n  

p a t t e r n  a s s o c ia te d  w ith  th e  h o lo g ram 's  a p e r tu r e ,  r a th e r  th a n  a  p e r 

f e c t  d o t o f l i g h t .  S in ce  a f i n i t e  a p e r tu r e  p roduces a s p a t i a l l y  i n 

f i n i t e  d i f f r a c t i o n  p a t t e r n ,  th e  t a i l s  o f th e  d i f f r a c t i o n  p a t te r n s  

from  each  b i t  w i l l  o v e r la p  a l l  o f th e  o th e r  b i t  p o s i t io n .  A t each  

b i t  lo c a t io n ,  th e  f i e l d  a m p litu d e , th e n ,  i s  th e  c o h e re n t summation 

o f th e  am p litu d e  o f t h a t  p a r t i c u l a r  m ain lobe and th e  am p litu d es  of 

th e  n e ig h b o rin g  d i f f r a c t i o n  t a i l s .  T h e re fo re ,  t h a t  f i e l d  am p litu d e  

depends on th e  d is ta n c e  from  th e  p o s i t io n  o f th e  b i t  under c o n s id 

e r a t i o n  to  t h a t  o f each  o f th e  o th e r  b i t  p o s i t io n s  in  th e  a r r a y .

^ L. H. L in and H. L. Beauchamp, "Hologram  F o rm atio n  in  a  Near 
F o u r ie r  T ransfo rm  P lan e  f o r  High D e n s ity  O p tic a l  Memory", T ech
n i c a l  Memorandum MM68-222404, B e l l  T elephone L a b o ra to r ie s .
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T h u s, I t  can  be se e n  th a t  th e  v a r i a b i l i t y  i n  th e  i n t e n s i t y  o£ th e  

b i t s  i s  d e te rm in e d , d i f f r a c t io n - w is e ,  by th e  v a r i a b i l i t y  o f th e  

s id e - lo b  c o n t r ib u t io n s J  i . e . , i n  a  p e r io d ic  a r r a y  th e  am p litu d e  of 

a b i t  i s  in f lu e n c e d  by w hether i t s  n e ig h b o rs  a re  'o n e s ' o r 'z e r o s ' .

As a  p re l im in a ry  d e s ig n  c r i t e r i o n ,  two g e o m e tr ic a l shapes  

w ere c o n s id e re d  f o r  th e  a p e r tu r e ;  c i r c u l a r  and r e c ta n g u la r .  The 

d i f f r a c t i o n  p a t t e r n  f o r  th e  c i r c u l a r  a p e r tu r e  h a s ,  of c o u rs e ,  c i r 

c u l a r  symmetry; w hereas th e  p rim ary  p a t t e r n  f o r  th e  r e c ta n g le  i s  a 

fo u r -p o in te d  s t a r .  The form  of th e  i n t e n s i t y  d i s t r i b u t io n s  f o r  th e  

c i r c u l a r  and f o r  th e  r e c ta n g u la r  c a s e s  a r e ,  r e s p e c t i v e l y ^

i n  th e  F ra u n h o fe r  r e g io n .  In  c o n s id e r in g  d e s ig n  c r i t e r i a ,  b o th  th e  

am p litu d e  and th e  g eo m e tric  c h a r a c t e r i s t i c s  o f  th e  d i f f r a c t i o n  p a t 

t e r n  w ere s tu d ie d .

From th e  above e q u a t io n s ,  w hich a re  o n ly  approxim ate i n  th e  r e 

g io n  o f i n t e r e s t ,  i t  i s  seen  th a t  th e  a m p litu d es  of th e  s id e  lo b es  

a re  sm a lle r  f o r  th e  c i r c u l a r  ca se  th a n  f o r  th e  r e c ta n g u la r  c a s e .

^  J .  S to n e , R a d ia tio n  and O p tic s . McGraw H i l l ,  New Y ork , 1963, 
pp . 172-6 .
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Thus th e  c i r c u l a r  a p e r tu re  would appea r t o  be th e  b e t t e r  c h o ic e  f o r  

low i n t e r - b i t  d i f f r a c t i o n  in t e r f e r e n c e .  C lo s e r  e x a m in a tio n , how ever, 

r e v e a ls  t h a t  th e  r e c ta n g u la r  a p e r tu re  p o sse sse s  two i n t e r e s t i n g  p rop 

e r t i e s  Chat sh o u ld  r e c e iv e  c o n s id e r a t io n .  F i r s t l y ,  i t s  d i f f r a c t i o n  

p a t t e r n  i s  d i r e c t i o n a l ,  h av ing  p rim ary  maxima on ly  a lo n g  d i r e c t io n s  

p e rp e n d ic u la r  to  th e  a p e r tu re  s i d e s .  S eco n d ly , th e  d i f f r a c t i o n  p a t 

t e r n  has n u l l s  a t  p e r io d ic  p o s i t i o n s .

A dvantage can  be ta k e n  o f t h i s  f i r s t  p ro p e r ty  o f th e  r e c ta n g u 

l a r  a p e r tu re  by t i l t i n g  th e  a p e r tu r e  a t  an an g le  w ith  r e s p e c t  to  th e  

a r ra y  of b i t s  o f th e  d a ta  mask. T h is  r e s u l t s  in  th e  in d iv id u a l  d i f 

f r a c t i o n  p a t t e r n  o f e v e ry  b i t  b e in g  t i l t e d  w ith  r e s p e c t  t o  th e  rows 

and columns o f th e  r e c o n s tr u c te d  b i t s  in  th e  image p la n e . By p ro p 

e r ly  ch o o sin g  th e  t i l t  a n g le , th e  s t a r  p a t t e r n  can  be made to  o v e r

la p  a  b i t  p o s i t i o n  a t  th e  3 rd  o r  4 th  n e a r e s t  n e ig h b o r r a t h e r  th a n  

th e  f i r s t  n e a r e s t  n e ig h b o r . T h is  le s s e n s  th e  e f f e c t s  o f th e  i n t e r 

fe re n c e  b ecau se  o f th e  low er v a lu e  o f th e  h ig h e r  o rd e r  lo b e s .

The n u l l s  o f th e  d i f f r a c t i o n  p a t t e r n  o f  a  u n ifo rm ly  i l lu m in a te d

sq u are  a p e r tu r e  o ccu r a t  i n t e g r a l  m u l t ip le s  o f X R/w w here X  i s
o

th e  w av e len g th  o f th e  r a d i a t i o n ,  R i s  th e  a p e r tu re  t o  image p la n e  

d is ta n c e ,  and wq i s  th e  a p e r tu re  s i z e .  T h is  second p ro p e r ty  o f th e  

r e c ta n g u la r  a p e r tu r e ,  namely th e  p e r io d i c i t y  o f i t s  d i f f r a c t i o n  p a t 

t e r n ,  can  be ta k e n  advan tage o f by p la c in g  b i t s  a t  th e  n u l l s  o f th e  

d i f f r a c t i o n  p a t te r n s  o f th e  o th e r  b i t s .  T h is  i s  accom plished  by ad

ju s t i n g  th e  a p e r tu r e  s iz e  a n d /o r  th e  b i t  s p a c in g .
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The n a t u r a l  e x te n s io n  o f t h i s  t r a i n  o f th o u g h t i s  th e  com bina

t i o n  of th e  u se  o f th e se  two p r o p e r t i e s .  T hus, when th e  t i l t e d  

s t a r  p a t t e r n  does o v e r la p  a  b i t  p o s i t i o n  a t  th e  3rd  o r 4 th  n e a r e s t  

n e ig h b o r, i t  c a n  be made to  do so  a t  a  n u l l .

W hile th e  symmetry o f th e  c i r c u l a r  a p e r tu r e  r u le s  o u t th e  d i 

r e c t i o n a l  ad v an tag es  o f th e  r e c ta n g u la r  a p e r t u r e 's  p a t t e r n ,  th e  s e c 

ond e f f e c t ,  t h a t  o f  p o s i t io n in g  th e  n u l l s  o f th e  d i f f r a c t i o n  p a t 

t e r n ,  co u ld  s t i l l  be u t i l i z e d .  However, th e  b e n e f i t  o f t h i s  second  

e f f e c t  i s  le s s e n e d  by th e  a p e r io d ic  n a tu re  o f th e  A iry  p a t t e r n .

C o n s id e r , i n  th e  ca se  o f th e  r e c ta n g u la r  a p e r tu r e ,  p la c in g

f*Vin e ig h b o rs  a t  d is ta n c e s  c o rre sp o n d in g  to  th e  n  n u l l .  B ecause o f 

p e r io d i c i t y ,  a l l  th e  b i t s  in  th e  same row o r column w i l l  f a l l  a t  th e  

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

F o r th e  c i r c u l a r  a p e r tu re  c a s e ,  th e  s i g n i f i c a n t  n e a r  n e ig h b o r 

d is ta n c e s  in  a  sq u a re  a r ra y  a re  d , \Z*2d, 2 d , \^5d, e t c .  The r o o ts  of 

J ^ ( r )  a re  3 .8 3 ,  7 .0 2 ,  1 0 .1 3 , 1 3 .3 2 , e t c .  S in c e  th e y  do n o t f a l l  a t  

m u l t ip le  b i t  d i s t a n c e s ,  a  m u l t ip le  n u l l  scheme can n o t be  f a b r i c a te d  

f o r  t h i s  a p e r tu r e  sh ap e . I f  th e  f i r s t  n e a r e s t  n e ig h b o r i s  p la c e d  a t  

a n u l l  o f J ^ ( r ) ,  th e  su cceed in g  n e ig h b o rs  a re  n o t ,  in  g e n e r a l ,  a t  

n u l l s .

T hus, th e  e f f e c t s  of d i f f r a c t i o n  le a d in g  to  b i t  n o n -u n ifo rm ity  

can  be m in im ized  f o r  th e  c i r c u l a r  a p e r tu r e ,  b u t n o t th e  e x te n t  t h a t  

th e se  e f f e c t s  can  be m inim ized f o r  th e  r e c ta n g u la r  c a s e .
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T h e o r e t ic a l  A n a ly s is

The sy stem  to  be ana ly zed  i s  shown p i c t o r i a l l y  in  F ig u re  5 -2  and 

s c h e m a tic a l ly  i n  F ig u re  5 -3 .

0 °I t  sh o u ld  be n o te d  t h a t  th e  sy stem  in c lu d e s  th e  random 0 /1 8 0
68phase p la te  o f C. B . B u rc k h a rd t. W ith B u rc k h a rd t 's  sy s tem , a  phase

o op la te  c o n s i s t i n g  o f a  random d i s t r i b u t i o n  o f sq u a re s  o f 0 and 180 

r e l a t i v e  phase  s h i f t  i s  p la ced  on th e  in p u t  s id e  o f th e  d a ta  m ask.

The sq u a re s  o f th e  phase p la te  a re  a l ig n e d  w ith  th e  h o le s  o f th e  da

t a  mask so  t h a t  a l l  th e  l i g h t  p a s s in g  th ro u g h  any one o f th e  d a ta  

h o le s  r e c e iv e s  a c o n s ta n t  r e l a t i v e  phase  s h i f t  of 0 ° o r  18(P . B urck

h a rd t  has shown t h a t  t h i s  p ro ced u re  re d u c e s  th e  peak v a lu e s  o f  th e  

l i g h t  i n t e n s i t y  a t  th e  hologram  p la n e  an d , th u s ,  h e lp s  to  p re v e n t 

s a tu r a t i o n  o f th e  f i lm .

The t h e o r e t i c a l  p r e d ic t io n s  w ere o b ta in e d  u s in g  th e  F r e s n e l -
69

K irc h h o ff  d i f f r a c t i o n  i n t e g r a l

■ *  If i k ( r / s )
U(*i , f i )  = ~  I f  £ ------------  dx dy

r  s
x  y

where r  i s  th e  d is ta n c e  from  th e  so u rc e  to  th e  d a ta  mask p o in t  ( x ,y ) ,  

8 i s  th e  d is ta n c e  from  th a t  d a ta  mask p o in t  to  th e  hologram  p o in t  

( c ( , / 3 ) ,  and A and k a re  th e  w av e len g th  and th e  wavenumber, r e 

s p e c t iv e ly ,  o f th e  l i g h t .  The o b l i q u i ty  f a c t o r  has been  approx im ated

68 C. K. B u rc k h a rd t , T e c h n ic a l Memorandum, B e l l  T elephone L a b o ra to r ie s  

^  J .  S to n e , op . c i t . ,  p . 162.
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as u n i ty .  The d e t a i l  o f t h i s  m a th e m a tic a l approach i s  p re s e n te d  in  

A ppendix V - l .  I t  was assumed t h a t  th e  re c o rd in g  medium and i t s  p ro 

c e s s in g  a re  i d e a l ,  i . e .  ^  ■ - 2 ,  n o n - s a tu r a b le ,  u n ifo rm , e t c .  W hile 

t h i s  t h e o r e t i c a l  a n a ly s is  was l im i te d  t o  c i r c u l a r l y  a p e r tu re d  h o lo 

grams f o r  m a th e m a tic a l c o n v en ien ce , b e fo re  a c tu a l ly  c o n s t r u c t in g  a 

memory, o th e r  g eo m e tric  shapes f o r  th e  a p e r tu re  t h a t  p ro v id e  a  h ig h 

e r  page p ack in g  d e n s i ty  sh o u ld  r e c e iv e  c o n s id e r a t io n .  T h is  i s  e x -  

p e c ia l ly  t r u e  in  l i g h t  o f th e  p re v io u s  d is c u s s io n  on th e  b e n e f i t  of 

a t i l t e d  r e c ta n g u la r  a p e r tu r e .

U sing th e  com puter program  o f Appendix V - l ,  th e  am p litu d e  due to  

th e  r a d i a t i o n  from  a l l  s ix ty - f o u r  b i t s  o f an 8-by>8 d a ta  mask a r ra y  

was com puted a t  each  o f th e  s ix ty - f o u r  co rre sp o n d in g  p o in ts  i n  th e  

image p la n e .  Thus th e  i n t e n s i t y  com puted a t  each  o f th e  image 

p o in ts  was th e  r e s u l t  of c o n t r ib u t io n s  from  each  o f th e  s ix ty - f o u r  

d a ta  mask p o in t s .  The t h e o r e t i c a l  o u tp u t i n t e n s i t y  d i s t r i b u t i o n  f o r  

th e  8 -b y -8  a r r a y  i s  shown as th e  h is to g ra m  of F ig u re  5 -4 .  The s y s 

tem p a ram e te rs  w ere , w ith  th e  n o ta t io n  o f F ig u re  5-3C,

RQ = 30cm

j* 0 s  d a ta  b i t  h o le  r a d iu s  = 0.00508cm 

wQ ■ a p e r tu re  r a d iu s  s  0.074cm 

A x  * A y  — b i t  s p a c in g  * 0.0254cm 

I t  sh o u ld  be n o te d  th a t  th e  a r r a y  was l im i te d  to  an 8 -b y -8  in s te a d  of 

BTL's s ta n d a rd  64-by-64  b i t  a r r a y  to  l i m i t  com p u ta tio n  c o s t s .  The 

64-by-64  a r ra y  co m p u ta tio n  w ould have c o s t  ap p ro x im a te ly  4096 tim es 

th e  $11 .00  o f th e  8 -b y -8 .
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To compare th e  n o n -u n ifo rm ity  o f th e  b i t  v a lu e s  f o r  d i f f e r e n t  

sy stem  p aram ete rs  a f ig u r e  o f m e r i t  was chosen  as  a m easure of th e  

n o n -u n ifo rm ity . T h is  i s  th e  n o rm alized  s ta n d a rd  d e v ia t io n  (NSD) of 

th e  b i t s  o f th e  8 -b y -8  a r r a y .  The com puter program  was ex ecu ted  so  

as to  c a r r y  o u t th e  im aging p ro ced u re  and to  com pute th e  NSD f o r  th e  

c i r c u l a r l y  a p e r tu re d  hologram s w ith  d ia m e te rs  from  0 .0 2 0 "  to  0 .070" 

a t  0 .0 0 2 "  in c re m e n ts . The r e s u l t s  a re  p lo t t e d  i n  F ig u re  5-5  f o r  two 

d i f f e r e n t  phase p la te s  and f o r  no phase p l a t e .

The c u rv e s  f o r  th e  two phase p la te  c o n d i t io n s  g iv e  n e a r ly  id e n 

t i c a l  r e s u l t s ,  d i f f e r i n g  on ly  i n  d e t a i l .  T h ere  a re  d e f i n i t e  ran g es  

o f a p e r tu r e  s iz e s  f o r  w hich th e  NDS has lo c a l  m inim a, i . e .  a p e r tu re  

s i z e s  f o r  minimum i n t e r - b i t  d i f f r a c t i o n  i n t e r f e r e n c e .

I t  i s  e a sy  t o  v i s u a l i z e  why th e  NDS c u rv e  d e c re a se s  non-mono- 

t o n i c a l l y .  F i r s t ,  c o n s id e r  im aging th rough  an a p e r tu r e  an i n f i n i t e  

a r r a y  o f b i t s  w ith  no phase p l a t e .  I t  i s  c l e a r  from  t r a n s l a t i o n a l  

symmetry t h a t  th e  NSD cu rv e  v e rs u s  a p e r tu re  s i z e  would be u n ifo rm ly  

z e r o .  As th e  a r ra y  i s  d e c re a se d  t o  a f i n i t e  s i z e ,  a  boundary would 

be form ed such  th a t  b i t s  n e a r  t h i s  b o rd e r  w ould have few er n e a r  

n e ig h b o rs  th a n  i n t e r i o r  p o in ts  would h av e . T h is  would produce a 

n o n -z e ro  NSD.

The la rg e  i n i t i a l  m agnitude o f th e  NSD i s  due to  th e  o v e r la p  of 

th e  f i r s t  s id e  lobe of th e  A iry  p a t t e r n  w ith  th e  n e a r e s t  n e ig h b o r 

b i t .  As th e  a p e r tu re  s i z e  in c r e a s e s ,  a  n u l l  moves t o  th e  n e a r e s t  

n e ig h b o r p o s i t io n  and a  lo c a l  minimum o f th e  NSD o c c u rs .
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F or th e  c a se  o f th e  c i r c u l a r  a p e r tu r e ,  th e  minimum v a lu e  of th e  

NSD i s  n o t z e ro  b ecau se  of th e  n o n - p e r io d ic i ty  of th e  A iry  p a t t e r n  

and of th e  r a d i a l  d is ta n c e s  of th e  n e a r  n e ig h b o rs .  As th e  a p e r tu re  

s iz e  in c re a s e s  f u r t h e r ,  th e  am p litu d es  o f  th e  s id e  lo b es  a t  th e  

n e a r  n e ig h b o r b i t  p o s i t io n s  in c re a s e  and th e  NSD in c r e a s e s .  F o r 

s t i l l  l a r g e r  a p e r tu r e  s i z e s ,  th e  NSD d e c re a se s  and in c re a s e s  in  an 

o s c i l l a t o r y  f a s h io n  a s  th e  n u l l s  and maxima o f th e  A iry  p a t t e r n  

move th ro u g h  th e  n e a r  n e ig h b o r p o s i t i o n s .

