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FRDM THE AUTHOR 

This book makes an at tempt  t o  g ive  a popular account of holography 

which is a new and r a p i d l y  developing method, used widely i n  sc ience  and 

technology. 

The reader  w i l l  n o t  f i n d  here  any complicated formulas o r  complex 

arguments. 

of readers ,  o f t e n  s a c r i f i c i n g  accuracy and completeness of exposi t ion.  

However, i t  is  hoped t h a t  t h e  book w i l l  a l s o  b e  u s e f u l  t o  those who already 

d e a l  w i t h  holography o r  in tend  t o  do so. 

The au thor  w a s  t r y i n g  t o  m a k e  t h e  book u s e f u l  t o  a wide circle 

I wish t o  g ive  my thanks t o  Academician B. P.  Konstantinov, Professor  

A. N. Zaydel' ,  and Candidate of Technical Sciences,  V. N .  S in tsov ,  f o r  t h e i r  

valuable  remarks with respec t  t o  t h e  manuscript. 
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HOLOGRAPHY 

Yu. I. Ostrovskiy 

ABSTRACT. The book discusses  holography, i.e., t h e  

The method is being more and more 
i n t e r f e r e n c e - d i f f r a c t i o n  method of recording and recon- 
s t i t u t i n g  wavefronts.  
widely appl ied t o  o p t i c s ,  radar ,  acous t ics ,  instrumen- 
t a t i o n ,  and o t h e r  areas of sc ience  and technology. Along 
with an expos i t ion  of t h e  p r o p e r t i e s  of holograms, t h e  
experimental  holographic  techniques and some of t h e i r  
a p p l i c a t i o n s  are a l s o  descr ibed.  

INTRODUCTION 

Holography w a s  born i n  1947. I n  t h a t  year ,  t h e  Engl ish p h y s i c i s t  

Dennis Gabor proposed h i s  method of recording and r e c o n s t i t u t i n g  wavefronts 

which he c a l l e d  holography, from t h e  Greek word holos  (~Gz), which means 

"whole" [ 1-31 . 

/1* 

The p r i n c i p a l  d i f f i c u l t y  i n  t h e  appl ica t ion  of t h i s  method w a s  t h e  lack  

of s u i t a b l e  l i g h t  sources during t h e  subsequent 15 years .  These sources must 

have a s p e c i a l  property;  they must b e  coherent.  

w a s  invented i n  1960 and found t o  possess the  d e s i r e d  p r o p e r t i e s  t h a t  i t  

became p o s s i b l e  f o r  holography t o  achieve successes  t h a t  i t  has  u n t i l  t h i s  

day. 

It w a s  only a f t e r  t h e  laser 

The f i r s t  t o  ob ta in  laser holograms w e r e  t h e  American p h y s i c i s t s  Emmet 

Le i th  and J u r i s  Upatnieks i n  1963 [ 4 ] .  Two years  b e f o r e  then they had proposed 

* 
Numbers i n  the margin i n d i c a t e  paginat ion i n  t h e  o r i g i n a l  fore ign  t e x t .  
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t h e i r  lltWo-ray" scheme 151 which was a considerable  improvement over t h e  

o r i g i n a l  Gabor's idea .  

i n  1962. 

method of recording a hologram i n  a thTck-layer emulsion [6-81. 

t h a t  w i l l  b e  descr ibed below, possesses  a number of unusual p r o p e r t i e s .  

The f i x s t  Soviet  work on holography w a s  published 

Its author,Yu. N. Denisyuk proposed and developed an o r i g i n a l  

This  method, 

Holography d i d  n o t  j u s t  appear out  of nothing;  i t  w a s  a p r e d i c t a b l e  

r e s u l t  of t h e  development of o p t i c s .  I n  t h i s  book, t h e  reader  w i l l  f i n d  

t h e  names of Fresne l  and Four ie r ,  Fraunhofer and Bragg, Lippman and Abbe, 

and many o t h e r  outs tanding s c i e n t i s t s  who a t  var ious  s t a g e s  made t h e i r  

h i s t o r i c a l  cont r ibu t ion  t o  t h i s  sc ience .  