F o r th e  c a se  o f th e  phase p la te  in  f r o n t  of th e  d a ta  m ask, th e  

random ness o f  th e  phase sq u a re s  adds more v a r i a b i l i t y  t o  th e  o v e r la p 

p in g  d i f f r a c t i o n  p a t te r n s  and, th e r e f o r e ,  in c re a s e s  th e  s ta n d a rd  d e 

v i a t i o n .

E x p e rim e n ta l R e s u l ts

The t h e o r e t i c a l  a n a ly s is  was b ased  on th e  use o f an ' i d e a l '  me

dium . T h is  id e a l  medium can  be m odeled by a  system  w ith  a le n s  w hich 

has  an a p e r tu r e  e q u a l to  th e  d ia m e te r  o f  th e  hologram  and a  f o c a l  

le n g th  e q u a l t o  o n e -h a lf  th e  d a ta  mask t o  hologram  s p a c in g . F o r such  

a sy stem , as shown in  F ig u re  5 -6 , th e  d a ta  mask and th e  image p lan e  

a re  1 :1  c o n ju g a te s .  The p ro o f o f t h i s  a s s e r t i o n  i s  o f f e r e d  i n  Ap

pendix  V -2 . U sing  t h i s  te c h n iq u e , i t  i s  p o s s ib le  to  se e  th e  e f f e c t s  

o f  a n o n - id e a l  medium by com paring th e  le n s  m o d e l's  r e s u l t s  to  an 

a c tu a l  h o lo g ra m 's  r e s u l t s .

U sing th e  e x p e r im e n ta l la y o u t shown in  F ig u re  5 -7 , b i t - b y - b i t  

i n t e n s i t y  sc a n s  w ere o b ta in e d  f o r  an 8 -b y -8  a r r a y  o f im aged d a ta  

p o in t s .  A b r i e f ,  s im p l i f ie d  f u n c t io n a l  a n a ly s i s  of t h a t  la y o u t may
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be h e l p f u l .  The s p a t i a l  f i l t e r ,  b e in g  a  low -pass f i l t e r ,  was used 

to  remove s p a t i a l  v a r i a t io n s  from  th e  beam; th e re b y  c r e a t in g  a  more 

un ifo rm  beam i n t e n s i t y .  The 'c o l l im a t in g  l e n s ' ,  as i t s  name im p lie s ,  

was used  to  c o l l im a te  th e  o u tp u t o f th e  s p a t i a l  f i l t e r .  From th e  

p o in t  o f v iew  of geom etric  o p t i c s ,  th e  'F o u r ie r  l e n s '  c o n c e n tr a te s ,  

o r  f o c u s e s ,  th e  o u tp u t of th e  c o l l im a t in g  le n s  in t o  th e  a re a  o f th e  

a p e r tu r e .  The e f f e c t  of t h i s  l e n s ,  as seen  from  th e  p o in t  o f view  

of p h y s ic a l  o p t i c s ,  i s  found i n  A ppendix V - l .  Up to  t h i s  p o in t ,  

th e  la y o u t i s  th e  same as u sed  to  form  th e  o b je c t  beam f o r  th e  mak

in g  o f th e  ho log ram s. C o n tin u in g  w ith  th e  g eo m etric  v ie w p o in t, th e  

d a ta  m ask, w hich has been i l lu m in a te d  so  as to  ap p ea r b r ig h t e s t  

when o b se rv ed  from  th e  a p e r tu r e ,  i s  imaged by th e  'im ag in g  l e n s '  on

to  th e  p la n e  scanned  by th e  p h o to m u lt ip l ie r .

The e x p e r im e n ta l p ro ced u re  adop ted  c a l le d  f o r  sc an n in g  th e  

image o f th e  d a ta  mask w ith o u t an a p e r tu re  in  th e  im aging  le n s  p la n e , 

th e n  s c a n n in g  w ith  an a p e r tu re  i n  t h a t  p la n e , and , a f t e r  a p au se , 

a g a in  sc a n n in g  w ith o u t th e  a p e r tu r e .  The f i r s t  p a r t  o f t h i s  p ro ced - 

dure  was adop ted  because  th e  u n a p e r tu re d  scan  would in d i c a te  th e  le v 

e l  of b i t - t o - b i t  n o n -u n ifo rm ity  n o t  a t t r i b u t a b l e  to  a p e r tu re  d i f f r a c 

t i o n .  T h is  assumes t h a t ,  b eca u se  o f th e  fo c u s in g  e f f e c t  o f th e  F o u r

i e r  l e n s ,  th e  edge e f f e c t s  o f th e  im aging le n s  a re  n e g l ig ib l e .  The 

l a s t  p o r t io n  o f t h i s  p ro c e d u re , when lin k e d  to  th e  f i r s t  p a r t ,  would 

p ro v id e  d a ta  t h a t  would in d i c a te  th e  p re sen ce  and d eg ree  o f tem poral 

f l u c t u a t i o n s  in  th e  sy stem . T h is  e n t i r e  p ro ced u re  was re p e a te d  fo r  

a  s e r i e s  o f c i r c u l a r  a p e r tu re s  and f o r  one s q u a re , u n t i l t e d  a p e r tu r e .
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The s i z e s  used  w ere chosen  o n ly  b ecause  th e y  were a v a i la b le  and 

spanned  th e  r e g io n  o f i n t e r e s t .

Hologram s w ere made u s in g  th e  same a p e r tu r e s .  The im ages from  

th e s e  hologram s were scanned  u s in g  th e  la y o u t of F ig u re  5 -8 .

F ig u re  5 -9  shows exam ples of th e  d a ta  f o r  two a p e r tu r e  s i z e s .

A com parison  o f F ig u re  5-9A w ith  F ig u re  5-9B in d i c a te s  th e  p resen ce  

o f te m p o ra l n o is e .

In  a n a ly z in g  th e  d a ta ,  two app roaches have been  fo llo w e d . In  

th e  f i r s t  a p p ro ac h , an a t te m p t was made to  remove th e  e f f e c t s  of sp a 

t i a l  n o n - u n if o r m i t ie s ;  e .g . ,n o n - s t a n d a r d  d a ta  h o le  s i z e s ,  non -un ifo rm  

beam i r r a d i a n c e ,  im p e rfe c tio n s  in  th e  g la s s  le n s e s ,  e t c .

T h is  was accom plished  by com paring th e  image o f a g iv e n  d a ta  

h o le  o n ly  w ith  o th e r  im ages o f  i t s e l f  under th e  v a r io u s  cond itions* ,

i . e . , a p e r t u r e d  v e rs u s  n o n -a p e r tu re d ,  a p e r tu re d  v e r s u s  ho logram , e t c .  

F o r exam ple , i f  th e  in d iv id u a l  b i t s  o f th e  d a ta  mask a r r a y  a re  id e n 

t i f i e d  by a  doub le  s u b s c r ip t  n o ta t io n ;  i . e . ,  b i t s  1 ,1  t o  8 ,8 ,  th e  b i t  

2 ,6  o f  th e  a p e r tu re d  sc a n , o r  b i t  s e t ,  i s  on ly  com pared to  th e  2 ,6  

b i t  o f th e  u n a p e r tu re d  s c a n . The a c tu a l  com parison  c o n s is te d  o f i n 

d iv id u a l ly  s u b t r a c t in g  th e  i n t e n s i t y  o f each  o f th e  64 b i t s  as meas

u red  under a p a r t i c u l a r  c o n d i t io n  o r  s c a n ; e .g . , n o - a p e r t u r e ,  from  

each  o f th e  c o rre sp o n d in g  64 b i t s  m easured under a d i f f e r e n t  c o n d i

t i o n ;  e .g . ,n o - a p e r tu r e  l a t e r .  The r e s u l t  o f t h i s  p ro c e d u re  was a 

64 b i t  a r r a y  o f th e  d i f f e r e n c e s  i n  o u tp u t of th e  two d i f f e r e n t  scans 

b e in g  com pared . The e f f e c t  o f long  te rm  la s e r  power f lu c tu a t io n s
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and o th e r  power v a r i a t i o n s  w ere acco u n ted  f o r  by n o rm a liz in g  th e  b i t  

s e t s  t o  u n ity  i n t e n s i t y  b e fo re  making any o f th e  above c ro s s  com pari

s o n s ; n . b . ,  th e  te rm  'c r o s s  com parison* r e f e r s  to  th e  com parison  of 

co rre sp o n d in g  b i t s  o f d i f f e r e n t  s c a n s . The n o rm alized  i n t e n s i t i e s  o f 

th e  c o rre sp o n d in g  b i t s  w ere s u b tr a c te d  and th e  s ta n d a rd  d e v ia t io n  o f 

th e se  64 rem ain d ers  com puted. F ig u re  5 -10  d e p ic ts  th i s  NSD d a ta  f o r  

s e v e r a l  a p e r tu re  d ia m e te r s .  I t  i s  o b se rv ed  t h a t  th e  a p e r tu re  -  no 

a p e r tu r e  s ta n d a rd  d e v ia t io n  does fo llo w  th e  e x p ec ted  tre n d  o f a gen

e r a l  d e c re a se  w ith  in c re a s in g  a p e r tu r e .  N ote th a t  th e  sq u a re  a p e r 

tu r e  shows a s i g n i f i c a n t l y  g r e a te r  NSD th a n  th e  co rre sp o n d in g  c i r 

c u l a r  a p e r tu r e .

A t te n t io n  i s  p a r t i c u l a r l y  c a l le d  t o  th e  d a ta  r e p re s e n te d  by th e  

s o l i d  b la c k  b a r s .  T h is  i s  th e  c ro s s  com parison  f o r  th e  n o -a p e r tu re  

c a se  w ith  th e  n o -a p e r tu re  l a t e r  c a s e .  T h is  v a lu e  th u s  r e p r e s e n ts  

th e  s ta n d a rd  d e v ia t io n  o f th e  tem pora l n o is e .  S in ce  th e se  b la c k  b a rs  

a re  n o t a l l  of th e  same a m p litu d e , i t  can  be concluded  t h a t  th e  tem

p o ra l  n o is e  i s  n o n - s ta t io n a r y .  I t  sh o u ld  be n o te d  th a t  t h i s  n o is e  

le v e l  dom inates th e  e f f e c t  o f th e  d i f f r a c t i o n  a t  th e  la r g e r  a p e r tu re  

s i z e s .  The 65NP r e f e r s  to  a case  in  w hich th e  g la s s  phase p la te  was 

rem oved, th u s  d e p r iv in g  th e  th in  d a ta  mask o f some of i t s  m ech an ica l 

r i g i d i t y .  T h is  w ould acco u n t f o r  th e  r i s e  in  tem pora l f l u c t u a t i o n  

o v er th e  norm al f l u c t u a t i o n  le v e l .

The second app roach  to  a n a ly z in g  th e  d a ta  was based  on th e  a c 

t u a l  problem  e n c o u n te re d  in  th e  o p t i c a l  memory system ; i . e . ,  non

u n ifo rm ity  of th e  i n t e n s i t y  w ith in  a g iv e n  a r ra y  sc a n . T h is  i n t e r n a l
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com parison  was accom plished  by s e p a r a te ly  com puting th e  NSD of th e  

b i t  v a r i a t io n s  w i th in  each  a r ra y  o f n o n -a p e r tu re d , a p e r tu r e d ,  and 

h o lo g ra p h ic  o u tp u t im ages. T h is  d a ta  i s  g r a p h ic a l ly  d is p la y e d  in  

F ig u re  5 -1 1 . W ith th e  e x c e p tio n  o f th e  25m il a p e r tu r e ,  th e  e x p e r i 

m e n ta l v a lu e s  fo llo w  th e  t h e o r e t i c a l  p r e d ic t io n s  q u i te  w e l l .  The 

NSD g e n e ra te d  in  th e  n o -a p e r tu re  c a se  i s  w hat may be term ed s p a t i a l  

n o i s e .  T h is  n o is e  dom inates th e  d i f f r a c t i o n  e f f e c t s  f o r  th e  la r g e r  

a p e r tu r e s .  A d is c o n c e r t in g  o b s e rv a tio n  i s  t h a t  th e  NSD f o r  th e  

hologram  i s ,  in  s e v e r a l  of th e  d is p la y e d  c a s e s ,  le s s  th a n  t h a t  f o r  

th e  a p e r tu re d  le n s  c a s e .  Zn o th e r  w o rd s, th e  hologram  g e n e ra te d  a 

more un ifo rm  image th a n  d id  th e  le n s  f o r  th e  6 5 -  35m il c a s e s .  One 

w ould e x p e c t th e  g e l a t i n  im p e rfe c tio n s  t o  make th e  n o n -u n ifo rm ity  

w o rse .

B ecause o f t h i s  unexpected  r e s u l t ,  th e  experim en t was p a r t i a l 

ly  r e p e a te d .  To red u ce  a i r - t r a n s m i t t e d  v ib r a t i o n s ,  th e  e lem en ts  of 

th e  system  were more f i rm ly  a t ta c h e d  to  th e  r i g i d  ' f l o a t i n g '  t a b l e ,  

t o  red u ce  le n s  c o n ta m in a tio n , each  le n s  was c a r e f u l ly  c le a n e d  w ith  

a c e to n e ; and f i n a l l y ,  to  red u ce  th e  amount o f a irb o rn e  d u s t  a f f e c t 

in g  th e  u n ifo rm ity ,  a  p le x ig la s s  h o u s in g  was c o n s tru c te d  and th e  en 

t i r e  system  p la c e d  in s id e  i t .  As a f u r t h e r  p re c a u t io n ,  f i l t e r e d  a i r  

was pumped in t o  th e  p le x ig la s s  h o u sin g  so  as t o  m a in ta in  a s l i g h t  

p o s i t i v e  p re s s u re  w ith  r e s p e c t  to  th e  la b o ra to r y .

F o r t h i s  second  s e t  o f d a ta ,  th e  s p a t i a l  n o is e  le v e l  d e c re a se d  

from  an NSD of 0 .1 0  to  one of 0 .0 7 5 ; b u t  th e  tem p o ra l n o is e  le v e l  

r o s e .  F o r t h i s  second  s e t  o f d a ta ,  th e  h o lo g ra m 's  image i s  more u n i-
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form  th a n  th e  image form ed u s in g  th e  le n s  te c h n iq u e . L a te r  work 

showed t h a t  some o f th e  in c o n s i s t e n c ie s  of th e  d a ta  from  th e  h o lo 

grams co u ld  be e l im in a te d  by v a r ia b ly  a p e r tu r in g  one hologram  in s te a d  

o f u s in g  s e v e r a l  hologram s o f  v a r io u s  s i z e s .

In  a t te m p tin g  to  uncover th e  c h a r a c t e r i s t i c s  o f th e  non -u n ifo rm 

i t y  cau sed  by o th e r  th a n  d i f f r a c t i o n  e f f e c t s ,  th e  p h o to m u lt ip l ie r  

tu b e  was p o s i t io n e d  so  as t o  scan  a  l i n e  of o u tp u t d a ta  p o in t s .  The 

d a ta  mask was th e n  removed and th e  image p lan e  scanned  where th e  row 

o f d a ta  p o in ts  would have b een . F ig u re  5-12 shows th e  d a ta  t h a t  was 

o b ta in e d .  T h is  r e p r e s e n ts  a  s p a t i a l l y  dependent v a r i a t i o n  of approx

im a te ly  £  307.. C le an in g  th e  le n se s  and p la c in g  them in  th e  f i l t e r e d ,  

p o s i t i v e  p re s s u re  atm osphere red u ced  t h i s  v a r i a t i o n  to  ap p ro x im ate ly  

£  157..

C o n c lu sio n s

As to  th e  agreem ent betw een t h e o r e t i c a l  and e x p e r im e n ta l r e 

s u l t s ,  c o n s id e r  th e  fo llo w in g . I f  th e  n o is e  i s  assumed to  be indepen 

d e n t ,  random G au ssian  n o is e ,  th e n

<  - -T2 '
2 2 2 where , cr^ , and 0 ^  a re  th e  v a r ia n c e s  of th e  m easured d a ta ,

th e  t h e o r e t i c a l  d a ta ,  and th e  n o is e .  U sing t h i s  r e l a t i o n s h i p ,  F ig u re  

5-13 shows v e ry  good agreem ent betw een th e  t h e o r e t i c a l  and th e  e x p e r i 

m e n ta l e f f e c t s  o f d i f f r a c t i o n .

From th e  t h e o r e t i c a l  p r e d ic t io n s  o f F ig u re  5 -5 , i t  i s  concluded  

t h a t  c e r t a i n  com binations  o f a p e r tu r e  s iz e  and b i t  sp a c in g  a re  s ig -
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n i f l e a n t l y  more d e s i r a b le  th a n  o th e r s .  T h is  i s  e s p e c i a l l y  t r u e  a t  

th e  s m a l le r  r e l a t i v e  a p e r tu re  s i z e s .  From F ig u re  5 -10  and F ig u re  

5 -1 1 , i t  i s  a p p a re n t th a t  a p e r tu r e  d i f f r a c t i o n  in t e r f e r e n c e  i s  n o t 

th e  o n ly  phenomenon c a u s in g  th e  b i t  n o n -u n ifo rm ity . F u r th e rm o re , a t  

th e  la r g e r  a p e r tu r e  s i z e s ,  th e s e  phenomena, w hich have been  la b e le d  

as n o is e ,  a re  th e  dom inant c a u se s  o f n o n -u n ifo rm ity .

S in c e  t h i s  n o is e  i s  n o t an in h e r e n t ,  o r  t h e o r e t i c a l l y  m andated, 

r e s u l t  o f  th e  h o lo g ra p h ic  p ro c e s s ,  and th e r e f o r e  m ust be th e  r e s u l t  

of n o n - id e a l  p h y s ic a l  com ponents, one would e x p ec t t h a t  i t  co u ld  be 

red u ced  i f  th e  r o l e  o f p h y s ic a l  com ponents w ere re d u c e d . One method 

of a c h ie v in g  t h i s  i s  to  employ th e  s y n th e t ic  hologram  te c h n iq u e  d e

v e lo p ed  i n  C h ap te r IV.
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CHAPTER VI 

CONCLUSIONS

The f e a s i b i l i t y  o f an o p t i c a l  h o lo g ra p h ic  ROM system  u t i l i z i n g  

p a r t i a l l y  c o h e re n t l i g h t  from  a CRT lu m inescen t d o t f o r  th e  hologram  

r e p ro d u c t io n  has been p ro v ed .

S u b s t i t u t io n  of th e  CRT f o r  th e  u su a l a c o u s to -o p t ic  B ra g g -c e l l -  

d e f le c te d  l a s e r  beam as th e  so u rce  o f  read  o u t r a d i a t i o n  r e s u l t s  i n  a 

one hundred  f o ld  decrem ent i n  random access  t im e .

The te c h n iq u e s  d e s c r ib e d  p e rm it one to  d e s ig n  a system  th a t  

a c h ie v e s  a  s to ra g e  d e n s i ty  in  e x c e ss  o f 10^ b i t s  p e r  sq u a re  c e n t im e te r  

o f h o lo g ra p h ic  f i lm .