2 
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§ 1. G E N E W  PRINCIPLES /5 

How W e  See Objects - and How W e  See Their  Images 

It is  w e l l  known t h a t  t h e  eye is an o p t i c a l  system wi th  a v a r i a b l e  f o c a l  

length  and a l i g h t  s e n s i t i v e  f o c a l  s u r f a c e  ( r e t i n a ) .  Luminous (or  i l lumina- 

t e d  by some e x t e r n a l  l i g h t  sources)  o b j e c t s  emit l i g h t  waves which are bent  

i n  t h e  c r y s t a l l i n e  'body of t h e  eye and form an image on t h e  r e t i n a .  This 

image i s  two-dimensional i n  c o n t r a s t  with t h e  o b j e c t s  themselves which of 

course have t h r e e  dimensions - height ,  width,  and depth. Nevertheless , w e  

obta in  an impression of t h e  three-dimensionality of o b j e c t s  due t o  t h e  f a c t  

t h a t  t h e  eyes can move, due t o  t h e  a b i l i t y  t o  look with two eyes,  and as a 

r e s u l t  of accomodation tension.  By moving t h e  poin t  of viewing, w e  change 

t h e  relative l o c a t i o n  of o b j e c t s  i n  t h e i r  two-dimensional pro jec t ion .  This 

is c a l l e d  t lparallax".  Due t o  p a r a l l a x ,  a d i f f e r e n c e  a l s o  a r i s e s  between 

t h e  images on t h e  r e t i n a s  of t h e  r i g h t  and l e f t  eye ( i f  a scene i s  not  t o o  

d i s t a n t )  which br ings  about t h e  f e e l i n g  of three-dimensionality , depth of 

space. Fixing an eye on p o i n t s  which l i e  a t  d i f f e r e n t  d i s t a n c e s ,  w e  change 

t h e  f o c a l  length  of t h e  c r y s t a l l i n e  body by changing t h e  tens ion  of t h e  eye 

muscle, which is a l s o  perceived by us as a measure of t h e  depth of space. 

Looking a t  an ordinary two-dimensional photograph of t h e  same scene, 

w e  do n o t  see t h e s e  e f f e c t s .  N o  mat te r  how w e  change t h e  p o s i t i o n  of our  

head, w e  always see t h e  same th ing  - p a r a l l a x  i s  completely absent.  Moving 

t h e  eye from one objec t  t o  another ,  w e  do n o t  change the  accomodative tension.  

The image looks f l a t  , three-dimensionali  t y  i s  lacking ,  t h e  " e f f e c t  of 

immediacy" i s  l o s t .  These phenomena are e s p e c i a l l y  c l e a r l y  observed when 

w e  look a t  a two-dimensional p i c t u r e  from an obl ique angle ( f o r  example, i n  a 

movie t h e a t e r  from t h e  l a s t  s e a t  i n  t h e  f i r s t  row). I n  t h i s  case, t h e  longi- 

t u d i n a l  and l a t e r a l  s c a l e s  of t h e  image are d i s t o r t e d  which serves  t o  

emphasize t h e  " f la tness"  of a p i c t u r e .  

i t  comes t o  represent ing  t h e  three-dimensional world. 

/6 

Thus, photography i s  very l i m i t e d  when 
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I n  c o n t r a s t  t o  ordinary photography, holography m a k e s  i t  p o s s i b l e  t o  

record and r e c o n s t i t u t e  n o t  j u s t  a two-dimensional i n t e n s i t y  d i s t r i b u t i o n  

but  a l i g h t  wave, emit ted by an o b j e c t ,  wi th  a l l  i t s  d e t a i l s .  

are Obtained. and Waves are .%consti tuted 

There a r e  a number of methods f o r  obtaining holograms and r e c o n s t i t u t i n g  

waves. 

consider  one of them t h a t  w a s  suggested by Lei th  and Upatnieks [ 4 ,  51. A 

scheme of t h e  set-up i s  shown i n  Figure 1, a. 

I n  p r i n c i p l e  they d i f f e r  very l i t t l e  from one another ,  and we sha l l  

An objec t  whose hologram one wants t o  make is  i l lumina ted  by laser 

l i g h t .  The s c a t t e r e d  l i g h t  wave f a l l s  on a photographic p l a t e .  The same 

p l a t e  is i l luminated by a re ference  beam which is p a r t  o f  the  l i g h t  from t h e  

same laser, r e f l e c t e d  from a mir ror .  A photoplate  thus exposed upon 

developing and f i x i n g  i s  c a l l e d  a hologram. The photozraphic p l a t e  contains  

information about t h e  l i g h t  wave s c a t t e r e d  by t h e  o b j e c t .  How t h e  information 

i s  s t o r e d  w i l l  b e  explained later.  On the  o u t s i d e ,  a hologram looks no 

d i f f e r e n t  from a uniformly i l luminated photographic p l a t e .  Often one can 

see r ings  and f r i n g e s  on a hologram, but  they are due t o  dus t  p a r t i c l e s  t h a t  

had f a l l e n  on t h e  mir rors  and objec t ives  causing d i f f r a c t i o n  of l i g h t ,  and 

do not  have anything i n  common with the  micros t ruc ture  (Figure 2 ,  b )  t h a t  

contains  a record of a l i g h t  wave s c a t t e r e d  by an o b j e c t .  

I n  order  t o  r e c o n s t i t u t e  t h e  wave, t h e  objec t  i s  removed, and t h e  holo- - I 7  
gram is  placed i n  t h e  same p o s i t i o n  as i n  t h e  s t a g e  of formation (Figure 1, b ) .  

I f  then a laser i s  turned on and one looks through t h e  hologram as  i f  out  a 

window, one s h a l l  see t h e  objec t  i n  i t s  former p o s i t i o n  as  if it w e r e  never 

removed. The objec t  seen seems p e r f e c t l y  real: w e  can discover  p a r a l l a x  

by moving our head; looking a t  i ts  c l o s e r  and more d i s t a n t  p a r t s ,  w e  have t o  

accomodate our eyes d i f f e r e n t l y .  I f  w e  want t o  photograph t h e  image, j u s t  

as i n  ordinary photography, w e  s h a l l  have t o  choose a diaphragm which would 

provide a s u f f i c i e n t  depth of focus. I f  w e  f a i l  t o  do t h i s ,  c e r t a i n  p a r t s  of 

4 



I -  

t h e  objec t  w i l l  look sharp on t h e  

photograph, and o t h e r s  - blur red .  

The r e c o n s t i t u t e d  image s e e m s  so 

real  t h a t  one would almost l i k e  t o  

touch t h e  objec t  which i s  of course 

impossible,  f o r  a hologram r e s t o r e s  

only t h e  l i g h t  wave t h a t  w a s  s c a t t e r e d  

by t h e  objec t  . 

am expander 

I n  addi t ion  t o  t h e  image of t h e  

objec t  t h a t  can b e  seen with our 

eyes (it is c a l l e d  a v i r t u a l  image), 

t h e r e  exists a real image of t h e  

Figure 1. Set-up f o r  ob ta in ing  objec t .  It is l o c a t e d  on t h e  o ther  
holograms (a) a d  r e c o n s t i t u t i n g  
wavefronts (b) . 

- 

s i d e  of t h e  hologram (Figure 1, b ) .  

Usually i t  i s  d i f f i c u l t  t o  see the  

real image with an unaided eye, but  i f  one p laces  a photographic p l a t e  o r  

f r o s t e d  g l a s s  i n  t h e  plane where t h e  real  image i s  formed, one can obta in  

i ts  two-dimensional pro jec t ion .  

The r e a l  image has  a number of i n t e r e s t i n g  p r o p e r t i e s .  The most i n t e r -  - /8 
e s t i n g  of them is  pseudoscopicity,  i .e. ,  a property i n  which the  real image 

has a r e l i e f  which i s  a reverse of t h e  i n i t i a l  ob jec t :  convex p a r t s  are 

replaced with concave ones - t h e  image was "turned i n s i d e  out". 