The problem  of a n a ly s is  and d e s ig n  of th e  sy stem  was approached 

by th e  use o f a com puter s im u la tio n  o f th e  p ro c e s s .  Such a n a ly s i s ,  

h av in g  to  ta k e  in to  accoun t th e  e f f e c t s  on h o lo g ra p h ic  r e c o n s tr u c t io n  

of th e  ex ten d ed  spectrum  of th e  CRT lum inescence and th e  f i n i t e  s i z e  of 

th e  lum inous d o t used as a  r e c o n s t r u c t io n  s o u rc e ,  r e s u l t e d  in  th e  de

velopm ent o f a  n o v e l approach  to  th e  s im u la t io n .  In  t h i s  ca se  conven

t i o n a l  com puter s im u la t io n ,  as shown in  t h i s  d i s s e r t a t i o n ,  r e q u ir e s  

e x c e s s iv e  ru n  tim e s . The approach  d e sc r ib e d  i s  d e r iv e d  from  a p h y s ic a l  

i n t e r p r e t a t i o n  and ap p ro x im atio n  o f th e  com ponents o f th e  sy stem . Op

t im iz a t io n  o f th e  system  to  o b ta in  th e  h ig h e s t  p ack in g  d e n s i ty  m inim i

z in g  e r r o r  so u rc e s  was based  on t h i s  s im u la tio n .
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The ex ten d ed  spec tru m  of th e  CRT s p o t ,  w ith  i t s  consequen t l im ite d

tim e co h e re n ce , and th e  l im ite d  s p a t i a l  r e s o lu t io n  of th e  CRT d is p la y

have been  shown to  g e n e ra te  in te r -p a g e  c r o s s t a l k .  One o f th e  m ethods

h e re  d e s c r ib e d  f o r  th e  s u p p re s s io n  of t h i s  so u rc e  o f e r r o r  i s  based  on

p u re ly  o p t i c a l  te c h n iq u e s ,  b u t i t  p roves to o  c o s t l y  in  term s o f b i t

p ack in g  d e n s i ty  f o r  p r e s e n t ly  a v a i la b le  C R T 's. The system  proposed  by
o

t h i s  d i s s e r t a t i o n  u t i l i z e s  a  100A o p t i c a l  f i l t e r  and a m ech an ica l te c h 

n iq u e  o f in te rp a g e  c r o s s t a l k  a p p lie d  to  a c u r r e n t ly  a v a i la b le  medium 

r e s o lu t io n  (0 .0 2  cm s p o t s iz e )  CRT.

The o p t i c a l  method of in te rp a g e  c r o s s t a lk  su p p re s s io n  p re v io u s ly  

r e f e r r e d  to  co u ld  be u t i l i z e d  in  p r a c t i c e ,  i f  phosphor tech n o lo g y  were 

to  produce f a s t  decay  phosphors w ith  a  s p e c t r a l  bandw idth  of th e  o rd e r  

o f m agnitude o f some of th e  p re se n t-d a y  e u ro p iu m -a c tiv a te d  compounds 

in  a h ig h  r e s o lu t io n  d e v ic e . D evelopm ent of such  a d e v ic e , on th e  b a 

s i s  of th e  re q u ire m e n ts  and l im i ta t io n s  in d ic a te d  in  t h i s  d i s s e r t a t i o n ,  

co u ld  r e p r e s e n t  a v a lu a b le  s u b je c t  f o r  f u tu r e  r e s e a r c h  in  i t s  a p p ro p r i

a te  f i e l d .

W hile th e  CRT phosphor has been used as th e  sou rce  of th e  r e a d -o u t  

r a d i a t i o n ,  i t  i s  o n ly  a v e h ic le  f o r  p e rm it t in g  d e ta i l e d  a n a ly s i s .  The 

te c h n iq u e  i s ,  in  i t s e l f ,  q u i te  g e n e ra l and a p p l ic a b le  to  use w ith  o th e r  

so u rc e s  of p a r t i a l l y  c o h e re n t l i g h t .  Zn p a r t i c u l a r ,  f u tu r e  work in  

t h i s  a re a  shou ld  fo llo w  th e  developm ent o f l i g h t  e m itt in g  sem i-co n d u c to r 

a r ra y s  as a p o s s ib le  rep lacem en t f o r  th e  CRT as th e  source  o f r e a d -o u t  

r a d i a t i o n .

The system  d e s c r ib e d  and analyzed  u ses  c i r c u l a r l y  a p e r tu re d  h o lo 

gram s. The a n a ly s is  o f i n t e r - b i t  c r o s s t a lk  developed  in  t h i s  d i s s e r t a 
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t i o n ,  how ever, shows t h a t  use of a r e c ta n g u la r ly  a p e r tu re d  page p e rm its  

f u r th e r  r e d u c t io n  of t h i s  d i f f r a c t i o n - r e l a t e d  cause  o f b i t - t o - b i t  non- 

u n ifo rm ity , The th e o r e t i c a l  a n a ly s i s  in d ic a te s  th a t  th e  d e n s i ty  c i r c u i t  

can  be in c re a s e d  by a  f a c to r  of two by ju d ic io u s  c h o ice  o f page s i z e .

The te c h n iq u e  d e s c r ib e d  to  o b ta in  t h i s  r e s u l t  appears  a p rom ising  p o in t 

of d e p a r tu re  f o r  f u tu r e  in v e s t ig a t io n  and re fin e m en t o f th e  system ; 

p ro m is in g ,a s  i t  d o e s , a more e f f i c i e n t  u t i l i z a t i o n  o f f i lm  s u r f a c e .

Such f u tu r e  in v e s t ig a t io n  co u ld  make use o f th e  com puter s im u la tio n  

methods h e re  d e s c r ib e d ,  e x te n d in g  them to  th e  s p e c ia l  c a se  of s q u a re -  

a p e r tu re d  h o log ram s.

Some e x p e r im e n ta tio n  has been  conducted  to  v e r i f y  th e  p r e d ic t io n s  

o f th e  t h e o r e t i c a l  a n a ly s is  of i n t e r b i t  d i f f r a c t i o n  i n t e r f e r e n c e .  T h is 

e x p e r im e n ta tio n  shows th a t  o th e r  e f f e c t s ,  a l s o  d e sc r ib e d  in  th e  d i s s e r 

t a t i o n ,  and b e s t  la b e le d  as " n o is e " ,  dom inate th e  d i f f r a c t io n - c a u s e d  

n o n -u n ifo rm itie s  f o r  a p e r tu re s  g r e a t e r  th a n  50 m i ls .  T h is  n o ise  i s  th e  

r e s u l t  of n o n - id e a l  p h y s ic a l c o n d i t io n s  in tro d u c e d  by th e  te c h n o lo g ic a l  

im p lem en ta tio n  o f b o th  th e  hologram  re c o rd in g  and r e p ro d u c t io n  sy stem . 

F u tu re  i n v e s t ig a t io n s  cou ld  c o n s id e r  such  cau ses  of b i t  n o n -u n ifo rm ity  

and propose f u r th e r  s o lu t io n s  to  t h i s  problem .

The system  h ere  d e sc r ib e d  e f f e c t i v e l y  e l im in a te s  th e  above cau ses  

o f n o n -u n ifo rm ity  d u rin g  th e  re c o rd in g  p ro c e ss  by o b ta in in g  th e  h o lo 

grams th rough  a p ro c e ss  of com puter g e n e ra te d  s y n th e s is ,  r a th e r  th a n  by 

p h y s ic a l h o log raphy  o f a d a ta  m ask.

Many o th e r  advan tages a re  shown to  r e s u l t  from t h i s  ap p ro ach , i n 

c lu d in g  h ig h e r  In fo rm a tio n  s to ra g e  d e n s i ty ,  th e  e l im in a t io n  of o p t i c a l
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n o is e  due to  unwanted com ponents o£ the  hologram  r e c o n s t r u c t io n ,  th e  

use o£ t h e o r e t i c a l  p o in t  so u rc e s  £or th e  b i t s ,  and o th e rs  as analyzed  

in  th e  d i s s e r t a t i o n .

Computer g e n e ra te d  s y n th e s is  o f th e  ho logram s, u s in g  16 le v e ls  of 

g ray  s c a le  r a th e r  th a n  th e  more u s u a l b in a ry  h o log raphy  te c h n iq u e , was 

o b ta in e d  by FDM m odu la tion  of a CRT p r e s e n ta t io n .  The d e s ig n  of a de

v ic e  p ro v id in g  th e  n e c e ssa ry  in t e r f a c e  betw een th e  com puter and th e  CRT 

to  perfo rm  th !6  m o d u la tio n  i s  d e s c r ib e d  in  th e  d i s s e r t a t i o n ,  to g e th e r  

w ith  th e  com puter program  f o r  th e  g e n e ra t io n  of th e  r e q u ir e d  hologram  

t r a n s m i t ta n c e .

The f e a s i b i l i t y  of t h i s  d e s ig n  has been  proved by f a b r i c a t i n g  th e  

system  and u s in g  i t  f o r  th e  p ro d u c tio n  of a sam ple ho logram . The p a r 

t i c u l a r  form  o f th e  im p lem en ta tio n  d e s c r ib e d  r e f e r s  to  a f e a s i b i l i t y  

s tu d y  u s in g  a v a i la b le  com puter f a c i l i t i e s .  I t s  e x te n s io n  to  a  f a s t e r  

and more c o n v e n ie n t system  f o r  th e  p ro d u c tio n  o f su ch  hologram s under 

more r e s t r i c t i v e  c o n d it io n s  o f p r a c t i c a l  use ap p ea rs  q u i t e  s t r a i g h t  

fo rw a rd . F u r th e r  work in  t h i s  c o n te x t  co u ld  u t i l i z e  h ig h  speed  d a ta  

l in k s  o r  s p e c ia l iz e d  programming on a m in icom pu ter.

F o r t h i s  use th e  i n t e r f a c e  co u ld  u t i l i z e  o th e r  form s o f CRT modu

l a t i o n .  F o r in s ta n c e  PAH, r a t h e r  th a n  FDM, co u ld  be used  to  d is p la y  

th e  e n t i r e  t r a n s m itta n c e  p a t t e r n  f o r  a  s in g le  ex p o su re  p h o tog raphy , 

r a th e r  th a n  use th e  slow er tim e expo su re  p h o to g rap h ic  sy stem  imposed 

by a v a i l a b i l i t y  o f f a c i l i t i e s  d u r in g  t h i s  I n v e s t i g a t io n .
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The hologram s produced by t h i s  method a re  d i g i t a l i z e d  on 16 g ra y 

s c a le  s t e p s .  T h is  d e c re a se s  th e  number o f sp u rio u s  im ages t h a t  would 

be g e n e ra te d  by a b in a ry  hologram  and im proves th e  r e s o lu t io n .  In  th i s  

i n v e s t i g a t io n  th e  problem  was o n ly  ro u g h ly  a n a ly z e d . F u r th e r  work 

m igh t c o n s id e r  o p tim iz a tio n  o f th e  number o f q u a n t iz a t io n  l e v e l s .

F u r th e r  e x p e r im e n ta l i n v e s t ig a t io n  in  th e  c h a r a c t e r i s t i c s  o f th e  

image r e c o n s tru c te d  by th e  use o f a CRT sp o t as a  r e f e r e n c e  so u rce  

would a l s o  c o n s t i t u t e  a v a lu a b le  c o n t r ib u t io n  and a p ro m isin g  avenue 

of r e s e a r c h .

In  c o n c lu s io n ,b y  th e  te c h n iq u e s  d e s c r ib e d  and by u s in g  a v a i la b le  

com ponents, i t  would be p o s s ib le  t o  assem ble a system  o f t h i s  ty p e  to  

s to r e  10 m eg ab its  over a 4 - in c h  sq u a re  CRT w ith  a random acc e ss  tim e 

of th e  o rd e r  o f 10 nanoseconds.
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APPENDIX I I I - l

CRT SPATIAL MODEL FORTRAN PROGRAM

C PROGRAM TO DETERMINE SPATIAL MODEL VALUES FOR RECONSTRUCTION SOURCE
DIMENSION RHO( 1 4 ) ,E ( 1 4 ) ,B ( 1 4 ) ,RHOAVG( 1 4 ) ,RNGPHA( 1 4 ) ,RHOIN(1 4 ,1 4 )
DIMENSION RHOOUT( 1 4 ,1 4 ) ,RHORAN(1 4 ,2  9 ) , PTPHA(1 4 ,2  9 ) , NR( 1 0 ) ,NPPR(10)

C NT MUST EQUAL NP
READ 1 2 ,NT,NR( 1 ) ,N R (2 ),N R (3 ),N R (4 ),N R (5 ),N R (6 )N R (7 )

12 FORMAT (815)
READ 4 7 , NP, N PPR (l),N P PR (2),N PPR (3),N P PR (4),N PPR (5),N P PR (6)

47 FORMAT(815)
C COMPUTE RHO

D0100 MTsl/NT 
MP ■ MT 
NNR«NR(MT)
ANR-NRR 
NRPls NNR /  1 
DO 21 Ms2,NNR 
AM ■ M s 1
RHO(M) = SQRT( -A L0G (1.0 -  AM/ANR) )

21 CONTINUE 
C APPROXIMATION FOR ERROR FUNCTION

A1 = 0 .3480242  
A2 « -  0 .0 9 5 8 7 9 8  
A3 = 0 .7 578558  
P = 0 .4707  
RHO(l) s  0 .0  

C APPROXIMATE INFINITY BY 20
RHO(NRPl) = 2 0 . 0  
NNRP1- NNR /  1 
DO 40 M s  1 , NNRP1 
T b 1 .0  /  ( 1 .0  /  P* RHO(M))
EXPT = EXP( -  RHO(M)*RHO(M))
E(M) s  1 .0  -  (A1*T /  A2*T*T /A3*T*T*T) *EXPT 
B(M) r  RHO(M) *  EXPT

40 CONTINUE
DO 41 M a 1 , NNR 
MP1 b M /  1
RHOAVG(M) = -ANR*(B(MP1) -  B(M) -0 .8 8 6 2 2 6 9 * (E(MP1) -  E(M )) )

41  CONTINUE
C SET RANDOM GENERATORS

INR r  4048151 
IN I ■ 81525722 
INO = 53931333 
NA = NPPR(MP)
ANA b  NA 
ANA02 & ANA/2.0 
NA02 s AnAO2 
BNA02 = NA02
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DIF s ANA02 -  BNA02 
DO 51 M ■ l.NNR 

C SUFFIX "R" FOR RING PHASE
INR = INR *  27
RSUITR -  0 .5  /  FLOAT (IN R )*0 .2328306E -9  

C RSUITR VARIES FROM 0 TO 1 .0
RNGPHA(M) > 2 .0 * 3 .14159265*RSULTR 

C TEST FOR EVEN OF ODD
IF(D IF  - 0 .3 )  5 3 ,5 3 ,5 4  

C IF EVEN 53 IF ODD 54
53 NK s  NA/2 

GO TO 55
54 NK ■ ( NA - l ) / 2  

RHORAN (M,NA) = RHOAVG(M)
55 CONTINUE

DO 57MK=1,NK
C SUFFIX " I "  FOR POINTS INSIDE RHOAVG: "0 "  POINTS OUTSIDE RHOAVG

IN I » IN I * 15003 
C RSULTI and RESULTO VARY BETWEEN /  AND 0 .5

RSULTI s  0 .5  /  FL O A T (IN I)*0.2328306E -9 
RSULTI s  0.5*RSULTI 

C BOTH RHO IN AND RHOOUT ARE CONSTRAINED TO VARY RANDOMLY IN A RANGE
C FROM 0 TO 1 /2  THE DISTANCE BETWEEN RHOAVG AND THE INSIDE BOUNDRY
C OF THE ANNULAR REGION IN CONSIDERATION ; I . E . ,  RHO(M)

RHOIN(M,MK) = -  (RHOAVG(M) -  RHO(M ))*RSULTI /  RHOAVG(M)
INO ■ INO * 2121
RSULTO -  0 .5  /  FLO A T(INO )*0.2328306E-9 
RSULTO s  0.5*RSULT0
RHOOUT(M,MK) =-(RHO(M) -  RHOAVG(M)) *  RSULTO /  RHOAVG(M)

57 CONTINUE
C ALTERNATE INSIDE POINTS WITH OUTSIDE PPOINTS

DO 58 MA -1,NA 
MB = 2*MA -1
RHORAN(M,MB) = RHOIN (M,MA)
MBP1 = MB /  1
RHORAN (M,MBP1) = RHOOUT (M,MA)

58 CONTINUE
DO 59 MA -  1 , NA 
AMA -  MA
PTPHA(M,MA) a RNGPHA(M) /  2 .0 * 3 .1 4 1 5 9 2 6 5  * (  AMA -  1 . 0 ) /  ANA

59 CONTINUE 
51 CONTINUE

DO 72 M s 1 , NNR 
PRINT 64

64 FORMAT (1H0)
PRINT 65 ,M,RHOAVG (M) ,M,RNGPHA(M)

65 FORMAT(1H , 'RHOAVG’ , 1 3 , '  s  1 ,F 14 .8 ,4X ,'R N G P H A ',1 3 ,1  = 1 ,F 1 4 .8 )  
PRINT 70

70 FORMAT (  1H , '  RADIUS PHASE ' )
DO 72 MA = 1 , NA
PRINT 7 1 ,RHORAN(M,MA),PTPHA(M,MA)
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71 FORMAT ( 2F14.7)
72 CONTINUE

DO 80 M ■ 1, NNR 
PRINT 64
PRINT 6 5 ,M,RHOAVG(M),M,RNGPHA(M)
PRINT 75

75 FORMAT (1H , ' MU NU')
DO 80 MA = 1, NA
AMU r  RHORAN(M,MA)*COS (PTPHA(M,MA))
ANU s RHORAN (M, MA) *S IN (PT PH A (M, MA) )
PRINT 81 ,AMU,ANU 

81 FORMAT(2F14.8)
80 CONTINUE 
lOOCONTINUE 

STOP 
END

★RUN
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APPENDIX I I I - 2

CRT FREQUENCY MODEL FORTRAN PROGRAM

DECK 1
B SERVES TO CREAT A SECOND MATRIX FOR AMP & POSIT, BMP & BOSIT 
D IMENS ION POS IT (1 2 0 ) , AMP (120) ,W (120) ,D AMP (1 2 0 ), RAMP (25) ,RW (25) 
DIMENSION CW (12) ,CP(12) ,BMP(120) ,BOSIT (120)

C INPUT NUMBER OF POINTS AND NO. OF CALIBRATION POINTS
D0200 M Tsl,2  
READ5,NP,NC,NF 

5 FORMAT (3110)
C INPUT 12 DATA CARDS -  AMP VS POSITION

DO 3 1 -1 ,1 2
READ 1 ,AMP( 1 ) , POSIT( 1 ) ,AMP(2), POSIT( 2 ) ,AMP(3), POSIT ( 3 ) ,

1AMP(4), POSIT(4) ,AMP(5), POSIT (5) ,AMP)6) ,POIT (6) ,AMP(7), POSIT (7) , 
2AMP(8).POSIT(8)

1 FORMAT(16F5.1)
D 03J=1,8
K « 8 * (I -1 ) /J
BOS IT (K )-PO SIT(J)
BMP(K)-AMP(J)

3 CONTINUE
C INPUT 3 FREQ CARDS -  WAVELENGTH VS POSITION

READ4,CW (1 ) ,CP(1) ,CW (2) ,CP(2) ,CW (3) ,C P(3) ,CW (4) ,C P(4)
READ4,CW(5) ,C P(5) ,CW(6) ,CP(6) ,CW(7) ,C P(7) ,CW(8) ,C P(8)
READ4,CW(9 ) ,CP(9) ,CW(10) ,C P(10) ,CW(11) ,CP(11) ,CW(12) ,C P(12)

4 FORMAT(8F10 .4 )
WSLOPE » (CW (l)-CW (NC))/(CP(l)-CP(NC))
D042 MP*1,NP
W(MP)r WS LOPE* (BPS IT (MP) -C P (1)) /  CW(1)

42 CONTINUE
D0500 MPsl,NP
PRINT 700,BMP(MP),B0SIT(MP) ,W(MP)

700 FORMAT(1H ,3 F 1 4 .6 )
500 CONTINUE

CALL XYPLOT (NP,W ,RMP)
PRINT 100 

100 FORMAT (1H1)
C COMPUTE DISTRIBUTION FUNCTION

DAMP(l)sO.O 
D08MPs2,NP 
MPM1-MP-1
DAMP (MP) -DAMP (MPM1) /  (MBP (MP) / BMP (MPMl) ) / 2 . 0*ABS (W (MP) -W (MPMl) )

8 CONTINUE 
C COMPUTE EQUIVALENT VALUES

ANE z NE 
D09ME=1,NE 
AMEsME



RAMP(ME) =DAMP(NP)* ( 2 . 0*AME- 1 . 0 ) / ( 2 . 0*ANE)
9 CONTINUE 

C COMPUTE EQUIVALENT WAVELENGTHS 
MPsI
D 0I3 ME=1,NE

12 CONTINUE
IF(RAMP(ME) -DAMP(MP)) 1 1 ,1 1 ,1 0

10 MP.MP/1 
GO TO 12

11 MPM1=MP-1 
A=BMP (MPMl)
A2«A*A
SLOPE .  (BMP(MP)-BMP(MPM1))/ABS (W(MP)-W (MPMl)) 
DAREA = RAMP (ME)-DAMP (MPMl)
DW 8 (-A/SQRT(A2/2,0*SL0PE*DAREA)) /SLOPE 
IF(W(MP) -W(MPM1)) 1 6 ,1 6 ,1 7

16 DW a -  DW
17 CONTINUE

RW (ME) :W (MPMl) /DW 
PRINT 1 4 ,ME,RW(ME)

14 FORMAT(1H , 'EQUIVAI£NT WAVELENGTH',1 3 ,  ' = 1 , E 14 .
13 CONTINUE 

200 CONTINUE
STOP
END

*RUN

EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT

WAVELENGTH
WAVELENGTH
WAVELENGTH
WAVELENGTH
WAVELENGTH
WAVELENGTH
WAVELENGTH
WAVELENGTH
WAVELENGTH
WAVELENGTH

1 8 .5131507E/04
2 8 .5139757E/04
3 s .5144265E/04
4 = .5147996E/04
5 = .5151453E/04
6 = .5154773E/04
7 = .5158907E/04
8 = .5161667E/04
9 s .5166226E/04
10 = .5175886E/04

EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT
EQUIVALENT

WAVELENGTH 1 » 
WAVELENGTH 2 : 
WAVELENGTH 3 : 
WAVELENGTH 4 ■ 
WAVELENGTH 5 : 
WAVELENGTH 6 : 
WAVELENGTH 7 = 
WAVELENGTH 8 = 
WAVELENGTH 9 : 
WAVELENGTH 10

.5199496E/04 

.5181980E/04 

.5169691E/04 

.5157886E/04 

.5146375E/04 

.5135242E/04 

. 5124281E/04 

.5113277E/04 

.5101433E/04 

.5083031E/04
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APPENDIX I I I - 3

DETAIIED MATHEMATICS FOR POINT SOURCE ARRAY

The a n a ly t ic  e x p re s s io n  f o r  th e  r a d i a t i o n  from  th e  p o in t- s o u rc e s  

d a ta  a r r a y  i s  found  w ith  th e  a id  o f F ig u re  A I I I -1 .  The complex am p li

tu d e  o f th e  o b je c t ,  o r d a ta ,  beam i s

V  V  l k S i J
° o b J <°, ’ ^ > = Y  Y  Ai j  e  /  81J

where

s
a

The co n v erg in g  r e f e r e n c e  beam i s  e x p re s se d  as 

» « £ < * • ? >  ■ Ar e f  c ‘ lkU '  "

where

N ote t h a t  th e  r e f e r e n c e  beam co n v erg es  th ro u g h  th e  hologram  p la n e  to  a 

p o in t  uQ d is ta n c e  b eh in d  th e  <*Q, ^  p o in t  o f th e  hologram  p la n e . The 

complex am p litu d e  o f th e  r a d i a t i o n  im p ing ing  on th e  f i lm  i s

» « * . ,* >  :  » « £  t  »obJ

The i n t e n s i t y  i s

= |Ur e f | 2 /  |» o b jl2 /  ure£ f Br*f  uobj

I f  a gamma o f minus two i s  assum ed, th e  tr a n s m is s io n  f u n c t io n  of 

th e  hologram  w i l l  be d i r e c t l y  p ro p o r t io n a l  to  th e se  te rm s . The f i r s t  

two term s a re  n o is e  as f a r  as th e  image r e c o n s t r u c t io n  i s  co n ce rn ed .
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S in c e  th e  com puter w i l l  be g e n e ra tin g  th e  hologram , th e s e  f i r s t  two 

te rm s w i l l  be d e le te d  from  th e  p i c t u r e .  N0 t i c e  th a t  t h i s  i s  n o t pos

s i b l e  in  p h y s ic a l ly  produced hologram s and c o n s t i t u t e s  one advan tage of 

th e  com puter g e n e ra te d  hologram  of C h ap te r  IV . The t h i r d  and fo u r th  

te rm s a re  th e  te rm s o f i n t e r e s t .  I n  p a r t i c u l a r ,  i t  i s  th e  t h i r d  te rm  

th a t  form s th e  d e s i r e d  r e a l  im age. The f o u r th  term  g e n e ra te s  a  v i r 

t u a l  im age. F o r th e  pu rp o ses  o f t h i s  sy stem , t h i s  v i r t u a l  image i s  

a l s o  n o is e  and , th e r e f o r e ,  i t  would be d e s i r a b le  to  s u p p re s s  th e

fu n c t io n  and , s in c e  i t  i s  im p ra c t ia l  t o  g e n e ra te  complex f u n c t io n s ,  

i t  i s  th e  sum t h a t  i s  used  in  making th e  hologram .

The te rm  o f i n t e r e s t  i s

The r e c o n s t r u c t io n  so u rce  i s  m odeled e x a c t ly  as i t  was in  th e  

p re v io u s  s e c t io n  o f C h ap te r I I I .  T h u s, u s in g  th e  c o o rd in a te s  o f F ig 

u re  A I I I -2 .

f o u r th  te rm . However, th e  sum o f U_ -IT . . and U _U’ r e f  odj r e f  ir e f  ob j
i s  th e  r e a l

2 9
- i k  [ u Q /  ( * - ^ )  /< 2 u o) i  ( P - P j  /< 2uo) ]

- i k  [ s 0 /  W -it1) 2/ ( 2 s o) /  (P -y j >2/ ( 2 s o) ]
A, , 6

w here
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U sing  th e  R ayleigh-S om m erfeld  fo rm u la tio n  and la b e l l i n g  as u image

i f f  ikRUi m a g e  A O  =  J L  J J X 3 C - . / O  f  Vco„<“-V  » / »

where

I n i t i a l  c o n c e n tr a t io n  i s  c e n te re d  on th e  exponen t o f th e  in te g ra n d . 

U sing th e  p a r a x i a l ,  o r s a g i t t a l ,  a p p ro x im a tio n , t h i s  expands to

w  " * > k  ’  2®o * 2vo * x ]

-k  [ u<

1 - 2 ,
’“ ‘2

~ °^RC

1 “o ■ J  2 1 v o

■L \  1
- A ,

% > o l  2 1 Vo

*«*
C-J 

I 
0

 
0 

9
"If

$ * - *0
a ! , :
2 s o :

, ^ R C 2 

2vo
, h1 , olRC*4 

2v n vO O

, A c 2

g RC -J i - i l l
v o  v o  Ro / J

[
C ' /  o(D' /  /0 E ' /  G'

A f te r  s e p a r a t in g  th e  v a r i a b l e ,  one w ould th e n  need to  in t e g r a te

/ i « 2C /  i<*D .
J  e  del
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in  th e  d i r e c t i o n .  A s im i la r  i n t e g r a t i o n  must be perfo rm ed  over f t  

As i t  in v o lv e s  F r e s n e l  I n t e g r a l s ,  t h i s  in t e g r a t i o n  i s  n o t c o n v e n ie n t, 

to  say  th e  l e a s t . T h e  s u b s t i t u t i o n s  o f 

« z z cos 

f i z z  s in  If*

le a d  to

I f e i c ' z2 e 1* ' 2 dUfzdz  
z  y

f  iCz2
J  e 27r ’J 0 (F'z)  zdz
z

F o r th e  c a s e s  o f i n t e r e s t ,  f u r th e r  i n t e g r a t i o n  i s  impeded because  a 

s e r i e s  ap p ro x im atio n  o f th e  e x p o n e n t ia l  i s  n o t co n v e n ie n t s in c e  C ' i s  

to o  l a r g e .  As an exam ple, l e t

h  * k * Ak
uo * v o

s = R o o

th e n

C ■ h

I f  o( = 1.0cm , Ak = 2 TT'— —— *■ 10® cm” *, v_s3cm , and R =15cm, 
max a  max (5000 )2 °  °

th e n

( * W )  ^  [ l / v o /  1/Rq ] = 21^(80)

G. Thomas, C a lc u lu s  and A n a ly t ic  G eom etry, A ddison-W esley P u b lish in g  
C o ., R ead ing , M a ss ., i y b l ,  pp . 6 9 7 -8 .
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However, c o n s id e r  th e  f a c t  t h a t  a r e a s o n a b le  page s iz e  i s  i n  th e  

o rd e r  o f 1.5mm. To use t h i s  in fo rm a tio n , s e t

al :  •<’ t  * 0

0  ■ P '  t  1*0

0( 3 W  C O S  0

P  2 w s i n  0

th e n
2

u s u /  -32_ 
o 2uo

2 **o"x i*s -  8 /  32  /      w cos 0 /   w s i n  0
0 2So s o s0 o

(V x i )2  (/3o -y j> 2 

2°o  2 so

,  W 2 ,  < V f e * r / * >  ^ R C * ^  f r tv z V- /  -----  /  —  w cos 0 r -----------------  w s in  00 2 v  V  V*v0 o vo

(°,o-°fec-/»)2 ^ o-Zrc" ^ 2

2vo 2vo

and

r  -  r  /  w cos 0 /  w s i n  0
2Ro * ,

2
, <°W> , < * W
* 2R * 2Ro o

U sing  th e se  r e l a t i o n s h i p s ,  th e  exponen t can  be r e w r i t t e n  as
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w2 [ . Js_ - Ji- / 1̂2_ / 1
2u 2s 2v 2R I «* o o o o J

.  r . k - v , ,  i«o-tc-1* , ,  < v j >  l/  w cos 0 -k   — f  k9    /  k9 ---------
L 2 Vo 2 Rn J0

, , .  r . (/3o -y i ) , ,  , ,  < £ - ? >/  w s in  0 -k  -  j  t  k -----------------  /  k
L s_  2 v o 2  Rno w °

2 ^ /7  x2
-  k r »  1 . 1 w  / ( A ~y j)  i

L ° ° 2s J

, k r V R  1
2 I °  °  2v 2v 2R 2R i

o °  o o

2
= Cw /  Dw cos 0 /  Ew s in  0 /  G 

U sing th is  s im p l i f i e d  n o ta t io n ,  th e  r e c o n s t r u c t io n  te rm  i s  w r i t t e n  as

cf.t) s - l  / f t s *  yytiLtfoon a.
? 2 w 0 i  i  S°  °  R°

i  (Cw2 /  Dwcos 0 /  Ew sin 0 /  G) 
i  d0 wdw

L e t t in g

F = (D2 /  E2) *

u3</‘>*’- £ ? ' t > = I T  m i elG Ar e fAl j Arecon
2 i  J
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| e iC» 2 r
2 iFwcos ((9- ta n ’ ^E/D)

d0 wdw

w

_1_ Ar e f Are c o n  V  V  a - iG
1 7. .. »-------  £-*£-.*■ *  4 e

i ^2 uo8ov oRo i  j  J  e iCw 2fO’o (Fw) wdw
w

U sing th e  v a lu e s  o f  th e  p re v io u s  exam ple and th e  hologram  s iz e  o f 1.5mm;

i . e .  C ^ 8 0  and w2 :  (0 .0 7 5 )2 , one f in d s  
max max

Cmax wmax " 1 A  

R e c a l l in g  th a t

and

e ^  s cosX /  siriX

cosX s l -  X2/2  /  X4 /4  -X6/6  /  X8/8

siriX r  X -  X3/3  /  X5/5  -  X7/7  /  X9/9  .................

th e n  th e  e v a lu a te d  t r ig n o m e tr ic  s e r i e s  can be w r i t t e n  as

c o s (1 .4 )  s 1 -0 .9 8 0  /  0.1600667 -  0.0104577 /  0 .0003660

-  7 .971082(10"6) t  1 .183585(1 0 ‘ 7) -  1 .274630(10“ 9) , . .  

s in ( 1 .4 )  ■ 1 .4  -  0 .4573333 f  0.0448187 -  0.0020915 /  0.0000569

-  1 .014501(10"6) /  i.2 7 4 6 3 0 (1 0 “8) -  1 .189654(10“ 10) . . .  

S in c e  U(J*,^) i s  composed o f  ( t )  • (m) • (n) * ( i)  • ( j )  com ponents, a  s p e c i f i c  

c a se  i s  r e q u ir e d  to  compute th e  r e q u ir e d  a cc u racy  o f each  com ponent; 

i . e . ,  U ( , f , ^ ,^ ,9 , t )  and, th e n c e , th e  re q u ir e d  number o f te rm s f o r  th e  

t r ig n o m e tr ic  s e r i e s .  F o r t h i s  developm ent, l e t  mn « 50 , t  ■ 10, and

i j  * 10 . I f  1% o v e r a l l  acc u racy  i s  d e s i r e d ,  eac h  te rm  must be a c c u ra te
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to  one p a r t  i n  5 0 0 ,0 0 0 , o r  two p a r t s  p e r  one m i l l i o n .  As i s  w e ll 

known,"** th e  s in e  and c o s in e  s e r i e s  a re  in  e r r o r  by l e s s  th a n  th e  f i r s t

te rm  dropped . T h e re fo re ,  to  d e te rm in e  th e  r e q u ir e d  number o f term s in

each  one need o n ly  to  perfo rm  th e  fo llo w in g  co m p u ta tio n s ;

c o s in e : @6 te r n s  l -M & W E Z ) .  = A 2 1
1 .7 U 0 ” 1) 106

_ 7.971(10"® ) 4 6 .7@5 term s      = — '
1 .7 U 0 " 1) 10®

s in e :  @5 term s
0 .9 8  106

5 .6 9 (1 0 05)
@4 term s ~---------------- s  — r—

0 .9 8  i o 5

T h e re fo re ,  f o r  th e  c o s in e ,  s ix  te rm s a re  r e q u ir e d  and f o r  th e  s in e ,  

f iv e  term s a re  n eed ed . T hus, th e  in te g ra n d  i s

T _2 4  4  8 6 12 8 16 10 201 C w , C w C w / C w _ C w
[  21 r 4 '  “ 61 r 8 ! 10!

I C3w6 n 5  1 0  o 7  1 4  r 9 18 1 1i  i  cw -  —  /  C w _  .  C_w  ,  C_w  w j  ,Fv)
\ 3! 5! 7! 9! / J °

52
U sing th e  r e l a t i o n s h i p ,

52 Born and W olf, op . c i t . ,  p . 395.



and i t s  expanded v e r s io n

Jx  J  (X) dX = J X1̂ ^ 1 J  (X) dX 
P

m /p /1  f  m/p
= X J  . (X) -  / m X J  (X) dX

P /1  J  P

o b ta in e d  from  in t e g r a t i o n - b y - p a r t s ,  th e  s e r i e s  in te g ra n d  can  be i n t e 

g ra te d  as shown below ;

r°J  w J  (Fw) dw = W Q  J .(F w  )
0 °

rwo
f  2 4 2 r  _
/ -  -— —  w J  (Fw) dw r  -  -£ —  I F w J ,  (Fw )
n 2 K  [  »  1 °

/
0

3 3
-4 j  F w Fw (Fw) dFw

T 5 5 4 4— F w„ J  (Fw ) -4  F w J 0 (Fw ) 
6 L ° l o  o Z o

,2

2JF

/  8 F 3w 3 J  (Fw ) 
o 3 0

o r i n  g e n e ra l
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/  ( n - l ) ( n - 3 ) ^ W o ) n  2 J 3 (Fwq )

-  (n -1 ) (n -3 ) (n -5 ) (Fw ) n “3 J .  (Fw )o 4 o

/  ( n - l ) ( n - 3 ) ( n - 5 ) ( n - 7 ) (F w  ) n “4 J c (Fw )
o 5 o

( n - 1 ) ( n - 3 ) ( n - 5 ) ( n - 7 ) ( n - 9 )  

(Fw)n‘ 10 (Fw)5 J 5 (Fw) dFw J
N ote t h a t  t h i s  s e r i e s  i s  f i n i t e  i f  "n" i s  odd .

The i n t e g r a l  can  be e x p re s se d  as

w.
f -  J l (Fwo) /  iC

r w03
[ - f  w  -

2w,

/  *  0 _ 3 4w 8w
(Fw J  -  J 2 (Fw ) /  - J L  J ,  (F w Jo p 3 3 '  o

3 f  w 2 6w ^ 24w 5

[ - f  Jl <FWo) ‘ J T  J2 <Fwo> '  7 T -  J3 * V

48w
J  (Fw ) 

4 o
/  e t c .

T h is  e x p re s s io n  can  be reg ro u p ed  as

11 

Z
b= l f b J b ^ o >

w here



A18

w -o

2 s 4 9C wj* C w 
O ,  o

2 24

r 6  1 3
C wo

8.. 17C w
10 21

C wo
720 r  40320 3628800

/  i
,  C3w 7 C5w 11 C7w 15 C9w 19

C W  3 ----------------2- /  — 2-------------------------- 2 -  t  — 2 —
O r 120 5040 362880

f  = -±- 
2 F 2

2 4 CV  C V 2 C 8W 18 C \ 20
2C wQ -  — 2 -  /  2------------------- f ---------2—

60 2540 181440

/  i  I -2Cw /  C w
2 , 3 6 C5wq 10 C7w0 14 C9w0 18

12 360 20160

f 3 e t c .