Figure 2.  External  view of a hologram (a)  and 
i t s  s t r u c t u r e  seen through a microscope (b). 

5 



A Hologram of a Poin t  - F r e s n e l ' s  Zone P l a t e  

L e t  us consider  how a hologram i s  obtained, and how t h e  wave i s  recon- 

s t i t u t e d  from t h e  s implest  o b j e c t  - a poin t .  A p o i n t  i s  an o b j e c t  whose 

angular  dimensions are so  s m a l l  t h a t  i t s  s t r u c t u r e  i s  undetectable .  A poin t  

scatters a l i g h t  wave whose f r o n t  a t  any t i m e  is a sphere.  A t  a s u f f i c i e n t l y  

l a r g e  d is tance  from t h e  p o i n t ,  t h e  s u r f a c e  of t h e  sphere may b e  considered 

plane.  There i s  another way of transforming a s p h e r i c a l  wave i n t o  a plane 

one: f o r  t h i s  purpose, one p laces  t h e  luminous poin t  a t  t h e  f o c a l  po in t  of 

a l e n s  (Figure 3 ) .  

The l i g h t  wave s c a t t e r e d  by any 

objec t  , however complicated, may be 

regarded as a se t  of waves s c a t t e r e d  

by the  i n d i v i d u a l  p o i n t s  of t h e  object .  

Figure 3. Transformation of a - 
s p h e r i c a l  wave i n t o  a p lane  wave 
by means of a l e n s .  Thus, l e t  a point  0 which scatters 

a s p h e r i c a l  l i g h t  wave b e  loca ted  a t  

a d i s t a n c e  a from a photographic p l a t e  

(Figure 4 ) .  I n  a d d i t i o n ,  l e t  us 

assume t h a t  a normal p lane  reference 

wave is inc ident  on t h e  photographic 

p l a t e .  

Figure 4 .  Formation of a 
hologram of  a luminous 
poin t  with a plane re fer -  
ence wave. 

W e  r e q u i r e  t h a t  t h e  l i g h t  wave 

emit ted by o u r  luminous poin t  and t h e  __ I 9  
l i g h t  of t h e  re ference  wave b e  coherent 

(see, f o r  example, [ 9 ] ) .  The meaning of t h i s  requirement reduces i n  t h e  l a s t  

a n a l y s i s  t o  a s t i p u l a t i o n  t h a t  the  waves can i n t e r f e r e .  For t h i s  purpose, 

they m u s t  have i d e n t i c a l  frequency (wavelength) and a constant  phase d i f f e r -  

ence,  and the  l i g h t  o s c i l l a t i o n s  must take  p lace  i n  t h e  same plane.  When 

6 



lasers are used i n  holography, these requirements can usua l ly  be s a t i s f i e d .  
.I, 

I f  t h e  waves i n c i d e n t  on t h e  

photographic p l a t e  are incoherent ,  

then simply t h e  i n t e n s i t i e s  of t h e  

waves are added. This is  observed 

each time w e  i l l u m i n a t e  a room wi th  

two o r  more e lectr ic  bulbs.  

I f  t h e  waves are coherent,  then 

t h e  amplitudes o f  t h e  l i g h t  w a v e s  are 

summed, i n s t e a d  o f  t h e  i n t e n s i t i e s ,  

and t h e  phase r e l a t i o n s h i p s  among them 

are taken i n t o  account. Where waves 

m e e t  i n  t h e  same phase, t h e i r  ampli- 

tudes  are added; i f  t h e  waves m e e t  

i n  oppos i te  phases , t h e  amplitudes 

a r e  s u b t r a c t e d  from each other .  The 

law of amplitude combination has  t h e  The inventor  of holography, 
Professor  Dennis Gabor form 

H e r e  A and A are amplitudes,  #1 and 9, are phases of the  l i g h t  waves. 1 2 

I f  t h e  phase d i f f e r e n c e  #1 - $2 is  equal  t o  an even number t i m e s  IT 

(0, 2 IT, 4 IT, ...), then 

I f  t h e  phase d i f f e r e n c e  i s  equal  t o  an odd number t i m e s  IT (IT, 3 IT, 5 71, 

. . .) 