The r e a l  image r e c o n s t r u c t io n  s ig n a l  i s  w r i t t e n  as

A A * iG

^ J 0

11

I
b -1
Y .  £bj b (F»o> ]

F o r co m p u ta tio n a l e f f i c i e n c y ,  one would a llo w

£ -  ^
b ‘  Fb

At t h i s  p o in t ,  as a  p re lu d e  to  programming th e  e x p re s s io n  f o r  U^, i t  

i s  w orthw h ile  to  e x p l i c i t l y  n o te  th e  d e p e n d e n c ie s . T h e re fo re ,

k2 = k2 ^ » v̂ *t ^

A a A (m>V>£) re c o n  re c o n  r
G s G ty , )>, t , x , y , ^ , ^ )



A19

F s F ( p ,  *>, t , x , y ,  j*, ij)

8 *

Uim age( ^ f » t )  i s  o b ta in e d  by summing u im age< £ ^ » /u > \ t )  o v er a l l  th e  

p o in ts  o f  th e  p ,  P so u rce  m odel.
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APPENDIX I I I - 4

CMPOUT FORTRAN PROGRAM

PROGRAM CMPOUT
DIMENSION WL2(15) , AMU(50) ,X ( 4 ) ,  Y (4 ), PDM(50) ,PEN(50) 
DIMENSION PGN(5 0 ) , PDZ (1 0 0 ) ,PEE(1 0 0 ) ,PGE(1 0 0 ) ,PDX( 4),PEY ( 4) 
DIMENSION REPGXY ( 4),QEPGXY( 4) ,AK2 
DIMENSION ZETA(1 0 0 ) ,ETA(1 0 0 ) ,PGM(50),GPZ(100)
DIMENSION REPGN(5 0 ) ,QEPGN(50),REPGZ(100),QEPGZ(100)
DIMENSION REPGE(1 0 0 ) ,QEPGE(100)
DIMENSION DSQ(4 ,5 0 ,1 0 0 ) ,ESQ(4 ,5 0 ,1 0 0 )
READ 4 5 4 , MO 

454 FORMAT(F10.4)
C READ UO IN CENTIMETERS -  RECONSTRUCTION SOURCE DISTANCE

READ 4 0 0 , UO
400 FORMAT(F10 .4 )

C READ OBJECT DISTANCE, RO, IN CENTIMETERS
READ400, RO
READ ALPHA ZERO, REFERENCE SOURCE CENTER POSITION, IN CM AND 
ALPHA RC, RECONSTRUCTION SOURCE CENTER POSITION; FROM ONE CARD 
READ 4 0 1 , AO,ARC

401 FORMAT(2F10.4)
ALPO = AO 
SAME FOR BETAS 
READ 4 0 1 , BO.BRC 
BETOsBO
AOMARC = AO -  ARC 
BOMBRC -  BO -  BRC
READ THE NUMBER OFFREQUENCY POINTS TO BE USED 
READ 4 0 2 , NX

402 FORMAT (15)
READ 404 ,WL2 (1) ,WL2 (2) ,WL2 (3) ,WL2 (4) ,WL2 (5) ,WL2 (6)
READ404 ,WL2 (7) ,WL2(8) ,WL2(9) ,WL2(10) ,WL2(11) ,WL2(12)

404 FORMAT(6F10.4)
READ 4 0 5 ,ML

405 FORMAT(F10 .4)
403 FORMAT(6F10.4)

READ THE FREQUENCIES IN ANGSTROMS
READ RECONSTRUCTION SOURCE POSITION STRUCTURE, MU, IN CM 
READ NUMBER OF MU POINTS
READ403,AMU( 1 ) ,ANU(1),AMU(2),ANU(2),AMU(3),ANU( 3)
READ4 0 3 ,AMU( 4),ANU( 4),AMU( 5),ANU( 5),AMU( 6),ANU( 6)
READ 4 0 3 ,AMU( 7),ANU( 7),AMU( 8),ANU( 8),AMU( 9 ) ,ANU( 9) 
READ403, AMU(10) ,ANU(10) ,AMU(11) ,ANU(11)',AMU(12) ,ANU(12) 
READ403,AMU(13) ,ANU(13), AMU (41) ,ANU(14) ,AMU(15) ,ANU(15) 
READ403,AMU(16) ,ANU(16) ,AMU(17) ,ANU(17) ,AMU(18,ANU(18)
READ403, AMU (19) ,ANU(19) ,AMU(20) ,ANU(20) ,AMU(21) ,ANU(21) 
READ403,AMU(22) ,ANU(22), AMU(23) ,ANU(23) , AMU(24) ,ANU(24)
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READ403,AMU( 2 5 ) ,A N U (25), AMU( 2 6 ) ,ANU(26),AMU(27),ANU(27) 
READ403, AMU( 2 8 ) ,ANU(28),ANU(29), ANU ( 2 9 ) ,AMU(30),ANU(30) 
READ403, AMU( 3 1 ) ,AN U(31), AMU( 3 2 ) ,ANU(32),AMU(33),ANU(33) 
READ403,AMU(34) ,ANU(34) *AMU(35) ,ANU(35) , AMU(36) ,ANU(36) 
READ403,AMU( 3 7 ) ,ANU(37),AMU(38),ANU(38),AMU(39),ANU(39) 
READ403,AMU(4Q>), ANU(40) ,AMU(41) ,ANU(41) ,AMU(42) ,ANU(42) 
READ403,AMU( 4 3 ) ,ANU( 4 3 ) ,AMU( 4 4 ) ,ANU( 4 4 ) ,AMU( 4 5 ) ,ANU(45) 
READ403,AMU( 4 6 ) ,ANU( 4 6 ) ,AMU( 4 7 ) ,ANU( 4 7 ) ,AMU(48),AND(48) 
READ403,AMU(49), ANU(49) , AMU( 5 ) , ANU(5(5)
READ 4 0 2 , NMU 
READ 4 0 2 , NNU 
MNUNU a NMU * NNU 
NMU ■ NMUNU 
NNU -  NMU 

C READ EQUIVALENTWAVE LENGTHS IN
C READ NUMBER OF X POINTS

READ 4 0 2 , NXY 
C I  WANT X&Y PAIRS, MOT RCWS AND COLUMNS

READ404,X ( I ) , Y(1) ,X (2 ) ,Y (2) ,X (3 ) , Y(3 ) ,X (3 ) ,Y (3) ,X (4 ) , Y(4 )
C SET MY ■ MX AND DROP MY LOOPS

READ 4 5 0 , ZETAA.ZETAB
450 FORMAT (2F 1 0 .4 )

DO 451 MZETA al.NZETA 
AMZETA a MZETA 
ANZETA = NZETA
ZETA(MZETA)sZETAA/ (ZETAB -ZETAA)*(AMZETA - 1 . 0 ) / (ANZETA - 1 .0 )

451 CONTINUE 
READ452,ETAA,ETAB

452 FORMAT(2F1 0 .4 )
READ NETA
DO 453 META a 1,NETA 
AMETA a META 
ANETA -  NETA
ETA (META)aETAA /(ETAB -ETAA)*(AMETA - 1 . 0 ) /(ANETA - 1 .0 )

453 CONTINUE
P I .  3 .1 4 1 5
AK a 2 .0*PI/W L *1 .0 E 8
RUO sl.O /U O
RROsl.O/RRO
ARECONal.O
AREFsl.O
RGCONla COS( -AK*(UO/RO)) *  AREF * ARECON *  (RRO*RRO*RUO*RUO)
QGCON1 a SIN(-AK*(UO/RO))* AREF *  ARECON *  (RRO*RRO*RUO*RUO)
GC1 ■ 1 .0 /2 4 .0
GC2 -  1 .0 /7 2 0 .0
GC 3 a 1 .0  /4 0 3 2 0 .0
GC 4 -  1 .0 /3 6 2 8 8 0 0 .0
GC 4 s 1 .0 /3 6 2 8 8 0 0 .0
G C 5 sl.0 / 6 .0
GC6*1 .0 /1 2 0 .0
G C 7 al.0 /5 0 4 0 .0



G C 8 a l.0 /3 6 2 8 8 0 .0  
G C 9 a l.0 / 9 .0  
GC10a1 .0 /6 0 .0  
GC11b 1 .0 /2 5 4 0 .0  
G C 12-1 .0 /1 8 1 4 4 0 .0  
GC1 3 :1 .0 /1 2 .0  
GC14a1 .0 /3 6 0 .0  
G C 1 5 a l.0 /2 0 1 6 0 .0  
G C 16-1 .0 / 6 .0  
G C 1 7 a l.0 /1 8 0 .0  
GC18a1 .0 /1 0 0 8 0 .0  
GC19b2 . 0 / 3 .0  
GC20b 1 .0 /3 0 .0  
G C 2 1 a l.0 /1 2 6 0 .0  
G C 22-4 .0 / 3 .0  
GC23a1 .0 /1 5 .0  
G C 2 4 a l.0 /6 3 0 .0  
G C 2 5 a l.0 / 3 .0  
G C 26-1 .0 /9 0 .0  
GC27b2 . 0 / 3 .0  
GC28b 1 .0 /4 5 .0  
G C 29a8.0 / 3 .0  
G C 30-2 .0 /1 5 .0  
G C 3 1 a l6 .0 / 3 .0  
G C 3 2 .4 .0 /1 5 .0  
G C 33a4.0 / 3 .0  
GC3 4 : 8 .0 / 3 .0  
GC35=32.0 / 3 .0  
G C 36a64.0 / 3 .0  
W02 a WO*WO 
W03 aW02 *WO 
W04 = W03 *  WO 
W05 aW03 *W02 
W06 a W05 *  W01
W07 = W06 *  WO
W08 a W07 *  WO
W09 a W08 *  WO
W010 = W09 *  WO 
W011 s W010 *  WO 
W012 a W011 *  WO 
W013 a W012 *  WO 
W014 a W013 *  WO 
W015 a W014 *  WO 
W016 = W015 *  WO 
W017 = W016 *  WO 
W019 a W018 *  WO 
W020 a W019 *  WO 
W021 a W020 * WO 
W022 a W021 * WO 
W023 = W022 *  WO 
W024 a W023 * WO
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W025 = W024 *  WO 
W026 = W025 *  WO 
W027 ■ W026 *  WO 
W028 z W027 *  WO 
W029 s W028 *  WO 
D0300MMU=1,NMU 

AAOMARC -  AO MINUS ARC 
AMU -  A PREFIXED TO MU FOR REAL TYPE 
PPD -  PART OF PART OF D 
PEDsAOMARC -  AMU(MMU)

C PDM -  PART OF D DUE TO MU
PDM(MMU)rPFD*RUO 

C PGM -  PART OF G DUE TO MU
PGM (MMU) sPDM (MMU) *PPD*P. 5 
MNU = MMU
PPES BOMBRC a  ANU(MNU)
PEN(MNU)a PPE*RUO 
PGN(MNU)= PEN(MNU)*PPE*0.5  

300 CONTINUE
DO 304 MZETAs1 ,NZETA 
AMZa ALPO -ZETA(MZETA)
PDZ (MZET A) sAMZ*RR0
PGZ(MZETA)= PDZ(MZET A)*AMZ*0.5

304 CONTINUE
DO 305 META.1 ,NETA 
BMEsBETO -  ETA (META)
PEE (META) =BME*RRO
PGE (META) sPEE (MET Z) *BME*0.5

305 CONTINUE 
D0308 MXal,NX 
AOMXaALPO -X(MX)
PDX(MX)- -AOMX*RRO*AK 
PGXrPDX(MX)*A0MX*0.5

C REPGX -  REAL PART OF THE EXPONENTIAL OF G DUE TO X
REPGX s COS(PGX)
QEPGX = SIN(PGX)
MY 3 MX
BOMY- BETO -  Y(MY)
PEY(MY)a -AOMX*RRO*AK 
PGYaPEY(MY)*BOMY)0 .5  
REPGY s COS(PGY)
QEPGY a SIN(PGY)
QEPGXY(MX ) =REPGX *QEPGY /  QEPGX *REPGY
REPGXY(MX )=  REPGX *REPGY -QEPGX *QEPGY

308 CONTINUE
D0600 MKal.NK
AK2(MK) s 2.0*PI/W L2(M K) *1 .0E 8
C l a (-AK /  AK2(MK)) *(RUO /  RRO)
C s CL 
C2 = C l *C1 
C3 a C2 *  C l 
C4 s  C2 *  C l
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C5 = C4 *  C l 
C6 = C5 *  C l 
C7 * C6 *  C l 
C8 = C7 *  C l 
C9 :  C8 *  C l 
CIO * C9 * C l 
CW02»C*W0*W0
RSMALL .  (0.5/C )*SIN (C W 02)
QSMALL s (0 .5 /C )*(1 .0-C O S(C W 02)>
RGAM1 « WO -0.5*C2*W 05 /  GC1*C4*W09 -  GC2*C6*W013 /  GC3*C8*W017 

1 -GC4*C10*W02l
QGAM1 s C1*W03 -  GC5*C3*W07 /  GC6*C5*W011 -  GC7*C7*W015 /  GC8*C9IW 

1 019
RGAM2 s 2.0*C2*W04 -  GC9*C4*W08 /  GC10*C6*W012 -GC11*C8*W016 /

1 GC12*C10*W020
QGAM2 = -2.0*C1*W 02 /  C3*W06 -  GC13*C5*W010 /  GC14*C7*W014 

1 -GC15*C9*W018
RGAM3 > -4.0*C2*W 03 /2.0*C4*W 07 -GC16*C6*W011 i GC17*C8*W015 

1 -  GC18*C10*WO19
QGAM3 > -4.0*C3*W 05 /  GC19*C5*W09 -GC20*C7*W013 /GC21*C9*W017
RGAM4 = -8.0*C4*W 06 /GC22*C6*W010 -  GC23*C8*W014 /  GC24*C10*W018
QGAM4 s 8.0*C3*WO4 -  4.0*C5*W08 /  GC5*C7*W012 -GC26*C9*W016
RGAM5 -  16.0*C4*W05 -  8.0*C6*W09/GC27*C8*W013 -GC28*C10*W017
QGAM5 = 1 6 .0*C5*W07 -GC29*C7*W011 i GC30*C9*W015
RGAM6 s 3 2 ,0*C6*W08 -GC31*C8*W012 /  GC32*C L0*WO16
QGAM6 = -32.0*C5*W 06 /16.0*C7*W 010 -GC33*C9*W014
RGAM7 a -64.0*C6*W 07 /  32.0*C8*W011 -  GC34*C10*WO15
QGAM7 -  -64.0*C7*W 09 /  GC35*C9*W013
RGAM8 s  -128.0*C8*W 010 /  GC36*C10*W014
QGAM8 a 128.0*C7*W08 -  64.0*C9*WO12
RGAM9 r  256.0*C8*W09 -128.0*C10*W 013
QGAM9 = 2 5 6 .0*C9*W011
RGAM10 -  512.0*C10*W012
QGAM10 = -512.0*C9*W 010
RGAMll = -1024.0*C10*W 011
QGAM11 = 0 .0
QGTVr AK2
REGTV- COS(QGTV)
QEGTV » SIN(QGTV)
RGC0N2= RGCON1*REGTV -  QGCONl*QEGTV 
QGC0N2. RGCON1*QEGTV /  QGC0N1*REGTV 

C GC0N3 IS A DUMMY CREATED TO ALLOW FOR THE DIVISION BY I  
RGC0N3 = QGC0N2 
QGC0N3 = -RGCON2 
RGC0N2 -  RGC0N3 *AX2(MK)
QGC0N2 s QGC0N3 *AK2(MK)
DO 320 MMU=1,NMU 
QUAD =AK2(MK)*PGM(MMU)
REPGM(MMU)= COS(QUAD)
QEPGM(MMU) s  SIN(QUAD)

320 CONTINUE
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D0322 MNU=1,NNU 
QUAD =AK2(MK) *PGN(MNU)
REPGN(MNU)= COS (QUAD)
QEPGN (MNU) = SIN (QUAD)

322 CONTINUE
D0324 MZETA -  l.NZETA 
QUAD = AK2 (MK) *PGZ (MZETA)
REPGZ(MZETA) .  COS (QUAD)
QEPGZ(MZETA) = SIN (QUAD)
D0324 MMUaI,NMU
PART -  AK2(MK)* (PDM(MMU)/PDZ(MZETA)
D0324 MX.l.NX 
D = PDX(MX) /  PART 
DSQ(MX,MMU,MZETA) = D * D 

324 CONTINUE
D0326 META=I,NETA 
QUAD =AK2 (MK)*PGE (META)
REPGE(META) s COS (QUAD)
QEPGE(META) s  SIN(QUAD)
DO 326 MNUsl.NNU
PART s  AK2(MK)* (PEN(MNU) /  PEE(META))
DO 326 MY s 1, NY 
E s PEY(MY) /  PART 
ESQ(MY,MNU,META) = E * E 

326 CONTINUE
DO 390 MMU= 1 ,NMU
REXPGs RGCON2*REEGM(MMU) -  QGCON2*QEPGM(MMU)
QEXPG a RGCON2*QEPGM(MMU) /  QGCON2*REPGM(MMU)
MNU a MMU
REXPGsREXPG *REPGN(MNU) -  QEXPG*QEPGN(MNU)
QEXPGs QEXPG*REPGN(MNU) /  REXPG*QEPGN(MNU)
MZTET = 0
DO390 MZET As 1 ,NZETA
REXPGlaREXPG *REFGZ (MZETA) -  QEXPG*QEPGZ (MZETA)
QEXPG l a  QEXPG*REPGZ (MZETA)/ REXPG*QEPGZ (MZETA)
IF(MZETA -  25) 1 1 0 ,1 1 1 ,1 1 0

110 IF(MZETA -  76) 1 1 2 ,1 1 1 ,1 1 2
112 META1.25 

META2s100 
META3=51 
GO TO 113

111 METAlsl 
MET A2 s 100 
META3s i

113 CONTINUE
DO 380 META = META1, META2,MET A3 
MZTET s  MZTET /  1
MZTET IS A COUNTER SET UP TO AVOID THE 100 BY 100 MATRIX NECESSARY 
TO HOLD THE 4 100 POINTS STRAIGTH LINES
REXPG2=REXPG/*REPGE (META) -  QEXPG 1*QEPGE (META)
QEXPG2 s QEXPG 1*REPGE (METZ) /  REXPG1*QEPGE (META)
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RBSTOTsO.O 
QBSTOTsO.O 
DO 370 MX a 1 ,NX 
MY a MX
REXPG sREXPG *  REPGXY(MX ) -  QEXPG *  QEPGXY(MX )
QEXPG = QEXPG* RE PGX Y (MX ) /  REXPG *  QEPGXY (MX )
FSQ = DSQ (MX,MMU,MZETA) /  ESQ (MY,MNU,META)
FsSQRT (FSQ)
FWOsF*WO
FW02-FW0*FW0
FW03sFW0*FW02
FW04=FW0*FW03
FW05 «FW 0*FW 04
I F ( 90.0-FW O)1 0 ,1 0 ,1 1

10 P O -1 .0  - ( 9 . 0 / (128.0*FW 02)) /  ( 1 1 0 2 5 .0 /( 9 8 3 0 4 .0*FW04) )
QOa(-.125/FW O) /  ( 2 2 5 .0 / ( 3 0 7 2 .0*FW03)) /(( -8 9 3 O 2 5 .0 )/(3 9 3 2 1 6 O .O *

1 FW05))
P i s  1 .0  /  ( 1 5 .0 / ( 1 2 8 .0*FW02)) /  ( 1 4 1 7 5 .0 /( 9 8 3 0 4 .0*FW04))
Qls0.375/FW O -  ( 3 1 5 .0 / ( 3 0 7 2 .0*FW03)) /  (1 0 9 1 4 7 5 .0 /(3 1 4 5 7 2 8 0 .0 *

1 FW05))
AJOs (SQRT( 2 . 0 / (PI*FWO)) ) * (PO*COS (F W O -P I/4 .0) -Q O *SIN (FW 0-PI/4.0 )  

1 )
AJ1 s(SQRT( 2 . 0 / (PI*FWO)) ) * (PI*COS (FWO-( 3 . 0 * P I ) / 4 .0 )

1 -Q L * S IN (F W O -(3 .0 * P I)/4 .0 ))
RFWOsl.O/FWO 
A J2a2 . 0*RFWO*AJ1 -AJO 
A J3 s4 . 0*RFWO*AJ2-AJ1 
A J4=6 . 0*RFWO*AJ3-AJ2 
AJ5-8.0*RFWO*AJ4-AJ3 
A J6= 1 0 .0*RFWO*AJ5-AJ4 
A J7 s1 2 .0*RFWO*AJ6-AJ5 
A J8 s1 4 .0*RFWO*AJ7-AJ6 
A J9 s1 6 .0*RFWO*AJ8-AJ7 
A J10= 18 .0*RFWO*AJ9-AJ8 
AJ11-20.0*RFW O*AJ10-AJ9

GO TO 12
11 IF (FWO - 0 .0 0 1 )1 3 ,1 3 ,1 4
13 AJOs1 .0  

RBESUMs RSMALL 
QBESUMzQSMALL

GO TO 16
14 CONVER = 0 .0 00001  

XB = FWO
C I  HAVE MODIFIED THE STANDARD BESSEL FUNCTION ROUTINE SO AS TO
C PRODUCE J  N / l  AS WELL AS J  N. J  N / l  IS JN P1.
C I  HAVE DELETED THE TESTS FOR NEGATIVE ORDER (N) AS WELL AS FOR
C ZERO ORDER ALSO I  HAVE ELIMINATED THE TEST FOR N TOO LARGE
C TO SET UP FOR SUM TO 11 , MUST SET N = 10

NslO 
BJsO.O

C DECIDE ON MMAX AND TEST FOR ALLOWABLE ORDER
31 IF (F - 1 5 .0 )  3 2 ,3 2 ,3 4
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32 NTEST = 2 0 .0  /  10.0*XB -  XB**2 / 3 . 0  
GO TO 36 

34 NTEST = 9 0 .0  /  X B /2 .0  
36 IF(N-NTEST) 4 0 ,3 8 ,3 8  
38 IER = 4 

C NEED ERROR MESSAGE
4 0  IER s  0 

N1 = N / l  
BPREV = 0 .0  

C DECIDE ON M STA RT;I.E ., MZERO
IF(XB -  5 .0 )  5 0 .6 0 ,5 0  

50 MA = XB/ 6 .0  
GO TO 70 

60 MA = 1.4*X B / 60.0/X B
70 MB s N /  IF IX (X B )/4  /  2 

IF (MA -  MB) 7 1 ,7 1 ,7 2
71 MZERO = MB 

GO TO 73
72 MZERO = MA
73 CONTINUE 

MMAXaNTEST
C START LOOP TRYING M FROM MO TO MMAX IN STEOS OF 3

100 DO 190 MsMZERO ,MMAX, 3 
F M lsl.O E -2 8  
FMsO.O 
ALPHAsO.O 

C TEST FOR M EVEN OR ODD
IF (M -(M /2 )*2 ) 1 2 0 ,1 1 5 ,1 2 0

115 JT = -1  
GO TO 130 

120 J T s l  
130 M2sM-2

D0160 K=1,M2 
C RUNS INDEX BACKWARDS 

MK=M-K
C IF K=M-2, THEN MKS2 
C WHEM MK : 2 ,  BMK IS  B l

BMK = 2 . 0*F LOAT(MK)*FM1/XB -  FM
FMrFMl
FMlsBMK
IF(M K-N-1) 1 5 0 ,1 4 0 ,1 5 0  

C IF MK=2, THEN BMK IS B l 
140 BJrBMK 

BJMPls FM 
150 J T ;  -JT  

C IF N 0DD,S*0; IF N EVEN,S=2 
S a l /J T

C RECALL ALPHA s FO /  SUM OVER EVEN M OF 2*FM 
160 ALPHA s  ALPHA /  BMK*S 

C THIS IS FO



A28

BMK=2.0*FM l/XB -  FM 
180 ALPHA = ALPHA /  BMK 

C JN a FN /  ALPHA
B JrB J/ALPHA 
BJNPlsBJNPl/ALPHA 

C TEST FOR CONVERGENCE
IF(ABS (BJ-BPREV)-ABS(CONVER*BJ)) 2 0 0 ,2 0 0 ,1 9 0  

190 BPREVbBJ  
IER =3 

200 CONTINUE 
A JllaB JN P l 
A J10-B J 
RFWOal.O/FWO
AJ9a20.0*RFWO*AJl0 -  AJ11 
AJ8=18.0*RFWO*AJ9 -  AJ10 
AJ7 a 1 6 .0*RFWO*AJB-AJ9 
AJ6 a 1 4 .0*RFWO*AJ7-AJ8 
AJ5=12.0*RFWO*AJ6 -AJ7 
AJ4=10.0*RFWO*AJ5 -  AJ6 
AJ3:8.0*RFWO*AJ4 -A J5 
Aj2s6.0*RFWO*AJ3 -  AJ4 
A J1 = 2 .0*RFWO*AJ2-AJ3 

12 CONTINUE 
RF = 1 .0 /F  
RF 2 a RF*RF 
RF 3 = RF*RF2 
RF 4 = RF*RF3 
RF55 = RF*RF4 
RF 6 :  RF*RF5 
RF 7 = RF*RF6 
RF 8 a RF*RF7 
RF 9 :  RF*RF8 
RF10 z RF*RF 9 
RF11 r  RF*RF10
RBESUM - 0 .0
QBESUM z 0 .0
RBESUM s RBESUM RGAM1 * RF1 * A Jl
RBESUM JJ RBESUM RGAM2 * RF2 * AJ2
RBESUM g RBESUM RGAM3 * RF3 * AJ3
RBESUM g RBESUM RGAM4 * RF4 * AJ4
RBESUM s RBESUM RGAM5 * RF5 * AJ5
RBESUM = RBESUM RGAM6 * RF6 * AJ6
RBESUM 3 RBESUM RGAM7 * RF7 * AJ7
RBESUM z RBESUM RGAM8 * RF8 * AJ8
RBESUM z RBESUM RGAM9 * RF9 * AJ9
RBESUM Z RBESUM rgamio * RF10 * AJ10
RBESUM z RBESUM RGAM11 * RF11 * A J l l
QBESUM 8 QBESUM qgami * RF1 * A Jl
QBESUM a QBESUM QGAM2 * RF2 * AJ2
QBESUM a QBESUM QGAM3 * RF3 * AJ3
QBESUM a QBESUM QGAM4 * RF4 * AJ4
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QBESUM = QBESUM / QGAM5 * RF5 * AJ5
QBESUM 2 QBESUM / QGAM6 * RF6 * AJ6
QBESUM s QBESUM / QGAM7 * RF7 * AJ7
QBESUM £ QBESUM / QGAM8 * RF8 * AJ8
QBESUM s QBESUM + QGAM9 * RF9 * AJ9
QBESUM s QBESUM / qgamio * RF10 * AJ10
QBESUM s QBESUM i QGAM11 * RF 11 * AJ11

16 CONTINUE
RBSTOTzRBESUM*REXPG -  QBESUM*QEXPG /  RBSTOT 
QBSTOT -  RBESUM * XEXPG /  QBESUM *  REXPG /  QBSTOT 

370 CONTINUE 
RU s RBSTOT 
QU > QBSTOT
IDENT s 1000*MZTET /  10*MMU /  MK 
PRINT 5 0 0 , IDENT.RU 

500 FORMAT(1H , 1 1 0 ,2F1 4 .7 )
380 CONTINUE 
390 CONTINUE 
600 CONTINUE 

STOP 
END
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APPENDIX I I I - 5

INTERPRETIVE FORMULATION -  OPTICAL SUPPRESSION FORTRAN PROGRAM

PROGRAM XYCALO
DECK 2 VERSION 2 OPTICAL SUPPRESSION
TO AVOID TYPE STATEMENTS CHANGE M TO A, N TO B , L TO D, K TO E 
DIMENSION H( 2 5 ) ,D L (2 5 ) ,C ( 2 5 ) ,RO(25),DM U( 2 5 ) ,W O(25),UO(25) 
P I -3 .1 4 1 5  
D P s3 .832  
Db5 1 4 5 .0 E -8  
Eb2 .0 * P I/D

C READ PAGE SEPARATION IN CENTIMETERS
READL,NH,H( 1 ) ,H ( 2 ) ,H ( 3 ) ,H ( 4 ) ,H ( 5 ) ,H ( 6 ) ,H (7)

1 FORMAT( 1 1 0 ,7F1 0 .4 )
RE AD 2 ,H (8 )  ,H (9 ) ,H (1 0 ) ,H (11) ,H (12 ) ,H (1 2 ) ,H (14) ,H (15 )

2 FORMAT(8F1 0 .4 )
C READ DELTA LAMBDA IN ANGSTROMS

READ 1,NDL,DL(1) ,D L (2) ,D L(3) ,D L (4) ,D L (5) ,D L(6)
C READ CHAPTER SIZE IN CENTIMETERS

READ 1,NC ,C (1 ) ,C (2 ) ,C (3 ) ,C (4 ) ,C (5 ) ,C (6 ) ,C (7)
C READ OBJECT DISTANCE IN CENTIMETERS

R E A D 1 ,N R 0 ,R 0 (1 ),R 0 (2 ),R 0 (3 ) ,R 0 (4 ) ,R 0 (5 ),R 0 (6 )  ,R 0 (7 )
READ2 , RO( 8 ) ,R 0 (9 ) ,R 0 (1 0 ) ,R 0 (1 1 ) ,R 0 (1 2 ) ,R 0 (1 3 ) ,R 0 (1 4 ) ,R 0 (1 5 )

C READ RECONSTRUCTION SOURCE SIZE IN CENTIMETERS
READ 1 ,NDMU,DMU (1 ) ,DMU (2) ,DMU(3) ,DMU(4) ,DMU(5) ,DMU(6) , DMU(7)

C READ APERTURE SIZE IN CM, W 0(1) IS OPTIMIZED VALUE
READl,lWO,W O(2),W O(3),W O(4),W O(5),W O(6),W O(7) ,W 0(8)
READ2 ,W0 (9 )  ,W0 (10 ) ,W0 (11) ,W0 (1 2 ) ,W0 (13 ) ,W0 (14) ,W0 (1 5 ) ,W0(16 )

C CEAD RECONSTRUCTION SOURCE DISTANCES, U 0(1) IS OPTIMIZED VALUE 
R E A D 1 ,N U 0 ,U 0 (2 ),U 0 (3 ),U 0 (4 ),U 0 (5 ),U 0 (6 ),U 0 (7 ),U 0 (8 ) 
R EA D 2,U O (9),U O (10),U O (11),U O (12),U O (13),U O (14,U O (15),U O (16) 
NUObNUO / I  
NWO a NWO /  1 
D010 MHsl,NH 
D010 MDL-l.NDL
DKsDL(M DL)*2.0*PI/(D*D) * 1 .0 E -8  
D010 MCal,NC

C INITIALIZE COUNTER FOR OPTICAL SUPPRESSION
MCNTOP a 101 
D020 MROa1 ,NRO 
D020 MDMUsl,NDMU 
D020 tWOsl.NWO 
D020 MU0b 1,NU0 
IF(NCNTOP -1 0 0 ) 2 5 ,2 5 ,2 6  

26 CONTINUE
C RE-INITIALIZE COUNTER FOR OPTICAL SUPPRESSION

MCNTOPsi
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PRINT8
8 FORMAT(1H1)

PRINT9
9 FORMAT(1H , ’OPTICAL INTERPAGE CROSSTALK SUPPRESSION')

PRINT 1 1 ,H(MH)
11 FORMAT(1H , 'PAGE SEPARATION = 1 ,F 1 0 ,4 , 'C M ')

PRINT21,DL(MDL)
21 FORMAT(1H ,4X , 'WAVELENGTH BANDWIDTH a ' ,F 1 0 . 4 , 'ANGSTROMS' )  

PRINT31,C(MC)
31 FORMAT (1H ,8X , 'CHAPTER SIZE s  1 .F 1 0 .4 ,  'CM ')

PRINT 409
409 FORMAT (1H 0)

PRINT 410 
PRINT 411 
PRINT412 
PRINT 413

410 FORMAT (1H , '  OBJECT RECONST APERTURE RECON
1ST # PTS. ZETA #  PTS ETA ' )

411 FORMAT(1H , " DISTANCE SOURCE RADIUS SOURC
IE X-DIRECT SMEAR Y-DIRECT SMEAR')

412 FORMAT(1H IN CM RADIUS IN CM DISTA
INCE IN CM IN CM')

413 FORMAT(1H , '  IN CM IN CM
1 ' )

25 CONTINUE
MCNTOPsMCNTOP/1
W 0(1) = SQRT (RO(MRO)*DP/DK)
UO( 1 ) =R0(MRO)*SQRT( (H(MH) *W0(MWO)/ 2 .0 )

1 /(WO(MWO)*WO(MWO) /  RO(MRO)*D P/DK))
IF(C(MC) -WO(MWO)) 3 0 0 ,3 0 1 ,3 0 1  

300 PRINT 302
302 FORMAT (1H , '  INVALID -  WO GREATER THAN C ' )

GO TO 303
BNUM •  0 .5*H (M H )*(1.0/D K /E)
BDEN « (DK/E ) *  (C (MC ) /WO (MWO) *U0 (MUO) /RO (MRO) )

1 /UO (MUO)*DP/ (E*WO (MWO) ) /DMU (MDMU)
2 /H(MH)*(DK/E)*(RO(MRO)*0.5/UO(MUO) / 0 .5 )
B sBNUM/BDEN
ANUM. H(M H )*(1.0/D K /E)
ADENs (DK/E ) *  (0  .  5*C (MC ) /H (MH) /WO (MWO) *U0 (MUO) /RO (MRO) )

1 /  UO (MUO) *DP/(E*W0(M*0))/DMU (MDMU)
AsANUM/ADEN
ZETAS S RO(MRO)*H(MH)*0.5/(B*UO(MUO)
ETAS s  RO(MRO)*H(MH)* 0 . 5 / (A*UO(MUO))
PRINT 4 2 0 ,RO (MRO) , DMU (MDMU) ,WO(MIO) ,UO(MUO) ,B,ZETAS , A,ETAS 

420 FORMAT(1H ,B (4 X ,E 1 1 ,4 ))
303 CONTINUE 

20 CONTINUE 
10 CONTINUE

STOP
END
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APPENDIX I I I - 6

INTERPRETIVE FORMULATION -  MECHANICAL SUPPRESSION FORTRAN PROGRAM

DECK 2 VERSION 2 MECHANICAL SUPPRESSION
TO AVOID TYPE STATEMENTS CHANGE M TO A, N TO B, L TO D , K TO E 
DIMENSION D L (2 5 ),C ( 2 5 ) ,R O (2 5 ),DMU (25) ,W O(25).U0925),M DM (25)
P I s 3 . I 4 I 5  
D P -3 .8 3 2  
D -5145 .Q E -8  
E a 2 .0 * P I/D

1 F0R M A T(I10,7F10.4)
2 F ORKAT (BF 1 0 .4 )

C READ DELTA LAMBDA IN ANGSTROMS
READ1,N0L,DL(1) ,D L (20,D L (3) ,D L (4) ,D L(5) ,D L(6)

C READ CHAPTER SIZE IN CENTIMETERS
READ 1,NC ,C ( I )  ,C (2) ,C (3 ) ,C (4 ) ,C (5 ) ,C (6 ) ,C (17)

C READ OBJECT DISTANCE IN CENTIMETERS
R E A D 1,N R O ,R O (1),R O (2),R O (3),R O (4),R O (5),R O (6) ,RO(7)
R E A D 2,R O (8),R O (9),R O (10),R O (11),R O (12),R O (13),R O (14),R O (15)

C READ RECONSTRUCTION SOURCE SIZE IN CENTIMETERS
READ 1,NDMU,DMU (1) ,DMU (2 ) ,DMU (3 ) ,DMU (4) ,DMU (5) ,DMU (6 ) ,DMU (7)

C READ APERTURE SIZE IN CM, W O(l) IS OPTIMIZED VALUE
READ 1 ,NWO,WO(2) ,WO(3) ,WO(4) ,WO(5) ,WO(6) ,WO(7) ,WO(8)
READ2,WO(9) ,W 0(10) ,W O (ll) ,WO(12) ,WO(13) ,W 0(14) ,W 0(15) ,WO(16)

C CEAD RECONSTRUCTION SOURCE DISTANCES, U O (l) IS OPTIMIZED VALUE 
READ 1 ,NUO,UO( 2 ) ,U O (3 ),U 0 (4 ),U O (5 ),U O (6 ),U O (7 ),U O (8 ) 
R EA D 2,U O (9),U O (10),U O (11),U O (12),U O (13),U O (14),U O (15,U O (16) 
NUOsNUO h  
NWO * NWO /  1 
MDM(l)=1 
MDM(2)*2 
MDM(3) =3 
MDM(4) -*5 
MDM(5) =8 
MDM(6) s l l  
MDM(7)=15 
M DM(8)sl9 
MDM(9)*20 
NNs9
D01010 MDLsl,NOL 

C INITIALIZE COUNTER FOR MECHANICAL
MCNTMCr101 
D01020 MC=1,NC 
D01020 MR0»1,NR0 
D01020 MDMU-l.NDMU 
D01020 MWO-2,NWO 
D01020 MMN.l.NN 
MNaMDM(MMN)
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D01020 MU0«2,NU0 
IF(MCNTMC -1 0 0 ) 1 0 2 5 ,1 0 2 5 ,1 0 2 6  

1026 CONTINUE
C RE-INITIALIZE COUNTER FOR MECHANICAL CROSSTALK SUPPRESSION

PRINT8 
8 FORMAT (1H1)

PRINT 1009
1009 FORMAT( 1H , 'MECHANICAL INTERPAGE CROSSTALK SUPPRESSION') 

PRINT21,DL(MDL)
21 FORMAT(1H,4X,'WAVELENGTH BANDWIDTH = 1 ,F 1 0 . 4 , 'ANGSTROMS')  

PRINT 409 
409 FORMAT (1H )

PRINT 1410 
PRINT 1411 
PRINT 1412 
PRINT 1413

1410 FORMAT(1H , '  CHAPTER OBJECT RECONST APERT
1URE RECONST # PTS. ZETA ETA ')

1411 FORMAT(1H , '  SIZE DISTANCE SOURCE RADIU
IS SOURCE X OR Y SMEAR SMEAR ’ )

1412 FORMAT(1H , '  IN CM IN CM RADIUS IN CM
1 DISTANCE IN CM IN CM')

1413 FORMAT(1H •» INCM
1 IN CM ' )
MCNTMCa1 

1025 CONTINUE
MCNTMC-MCNTMC/I
DKsDL(M DL)*2.0*Pl/(D*D) * 1 .0 E -8  
IF(C(MC)-WO(MWO)) 3 0 0 ,3 0 1 ,3 0 1

300 PRINT 302
302 FORMAT (1H , '  INVALID -  WO GREATER THAN C ' )

GO TO 303
301 CONTINUE 

B-MN
ZNUMsRO (MRO) *  ( (DK/E ) *  (C (MC ) /UO (MUO) /WO (MWO) /RO (MRO) )