7 



A system of i n t e r f e r e n c e  f r i n g e s  is formed on the photographic p l a t e .  

Condition (2) corresponds t o  t h e  centers  of l i g h t  f r i n g e s ;  Condition (3) 

corresponds t o  t h e  centers  of dark f r i n g e s .  

What is t h e  form of f r i n g e s  on a hologram of a luminous p o i n t  obtained 

according t o  t h e  scheme i n  Figure 4? 

F i r s t  of a l l ,  i t  is  n o t  hard  t o  e s t a b l i s h  t h a t  t h e s e  are concent r ic  

circles. I n  f a c t ,  for a l l  p o i n t s  on t h e  photographic p l a t e ,  e q u i d i s t a n t  from 

i ts  center ,  t h e  phase r e l a t i o n s h i p s  of t h e  i n c i d e n t  waves are i d e n t i c a l .  

Secondly, as one moves from one r i n g  t o  the  next  one, t h e  d i f f e r e n c e  

between t h e  i n t e r f e r i n g  waves is  one wavelength ( t h e  phase d i f f e r e n c e  is 
t h  2 a). A t  the  center ,  t h e  d i f f e r e n c e  is  equal  t o  zero.  Then f o r  t h e  k 

r i n g ,  i t  i s  equal  t o  kh; hence t h e  rad ius  of t h e  kth r i n g  is (Figure 4 )  

Thus, a hologram of a poin t  i s  a system of concent r ic  r i n g s  whose r a d i i  

are s u b j e c t  t o  t h e  r e l a t i o n  ( 4 ) .  Such a system is  shown i n  Figure 5 .  This 

i s  t h e  so-called Fresnel ' s  zone plate").  

t h a t  i n  t h i s  f i g u r e  t h e  t r a n s i t i o n  from a dark t o  a l i g h t  r i n g  i s  discontinuous 

whereas i n  a hologram i t  occurs smoothly, approximately according t o  a sinu- 

s o i d a l  law 

It m u s t  b e  kept  i n  mind, however, 

(2) 

( l ) I t  is sometimes c a l l e d  Fresne l ' s  zone g r a t i n g  as w e l l  as Sore 's  p l a t e .  

(2)This would b e  exac t ly  t r u e  i f  t h e  t r a n s m i t t i v i t y  of t h e  p l a t e  depended 
l i n e a r l y  on i t s  i l lumina t ion .  I n  r e a l i t y  t h i s  r e l a t i o n s h i p  is much more 
complex (see page 24 and Figure 14) .  

8 
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The d i s t a n c e  between t h e  /11 
neighboring r i n g s ,  as is  easy 

.._ t o  show from Formula ( 4 ) ,  i s  

(5) aA j -  kAe Ar, = 
rk Ir 

Thus, a hologram of a poin t  

is  a Fresne l ' s  zone p l a t e  with a 

s i n u s o i d a l  d i s t r i b u t i o n  of t rans-  

parency. 

N o w  le t  us consider  t h e  pro- 4 
cess of r e c o n s t i t u t i n g  the  l i g h t  

wave emit ted by a p o i n t  by using 

Figure 5. F r e s n e l ' s  zone p l a t e .  a hologram. W e  s h a l l  remove our 

luminous p o i n t ,  p lac ing  t h e  

hologram i n  t h e  p lace  where i t  w a s  exposed, and i l l u m i n a t i n g  t h e  hologram 

with the  same p lane  l i g h t  wave which w a s  used before .  

Each s m a l l  por t ion  of t h e  Fresnel  zone p l a t e  may b e  viewed as an ordinary 

d i f f r a c t i o n  g r a t i n g .  The l a t te r ,  as w e  know ( s e e ,  f o r  example, [ 9 ] ) ,  decom- 

poses an inc ident  l i g h t  beam i n t o  s e v e r a l  p a r t s :  

(a) zero-order beam which i s  a cont inuat ion of  t h e  i n c i d e n t  beam; 

(b) plus  f i r s t - o r d e r  and minus f i r s t - o r d e r  beams which s a t i s f y  t h e  

condi t ion 

where A r  is t h e  l a t t i ce  constant  (d i s tance  between t h e  neighboring r i n g s ) ;  

9 



2A 
(c) p lus  second-order and minus second-order beams sin pz= & %), etc. 