1 /  D P / (E*WO (MWO)) /DMU(MDMU) /UO(MUO) )
ZDEN-1.0 -  RO (MRO) *  (DK/E ) *  (B /UO (MUO) /  (B - 1 .0 )  /RO (MRO) )
ZETAS s ZNUM/ZDEN
ENUM- RO (MRO) * ( (DK/E) * ( 0 . 5*C(MC) /UO (MUO) /WO (MWO) /RO (MRO) )

1 /  DP/ (E*WO (MWO) ) /DMU (MDMU) /UO (MUO) )
EDEN s  1 . 0 - (D K /E )*(B -1 .0 )
ETAS ■ ENUM/EDEN 
AMNsNM
PRINT 1420 , C(MC) ,RO(MRO) , DMU (MDMU) ,WO(MWO) ,UO(MUO) ,AMN,ZETAS ,ETAS 

1420 F0RMAT(1H ,8 (4 X ,E 1 1 .4 ) )
303 CONTINUE 

1020 CONTINUE 
1010 CONTINUE

STOP
END
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APPENDIX IV

HOLOGR FORTRAN PROGRAM

PROGRAM HOLOGR
DIMENSION ACOS(2 5 6 ,3 )  ,BCOS(2 5 6 ,3 )  , ASIN( 2 5 6 ,3 ) ,B SIN (2 5 6 ,3 )  
DIMENSION X ( 3 ) ,Y (3),A LPH A (256),BETA (256)
DIMENSION C (16) ,B (2 5 6 )
DATA C ( l ) / ' 0 ' / , C ( 2 ) / ' l V , C ( 3 ) / ' 2 ' / ,  C ( 4 ) / ' 3 ' / , C ( 5 ) / ' 4 ' / , C ( 6 ) / ' 5 ' / ,

1 C ( 7 ) / • 6 / / , C ( 8 ) / • 7 , / , C ( 9 ) / • 8 ' / , C ( 1 0 ) / • 9 , / , C ( l I ) / • J , / , C ( 1 2 ) / ' K '  / ,
2 C ( 1 3 ) / ' L '  / , C ( 1 4 ) / ' M '  / , C ( 1 5 ) / ' N '  / , C ( 1 6 ) / ' 0 '  /

P I  a 3 .1415927
ALAMBD = 5 1 4 5 .0  E -8  
AK s  2 .0  *  P I /  ALAMBD 
RO a 1 5 .0  
RRO ■ l.O /RO  
UO= 1.0E75 

C UO a 3 .0
RUO s l.O /UO

WOMAX IS USED TO SET THE SIZE OF THE ALPHA AND BETA INCREMENTS 
IF WOUSED WOMAX, ALPHA(1) WILL BE OUTSIDE APERTURE, ETC 
WOMAX a 0 .0 3  
WO a WOMAX

IF CHAPTER SIZE a 1 CM AND APERTURE SIZE = 0 .0 3  CM RADIUS 
THEN AOMAX AND BOMAX -  0 .4 7  CM

AO a .4 7  
BO = 0 .4 7

WOUSED IS THE APERTURE SIZE USED 
WOUSED > 0 . 0 3  
WOUSE 2 = WOUSED *  WOUSED

NA IS THE NUMBER OF POINTS IN ALPHA DIRECTION
NB IS THE NUMBER OF POINTS IN THE BETA DIRECTION

NA -  256 
NB s  256 
ANA a NA 
ANB = NB

DALPHA IS DELTA ALPHA 
DALPHA a WOMAX * 2 . 0 / ANA 
DBETA a W0MAX*2. O/ANB 

C NXY ■ 3 
NXY : i



o 
o 

a
o 

o 
0

0
A35

X ( l )  ■ -0 .4 9 9 2  
Y (1 ) = -0 .4 9 9 2  
X(2)  .  0 .4 9 9 2  
Y(2)  = -0 .4 9 9 2  
X(3)  s  -0 .4 9 9 2  
Y (3) s  0 .4 9 9 2  
DO 10 MA s 1 , NA 
AMA :  MA
ALPHA (MA) = AO -  WO /  D ALPHA * (AMA -  0 .5 )
DO 10 MXY = l.NXY

AARG IS ARGUEMENT A
AARG = AK * ( 0.5*RRO*(ALPHA(MA) -  X(MXY))**2

1 /0.5*RU0*(ALPHA(MA) -  AO)**2)
ACOS(MA,MXY) s COS(AARG)
ASIN(MA,MXY) = SIN(AARG)

10 CONTINUE
DO 20 MB ■ 1,NB 
AMB > MB
BETA(MB) r  BO -WO /  DBETA * ( AMB -  0 . 5 )
DO 20 MXY s 1 , NXY
BARG = AK* (0.5*RRO*(BETA(MB) -  Y(MXY))**2 

1 / 0 . 5*RUO*(BETA(MB) -  BO)**2)
BCOS(MB,MXY) s COS(BARG)
BSIN(MB, MXY) s SIN (BARG)

20 CONTINUE

AMAX s  1 .0 E -3 0  
DO 30 MA s 1 , NA 
DO 40 MB = 1,NB

TEST TO SEE IF THE SQUARE ARRAY IS OUTSIDE THE ROUND APERTURE 
TEST a  (  A L P H A ( M A )  -  AO)**2 /  (BETA(MB) -  BO)**2 
AINTEN s 0 .0
IF (WOUSE2 -  TEST) 4 1 ,4 2 ,4 2  

42 CONTINUE
DO 45 MXY r  1 , NXY
AINTEN s AINTEN /  1 .0  /  ACOS (MA, MXY*BCOS (MB,MXY)

1 -  ASIN(MA,MXY) *  BSIN(MB,MXY)
45 CONTINUE

IF (AMAX -  AINTEN) 7 0 ,7 1 ,7 1
70 AMAX 3 AINTEN
71 CONTINUE 
41 CONTINUE 
40 CONTINUE 
30 CONTINUE

TEST FOR TRUNCATION OR ROUNDOFF 
I  s  1 .6
I F ( I  -  1) 1 ,1 ,2  

1 FACTOR s 0 .5
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GO TO 3
2 FACTOR s  0 .0
3 CONTINUE

C
C NL IS THE NUMBER OF OUTPUT LEVELS

NL = 16 
ANL s  NL -  1

C
C NL GOES FROM 1 TO 16 , STATES FROM 0 TO 15

RAMAX = 1 .0 / AMAX 
DO 60 MA a 1 , NA 
DO 80 MB s  1,NB 
DUMMY s 0 .0
TEST s (ALPHA(MA) -AO)**2 /  (BETA(MB) -BO)**2 
IF(W0USE2 -  T E S T )6 1 ,6 2 ,6 2  

62 CONTINUE
DO 65 MXY ■ 1,NXY
DUMMY = DUMMY /  1 .0  /  ACOS(MA,MXY) * BCOS(MB,MXY)

1 -  ASIN(MA,MXY) * BSIN(MB,MXY)
65 CONTINUE 
61 CONTINUE

SCAU2D « DUMMY * RAMAX*ANL /  FACTOR 
ISC ALB = SCALED 
ISCAIE = ISCALE /  1 
B(MB) r  C(ISCALE)

80 CONTINUE
PRINT 83 , ( B ( I ) , I s l , 1 0 0 )
PRINT 8 3 , ( B ( I ) , 13101,200)
PRINT 8 3 , ( B ( I ) , 13201,256)

83 FORMAT (1H ,100A1)
CALL OUT (B , NB )

60 CONTINUE 
STOP 
END
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APPENDIX V -l

INTER-BIT DIFFRACTION INTERFERENCE

D erived  below  i s  th e  t h e o r e t i c a l  e x p re s se d  f o r  th e  i n t e n s i t y  a t  

a p a r t i c u l a r  b i t  p o s i t io n  due to  d i f f r a c t i o n  and in t e r f e r e n c e  e f f e c t s  

from  a l l  th e  b i t s  i n  th e  a r r a y .

R eco rd ing  P ro c e ss

O b jec t Beam. L e t t in g  th e  wavenumber be  k and th e  w av e len g th  be 

^ , and u s in g  th e  c o o rd in a te s  of F ig .  5-3A th e  complex am p litu d e  a t  

th e  f i lm  p lan e  i s :

The fo llo w in g  assum ptions  a re  now made:

1 . we ig n o re  d i f f r a c t i o n  and a b e r r a t io n s  from  th e  le n s ;

2 . th e  a p e r tu r e  i s  ta k en  to  be p la n e  and t h i n ,

3 . x ^ , so  th e  s a g i t t a l  theorem  i s  v a l id ,

4 .  th e  r e f e r e n c e  beam i s  a u n ifo rm  p la n e  w ave.

ik ( r ^ s )
dx dy

w here th e  l i g h t  i l lu m in a t in g  th e  mask h as  th e  form

ik r
U ( r )  = S.

r

L et

r  £  d is ta n c e  from  so u rce  to  mask

s 1̂  d is ta n c e  from  mask to  f i lm  and a p e r tu re
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From assu m p tio n  th re e

,  1  I* " * )2 H i - ? ) 2 
o 2 s o

Make th e  f u r t h e r  assu m p tio n s:

5 . r  and s can  be c o n s id e re d  c o n s ta n t  and e q u a l to  r  and so o
in  th e  denom inator o f U ( t f , j 3 ) ,

6 . r Q -  - s Q, i . e .  th e  le n s  i s  fo cu sed  on th e  a p e r tu r e  (hologram ) 

T hus, u s in g  F ig u re

Then

U (<X ,/3) s

where and a re  th e

c o o rd in a te s  o f th e  c e n te r  of a d a ta  h o le

S u b s t i t u t in g
i i a s h i i

2s o

Now l e t  cK s  w cos and a w s i n  \jJ . See F ig u re  3-7



Then

i k  d ZJ02 - i k

“• I I .
ot* t f

U ( e f , / ^ )  - i  e

°  i -
^ ( c o s  9 cosy ' i  s in  9 sinyO

' V  -  1 jik£w 
8o

e / d /  d9 .
'o

e
f  e

U sing th e  t r ig n o m e tr ic  i d e n t i t y

c o s (9 -y /)  = cos 9 cosy/ /  s in  9 s in y /  

and th e  d e f i n i t i o n

, j . r 2’
27T J  *' o

•2tt -iu cos V 
J0<“) = t L  I e dv-

th e  e q u a t io n  becomes
/ , /  r /«

i k 1
2s.

U(o( , / 3 )  = /  e L .  L ,  e f z  0

/ ,8o2 1 J

- i k , . 1 J r>

I I .  -  I
o

2*Jo f ? 2 ) /  df  *

Now r e c a l l i n g  th a t

u
o J ^ u )  = I J 0 ( u ' ) u '  d u ',

one f in d s  t h a t  th e  f i e l d  o f th e  am p litu d e  a t  th e  a p e r tu r e  p lan e  

caused  by th e  o b je c t  i s

V & l  ^  - l k ^  , 2

28» I I .  ° °  » &  ^
/ts02 i J I1™' so 1



R efe re n ce  Beam. Assuming t h a t  th e  r e f e r e n c e  beam i s  in  th e  

h o r iz o n ta l  p la n e ,  th e  c o o rd in a te s  and an g le  o f  th e  r e f e r e n c e  beam 

a re  d e p ic te d  i n  F ig u re  5-3B .

Then, th e  p lan e  wave r e f e r e n c e  beam can  be d e s c r ib e d  as

ur , £ ( « . ( » ) •  V / l k  0  S ln /= Ure £ '/® > -

The s ig n a l  a t  th e  hologram  p la n e  i s

UR( <*,/*) -  ur e f ( « , / f l  ) /

Assuming a gamma o f minus two f o r  th e  developm ent p ro c e s s ,  th e  

am p litu d e  tr a n s m it ta n c e  o f th e  hologram  i s

T ( « / , / 3 )  3 |U | 2 /  l u ^ l 2 /  UU*e f  /  U*Ur e f .

R eading

R e c o n s tru c tio n  Beam. L et th e  r e c o n s t r u c t io n  beam be in tro d u c e d  

as shown in  F ig u re  5-3C.

T h is  i s  e x p re sse d  as

U ( o t , / 3 ) s A e / i k ^ ' 8 i n / .  re c o n  ‘ re c o n

B ecause some m ed ia , such  as th e  d ich rom ated  g e l a t i n  used  a t  BTL, p ro 

v id e  & h ig h e r  d i f f r a c t i o n  e f f i c i e n c y  when th e  hologram  i s  'f l ip p e d  

o v e r ' and th e  c o n ju g a te  image p r o je c te d ,  a  more g e n e ra l  c o o rd in a te ,
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ft 1, was in tro d u c e d  above .

Thus ik z
i i k p • s i n ^  e

u(fy) = ~ j f  f z
dot d^ 1

« P
where A ■ 1.re c o n

L e t t in g  z  •  z Q in  th e  denom inator and

z * z° * ir0 [ <"‘-i)2 *
in  th e  ex p o n en t, th e  f o u r th  te rm  of th e  above i s

r r  - L k * h t2

W - i J J  • *  < . ( = ? ! •  “
fly*

E L  ~

H k  s c

e

i  J J

i k / ^ s i n /  ik j5’ s in  ^  ik z o
ik (« - f> 2rfg‘- - p 2

2z
dot dfl*

A 180° r o t a t i o n  o f th e  hologram  abou t i t s  - a x is  b e fo re  v iew 

in g  s e t s  3 '  s  T h u s, f o r  J" • />
ikz_ r  r  - i fĉ

e

o o // i h < * f j
o

V / ' f *  * '  ~ ~  J  J  S
c< £

1 ir,Q»i*2
„  / i k  0(Xi^ . i  l k

V  8° 2z0
. /  -e e d ^  d/S

i  j
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Then a p p ly in g  th e  fo c u s in g  c o n d i t io n  o f z Q -  s Q

r2
2s,U4<f’7) = * A> 6As,

I I
i  J

i f  w J !
oc JS

k Dw

d<* d (3

In te rc h a n g in g  th e  o rd e r  o f summation and in t e g r a t i o n

V f,? >  = - -^2-
X=„2

m i '- Z

ow ) ik
8  J  S _

°  e do< d/^
i  j

Em ploying p o la r  c o o r d in a te s ,

o< -  w cos {p and ■ w s i n  v)>

Then

I I  r

r -

ikw
so

dip dw
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- i s
/ K 2

I j  /  J 1 ( ~ ^ 2")27r J» ( ^ N / c ^ i - p 2«‘ /y j> 2 )* •

F o r n o ta t io n a l  s im p l ic i ty ,  l e t  A a k^0/ s 0 and B = —  (X± ~ P  t  
2 s o

Then

U4 ( , ) 5 -fj,| s G e E f
i  j  J

(Aw)JQ(Bw)dw

I t  i s  n o te d  t h a t  f o r  th e  case  in  q u e s t io n  Aw i s  le s s  th a n  3 .1 .  

Thus

= I  ^  ir) **1
k =0

i s  a c c u ra te  to  one p a r t  in  3600. 

R e c a ll  t h a t

x/ x ' ^ J ^ x ' J d x '  = x J n / i< x)

one can  r e w r i te  th e  i n t e g r a l  as

U ^ (e ,f )  ■ -   j -  e
2s o

o

( - 1)
( k /2)
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i n 2W1]
i k  So /  4 ^

J Q ( B w ) d w

2 s (

°  e L* L .  B w ^ ^ B w ^° yy fi a
»o2 i  J 1 ‘  B

• 5 3 ! (Bw„>3 j i <Bmo) -  2 f f « o ) 2J 2 0 i» o ) ]B

[<Bwo) 5j l<Bwo> > ^<B«o>4j 2 ® wo> '  8 (Bw0) 3J 3 (Bw0)]

" 3747128 [ (Bwo>? J i0*wo> " 6 <Bwo>6 J 2 < B w o >  * 30<Bwo>5 J 3 (Bwo>

-  90(Bwo) 4 J 4 (Bwo)]

 - -------- 4  f (Bw ) 9J  (Bw ) -  8 (Bw ) 8J 2 (Bw ) /  48 (Bw ) ?
4151512 B*<> L 0 1 0 o 2 o o

J 3 ( B w 0 )  -  1 9 2 ( B w o ) 6 J 4 ( B w q )  /  348(Bwo) 5J 5 (Bwo)]

/  ----- 1--------  ^  [(B w 0) U J 1(Bw0) -  10(Bwo) 10J  (Bw )
61712048 B12 L °  1 1 o

9 r 7
/  8 0 (Bw ) J,(B w  ) -  4 8 0 (Bw ) J , (Bw ) /  1920(Bw ) J q (Bw ) 

O J o  0 ^ 0  0 ^ 0

-  3 8 4 0 ( B w o ) 6 J 6 ( B w o ) ]

 1-------  A^| r(B„ v l 3 j  (Bw ) _ 12 (Bw ) 12J 2 (Bw )
71818192 B14 L o 1 o o Z o

/  1 2 0 ( B w o ) 11J 3 ( B w o )  -  9 6 0 ( B w o ) 1 0 J 4 ( B w o )  /  5 7 6 0 ( B w o ) 9 J 5 ( B w q )

-  23040 ( B w q ) 8 J 6 ( B w o )  /  46080 ( B w q )  

F o r e f f i c i e n c y ,  r e w r i te  as

7j7<BV ] }
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2 v f o  °  V V
U4 ( e . f )  •  ■ “ T 2  e

The e £ f e c t  o f th e  phase p l a t e  as w e ll as beam v a r i a t i o n  ( s p a t i a l )  

can  be accoun ted  f o r  by a new term  

A M P (i,j)e Jv ( i »;i)

w here v ( i , j )  i s  th e  r e l a t i v e  phase a t  th e  d a ta  h o le  a t  a d d re ss  i , j ,  

Thus
2i

U ( e , f )  = -  e °  ^ ^ A M P ( i , j ) e j v ( i , j ) C
* *o i  j  3

The f i n a l  e x p re s s io n  f o r  th e  i n t e n s i t y ,  th e r e f o r e ,  i s  

I 4 ( e , f )  = U4 ( e , f ) U * ( e , f )

~̂ ) [ I I - (̂ )eJ (i,J)cijJ[ZZAMP(i,j)
8°  i  j  i  j

e - J v ( i , j ) c J  #

F o r th e  work in v o lv e d  h e r e ,

v ( i , j )  » 0 o r  TT>

To o b ta in  a  v a l i d  com puter s o lu t io n  f o r  t h i s  e q u a t io n ,  i t  was 

c o n v e n ie n t to  compute th e  B e s se l F u n c tio n  in  th r e e  r e g io n s .  Thus

1) Bw £  .0 0 1 , s e t  J_(Bw ) s 1O %j

2) .001  Bwq ^  100, o b ta in  J 0 (Bw0) and J i (Bwq) from

l i b r a r y  f u n c t io n s  BEJO and B EJl
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3) Bw^ — 100, o b ta in  J q (Bw0) and J^(B wq> from  th e  fo llo w in g  

A sym ptotic s e r i e s .

J0(Bwo) = |-*~-) £ Po(Bwo)cos(Bw0-f?4)-Q0(Bwo)sin(Bwo-*'/4) j

Jl (Bwo) = ["B̂ j ĵ P1CBwo)cos(Bwo-3 ^-Q^Bw^sin [ Bwc - j

where

-  i  -  r _________________
(128) (B w J2 (98304) (B w ) 4

P = i _______I--------  /  ___ H 0 2 5 .

o

.125  . 225 893025
Qo = "" 3 c

B w q  3072 (Bwq) 3 9 3 2 1 6 0 ( B w q )

P i  =  1  /   l i _  1 4 1 7 5  , i  1 Q 9 1 4 7 5
1 128 (BwQ) 98304 (Bwq) 4 3145720(Bwo) 6

Q .375  315 [  1091475
1 " Bw 3072 (Bw ) 3 3145720(B w J5

The h ig h e r  o rd e r  B e s se l F u n c tio n s  w ere a ls o  com puted in  th r e e  r e 

g io n s  .

1) Bw ^  .0 0 1 ,
o

2) n  ^  B Q,

—  lr |BW{' n^ k

k l / W W l )  1“
J  (Bw ) :  V  — 1 °»  o ' L-> lrffV nilr

ksO

3) n ^  Bw , th e  r e c u r re n c e  fo rm u la  o

J n - l< Bwo> * J n / l< Bw0) :  J^ Vo>



A47

The F o r t r a n  program  used to  o b ta in  th e  s o lu t io n  o f th e  i n t e n s i t y  

e x p re s s io n  i s  in c lu d e d  f o r  th e  b e n e f i t  o f su b seq u en t r e s e a r c h e r s .
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$ IDENT M2534,M111 WAB ,61489 ,W.BARRETT,20-232
$ OPTION FORTRAN
$ FORTRAN NDECK

DIMENSION UTNTEN(64,64) ,PE (64) ,TTL(12) ,STL(12) ,YLB (6) ,XL3(6) 
DIMENSION PINTEN (64) , AMP(6 4 ,6 4 ) ,M P(64,64) 
P I-3 .1415926536
A K -(2 .0 * P I) /(5 1 4 5 .0 * (1 0 .0 * * (-8 )) )
READ 602,ND 

602 FORMAT(110)
DO 600 MDsl,ND 
READ 50 0 ,RO

500 FORMAT (F 10 .4 )
PRINT 5 0 1 ,PO

501 FORMAT(21H LENS FOCAL UENGTH = ,F 2 0 .1 0 )
READ 500, RHO
PRINT 50 3 ,RHO 

503 FORMAT (20H DATA HOLE RADIUS > ,F 2 0 .1 0 )
FRONT s(AK*RHO/(R0**2. 0 ) )* * 2 .0  
READ 500,WO 
PRINT 505 ,W0

505 FORMAT(19H APERTURE RADIUS -  ,F 2 0 .1 0 )
READ 500,XO
PRINT 506,X0

506 FORMAT(15H X DIMENSION a ,F 2 0 .1 0 )
READ 5 00 ,YO
PRINT 5 07 ,YO

507 FORMAT(15H Y DIMENSION -  .F 2 0 .1 0 )
READ 50 8 ,NX

508 FORMAT(110)
PRINT 5 0 9 ,NX

509 FORMAT(32H NO. OF POINTS IN X-DIRECTION * ,110)
READ 50 8 ,NY
PRINT 51 0 ,NY

510 FORMAT(32H NO. OF POINTS IN Y-DIRECTION -  ,110)
READ 50 0 ,EO
PRINT 51 1 ,EO

511 FORMAT(26H E LENGTH TO BE SCANNED -  ,F 20 .10)
READ 500 ,FO
PRINT 512,F0

512 FORMAT(26H F LENGTH TO BE SCANNED -  ,F 20 .10 )
READ 500,EOFFS
PRINT 513,EQFFS

513 FORMAT(12H E-OFFSET s ,F 2 0 .1 0 )
READ 500.FOFFS
PRINT 514, FOFFS

514 FORMAT(12H F-QFFSET a ,F 2 0 .1 0 )
READ 508, NE
PRINT 51 5 ,NE

515 FORMAT(32H NO. OF POINTS IN E-DIRECTION = ,110)
READ 5 0 8 ,NF
PRINT 516,NF
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516 FORMAT(32H NO. OF POINTS IN F-DIRECTION « ,110 )
READ 4 0 0 , ( (  MP(MX,MY),MX«1,NX),MY=1,NY)

400  FORMAT (813)
DO 520 ME -1,NE 
DO 520 MF = 1,NF

520 AMP(ME,MF) = MP (ME,MF)
PRINT 4 0 1 , ((AMP(MX,MY),MX«1,NX),MYal,NY)

401 FORMAT(1H , 8F 5 .1 )
FAC3 = 6 .0  
FAC4&24.0
FAC5= 120 .0  
FA C6a720.0 
FA C 7-5040.0  
FAC8=8.0*FAC7 
FAC9«9.0*FAC8 
FAC10a1 0 .0*FAC9 
FAC1 1= 11 .0*FAC10 
FA C 12al2 .0*FA C ll 
FAC 1 3 a1 3 .0*FAC12 
FAC1 4 = 1 4 .0*FAC13 
A»AK*RHO/RO
SM ALL-A *((W 0)**2)/4.0 -  (A**3)*W 0**4)/ ( 6 4 .0 )  i (A **5)*(W 0**6)/

1 2 3 0 4 .0  -  (A **7)*(W O **8)/147456 .0  /  (A **9)* (W 0**10)/10*1 ,474 ,560=
120*12288*10

2 0)
PRINT 30

30 FORMAT (1H , 10H E = , 10H F ■ , 11HINTENSITY a)
ANF-NE
ANEMlaANE-1.0 
F B IA S -E 0 /2 .0  -  EOFFS 
ANF.NF
ANFMl-ANF-1.0 
FBIASz F0/2 .0-FO FFS 
ANXsNX
ANXMlzANX-1.0
XBIAS-XO/2.0
ANYaNY
ANYMlsANY-1.0
Y B IA S-Y 0/2.0
AKOROsAK/RO
A2aA*A
A3=A2*A
A4aA3*A
A5aA4*A
A6aA5*A
A7 aA6*A
A8aA7*A
A9=A8*A
A10aA9*A
A llaA10*A
A 12aA ll *A
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W02=WO*WO
W03=W02*W0
W04-W03*W0
W05aW04*W0
W06:W05*WO
W07^W06*W0
W08«W07*W0
W09«W08*W0
W010sW09*WO
W011rW010*WO
W012rW011*W0
W013«W012*W0
DO 10 MEal.NE
AMEaME
E=(EO/(ANEM1))*(AME-1.0) -  EB IAS 
PE(ME)sE 
DO 10 MFrl.NF 
AMFsMF
IF(ANFM1) 2000,2000,2001

2001 CONTINUE
F =(FO/ANFM1)* (AMF- 1 .0 ) -FBIAS 
GO TO 2002 

2000 FsO.O
2002 CONTINUE 

SUMsO.O
DO 20 MXrl.NX 
AMXrMX
IF(ANXM1) 2100,2100 ,2101  

2101 CONTINUE
X»(XO/ANXMl)*(AMX-1.0)-XBIAS 
GO TO 2102 

2100 XsO.O 
102 CONTINUE

DO 20 MY=1,NY 
AMY-MY
IF(ANYM1)2200 ,2200,2201 

2201 CONTINUE
Ya(YO/ANYMl)*(AMY-1.0) -YBIAS 
GO TO 2202 

2200 YrO.O 
202 CONTINUE

B-AKORO*( ( (X -E)* * 2 ) i ( (Y/F)* * 2 ))* * 0 .5
BWOsB*WO
BW02sBW0*BW0
BW03sBW0*BW02
BW04=BW0*BW03
BWO5=BW0*BWO4
BW06aBW0*BVJ05

: BW0D2 MEANS BWO DIVIDED BY 2 .0  , BW0D22 MEANS BW0D2 RAISED TO 2ND POWER 
IF (BWO - 7 .1 )  2400,2400,2401
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2400 BWQD2 = BWO/2 .0  
BWOD22=BWOD2*BWOD2 
BWOD23*BWOD22*BWOD2 
BW0D24aBWGD23*BW0D2 
BWOD25aBWOD 24*BW0D 2 
BW OD 2 6 rBW OD 2 5*BW OD 2 
BWQD27*BW0D26*BW0D2 
BWOD28*BWOD27*BWOD2 
BW0D2 9=BWOD28*BWOD 2

C DROP 0 OF WO TO KEEP NAME LESS THAN SEVEN CHARACTERS 
BWD 2 lOaBWOD 2 9*BW0D 2 
BWD211 -BWD210 * BW0D2 
BWD212 -BWD211 *  BW0D2 
BWD213 SBWD212 *  BWCD2 
BWD214 =BWD213 * BW0D2 
BWD215 *BWD214 *  BW0D2 
BWD216 -BWD215 *  BW0D2 
BWD217 *BWD216 * BW0D2 
BWD218 =BWD217 * BW0D2 
BWD219 *BWD218 *  BW0D2 
BWD220 SBWD219 *  BW0D2 
BWD 221 -BWD220 *  BW0D2

2401 CONTINUE
IF  (lOO.O-BWO)5 0 ,5 0 ,5 1

50 POs1 .0  - ( 9 . 0 / ( 1 2 8 . 0*BW02)) /  (1 1 0 2 5 .0 / ( 9 8 3 0 4 .0*BW04))
QOs(-.125/BW O) /  ( 2 2 5 .0 / ( 3 0 7 2 .0*BW03)) / ( ( - 8 9 3 0 2 5 .0 ) / ( 3 9 3 2 1 6 0 .0 *  

1 BW05))
P i s  1 .0  /  ( 1 5 .0 / ( 1 2 8 .0*BW02)) -  ( 1 4 1 7 5 .0 /( 9 8 3 0 4 .0*BW04)) 
Q 1;0.375/B W 0 -  ( 3 1 5 .0 / ( 3 0 7 2 .0*BW03)) /  (1 0 9 1 4 7 5 .0 /(3 1 4 5 7 2 8 0 .0 *

1 BWOO))
AJO-(SORT ( 2 . 0 / 9PI*BW0) ) ) * (P0*C0S (BW O-PI/4.0 )  -QO*SIN(BW O-PI/4.0 )  

1 )
AJ1 « (SQ R T (2 .0 /(P I*B W O )))*(P O *C 0S(B W O -(3-0»P l)/4 .0 )

1 -Q l* S IN (B W 0 -(3 .0 * P I) /4 .0 ))
GO TO 52

51 IF (BWO-. 0 0 1 )5 3 ,5 3 ,5 4
53 AJO * 1 .0  

SUBsSMALL 
GO TO 56

54 AJOsBE JO (BWO)
A jls B E J l  (BWO)

52 A J2= ((2 .0 /B W 0)*A J1)-A J0  
IF(BW O-3.0 )3 3 0 ,3 3 0 ,3 3 1

331 A J3-((4 .0 /B W O )*A J2)-A J1  
GO TO 332

330 AJ3 s (1 .0 /F A C 3 )*  BW0D23 -  (1 .0 /F A C 4)*  BWOD25 
1 /  (0 .5 /F A C 5 )*  BWOD27 - ( . 16666667/FA C6)* BW0D29 
2 /  (.041666667 /F A C 7)*  BWD211 - ( 1 . 0 / ( 1 2 0 . 0*FAC8))* BWD213

332 CONTINUE
IF(BW O-4.0 )3 0 0 ,3 0 1 ,3 0 1  

301 A j4  s ( ( 6 . 0/BW 0)*A j3)-A J2 
GO TO 302
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300 AJ4 « (1.0/FAC4)*BWOD24 -(1 .0 /F A C 5 )*  BWOD26
1 /(0.5/FAC6)*BWOD28 - ( . 16666667/FAC7)* BWD210
2 /  (0 .041666667/FAC8)*BWD212 -(0 .0083333333 /FAC9 )*BWD214 

302 CONTINUE
IF(BWO-5.0 )3 1 0 ,3 1 1 ,3 1 1

311 AJ5 »((8.0/BW O)*AJ4)-AJ3 
GO TO 312

310 A J5s(1 .0 /FA C 5)*  BWOD25 -(1.0/FAC6)*BW0D27
1 /(0 .5 /F A C 7) *BW0D29 -  (0.16666667/FAC8)*BWD2U
2 /(0 .0 4 1 6 6 6 6 6 7 /FAC9)*  BWD218 -(0.0083333333/FAC 10)*BWD215
3 /(0.0013888888/FAC11)*BWD217

312 CONTINUE
IF(BWO-6.0 )3 2 0 ,3 2 1 ,3 2 1

321 AJ6b ((10.0/BW O)*AJ5)-AJ4  
GO TO 322

320 AJ6=(1.0/FAC6)*BW0D26 -(loO /FA C 7)* BWOD28 /
1 (0 .5/FA C 8)* BWD210 -(0 .1 6 6 6 6 6 6 7 /FAC9)*  BWD212
2 /(0 .041666667/FA C 10)* BWD214 -(0.0083333333/FA C 11)* BWD216
3 /(0 .0013888888/FA C 12)* BWD218

322 CONTINUE
IF(BWO -  7 .0 )  340 ,341 ,341

341 AJ7 = ((12.0/BW O)*AJ6) -  AJ5 
GO TO 342

340 AJ7 ■ (1.0 /FA C 7)* BW0D27 -  (1 .0/FA C 8)* BWOD29
1 /  (0 .5 /FA C 9)*  BWD211 -  ( .16666667 /FAC10) 8 BWD213
2 /  ( 1 .0 /  (FAC4*FAC11))*BWD215 -  (1.0/(FAC5*FAC12)) * BWD217
3 /  ( 1 . 0 / (FAC6*FAC13)) *BWD219 -  (1.0/FAC7 * FAC14)) * BWD221

342 CONTINUE
C BDA MEANS B DIVIDED BY A , BDA2 I s  BDA SQUARED 

BDA-B/A 
BDA2-BDA*BDA 
BDA3«BDA2*BDA 
BDA4=BDA3*BDA 
BDA5«BDA4*BDA 
BDA6-BDA5*BDA 
BDA7 * BDA6 *BDA 
B2-B*B 
B3»B2*B
TERMl s ( 0 . 5*A/B2 )*BW0*AJ1
TERM2 a(-0 .0625*A 3)*((W 03/B )*A Jl -2.0*(W 02/B2)*A J2)
TERMS s ( (2 .6 0 4 1667E-3)*A5)* ( (W05/B*AJ1 -4.0*(W 04/B2)*AJ2 

1 /8 .0*(W 03/B 3)*A J3)
TERM4 =(5 .4 2 5 3 4 7 2 E -0 5 )* (-1 .0 )  *  ((A7*W07/B)*AJ1

1 - 6 .0 * (A5*W06/BDA2)*Aj2 /24.0*(A4*W05/BDA3)*AJ3
2 - 4 8 .0 * (A3*W04/BDA4)*AJ4)

TERM5 = (6 .78 l6840E -07 ) *((A9*W09/B)*AJ1
1 - 8 . 0*(A7*W08/BDA2)*AJ2 /48.0*(A6*W07/BDA3)*AJ3
2 -  192.0*(A5*W06/BDA4)*AJ4 /384.0*(A4*W05/BDA5)*AJ5)

TERM6 s (5 .6 5 1 4 0 3 3 E -0 9 )* (-1 .0 )  *((A11*W011/B)*AJ1
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1 -10.0*(A9*W 010/BDA2)*AJ2 /  80.0*(A8*W 09/BDA3)*AJ3
2 -480.0*(A7*W 08/BDA4)*AJ4 /  1920.0*(A6*W 07/BDA5)*AJ5
3 -3840.0*(A5*W 06/BDA6)*AJ6)

TERM7 = (3 .3 6 3 9 3 0 5 E -1 1 ) *  ((A12*W013/BDA)*AJ1
1 -  1 2 .0  *  (A11*W012 /BDA2) * AJ2 /  1 2 0 .0  *(A 10 *W011/BDA3) *  AJ3
2 - 9 6 0 .0 * (A9*WO 10/BDA4)*AJ4 /  5 7 6 0 .0 * (A8*W09/BDA5)*AJ5
3 -2 3 0 4 0 .0  *  (A7*W08/BDA6)*AJ6 /  4 6 0 8 0 .0  *  (A6*WO&/BDA7)*A,7)

SUB a TERMl /  TERM2 /  TERM3 /  TERM4 /  TERM5 /  TERM6 /  TERM7
56 CONTINUE 

20 SUM -SUM/SUB*AMP(MX,MY)
UINTEN(ME,MF) = FRONT *SUM *SUM 
PRINT 31 , E,F,UINTEN(ME,MF)

31 FORMAT (1H ,2 F 1 0 .5 ,E 1 4 .7 )
10 CONTINUE 

TOTAL aO.O 
DO 100 MErl.NE 
DO 100 MF=1,NF 

100 TOTALa TOTAL /  UINTEN (ME ,MF)
AVG -  TOTAL/ (ANE*ANF)
TOTAL*0 .0  
DO 110 MEal.NE 
DO 110 M Fsl.NF 

110 TOTAL s  ( (UINTEN(ME,MF)-AVG)* *2) /TOTAL 
STDEV a SZRT (TOTAL/(ANE*ANF))
PRINT 1 2 0 ,AVG,STDEV 

120 FORMAT(1H0,10HAVERAGE = ,E 1 4 .7 ,4X, 2 1HSTANDARD DEVIATION s ,E 1 4 .7 )  
PRINT 601 

601 FORMAT (1H1)
600 CONTINUE 

STOP 
END

$ EXECUTE
$ LIMITS 1 0 ,4 0 0 0 0 ,,1 0 0 0

1
1 5 .0
.00508
.074

1778
778

8
8

.1 7 7 8

.1 7 7 8
0 .0
0.0

8
8

1 1 - 1 1 1 1 1 1  
- 1  1 - 1  - 1  - 1  - 1  - 1  1
- 1 - 1  1 - 1 - 1  - 1  1 - 1

I  1 - 1  1 - 1  - 1  - 1 - 1
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-1  1 -1 -1  -1  1 -1  -1 
1 1 - 1  1 1 1 - 1 - 1  
1 - 1  1 1 - 1 - 1  1 1 
1 - 1  1 1 - 1 - 1  1 1 

$ ENDJOB
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APPENDIX V-2 

LENS EQUIVALENCY

U sing th e  same l i n e  o f re a s o n in g  as i n  Appendix V - l  and th e  co 

o r d in a te s  o f F ig u re  AV-1, th e  imaged i n t e n s i t y  of th e  d a ta  mask i s  

found as fo l lo w s .

/  I A /  \  i k ( r ^ 8 >
U(oi t (S) = -  i  I I    dx dy

r s
x y

2,„2

J  J  A (x ,j

i k  IsL.fe2 -
L 2so so J

= -  — 2 I I A (x ,y )e  dx dy
A s o

x y
70

N o tin g  th e  am p litu d e  tra n s m it ta n c e  o f th e  le n s  to  be
2 J  

- i k  t ?  )
2 J?

T ( o C ,^ )  :  e

w here S e q u a ls  th e  f o c a l  le n g th  o f th e  le n s .  Thus

. f  = j  J J  e

2s s ii- o o J
ik

y )e

ic /
t -  / / “ •

dx dy dot d/J

J .  Goodman, op . c i t . . p . 80.
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Im posing th e  l o c a l i z a t i o n  c o n d i t io n ,

2s 2z 20 o o - *

th e n

r r  l k

u(w  -jib JJ e 0 0

ik

y )e dx dy del

x y

T h is  e q u a t io n  can  be shown to  be a  g e n e r a l iz a t io n  o f t h a t  f o r  

U4 (j‘,^ )  on pageA41of Appendix V - l .
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