I n  t h e  case of a g r a t i n g  with a s i n u s o i d a l  d i s t r i b u t i o n  of t ransparency,  

beams of orders  h igher  than one are absent.  

The angles a t  which t h e  p lus  f i r s t - o r d e r  and minus f i r s t - o r d e r  rays  are 

propagated i n c r e a s e  r e g u l a r l y  i n  a t r a n s i t i o n  from t h e  c e n t e r  of a given 

g r a t i n g  t o  i t s  edges, s i n c e  t h e  g r a t i n g  constant  A r  decreases  [see Formula k 
(5) 1 

We s h a l l  show now t h a t  f i r s t - o r d e r  rays  form two s p h e r i c a l  waves (con- 

For t h i s  purpose, i t  is s u f f i c i e n t  t o  show t h a t  vergent and d ivergent ) .  

a l l  rays of p l u s  f i r s t  o r d e r  i n t e r s e c t  a t  one p o i n t ,  and a l l  minus f i r s t -  

o r d e r  rays emerge from a s i n g l e  poin t .  

on a hologram at a d i s t a n c e  rk from i ts  a x i s  (Figure 6 ) .  

L e t  us consider  a l i g h t  ray i n c i d e n t  

Figure 6 .  Recons t i tu t ion  
of t h e  s p h e r i c a l  wave- 
f r o n t  by a Fresne l  zone 

The p l u s  and minus f i r s t - o r d e r  rays  /12 
d e v i a t e  by angles  f. $k. 

t h e i r  extensions i n  t h e  "opposite" d i r e c t i o n )  

w i l l  i n t e r s e c t  t h e  axis of t h e  hologram a t  

a d i s t a n c e  If: x from i t s  sur face .  

These rays ( o r  

L e t  us f i n d  t h e  value of x. From 

Figure 6 ,  i t  i s  clear t h a t  

Considering t h a t  sin yk = &==* , w e  f i n d  

2 2  Recal l ing now t h a t  ri = 2akA + k X [see Formula ( 4 )  1, w e  ob ta in  
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Thus, t h e  d i s t a n c e  a t  which the p l u s  and minus f i r s t - o r d e r  rays  i n t e r -  

sect t h e  axis of t h e  hologram is the same f o r  rays  d i f f r a c t e d  by a l l  s e c t i o n s  

of t h e  hologram. 

Thus, when a plane w a v e  passes  through a hologram of a poin t  (zone 

p l a t e  with a s i n u s o i d a l  d i s t r i b u t i o n  of  l i g h t  and dark zones) t h r e e  waves 

are formed: 

(1) s p h e r i c a l ,  which converges a t  a poin t  loca ted  a t  a d i s t a n c e  a from 

t h e  hologram which is t h e  same as t h e  d i s t a n c e  of t h e  p o i n t  when t h e  hologram 

w a s  obtained;  

(2) s p h e r i c a l ,  which emerges from a point  loca ted  a t  a d i s t a n c e  a on t h e  

o t h e r  s i d e  of t h e  hologram, i .e.,  from t h e  p lace  a t  which t h e  o r i g i n a l  po in t  

w a s  loca ted  during holographing; 

(3) along w i t h  these  waves t h a t  form t h e  r e a l  and v i r t u a l  images of 

t h e  p o i n t ,  a l s o  a p lane  wave, corresponding t o  t h e  zero-order,  emerges. from 

t h e  hologram. 

The r e s u l t s  t h a t  w e  have obtained f o r  a poin t  are n o t  d i f f i c u l t  t o  

extend t o  o b j e c t s  of any form t h a t  c o n s i s t  of many p o i n t s  s c a t t e r i n g  l i g h t .  

I n  t h i s  case, a hologram must b e  viewed as a superpos i t ion  of zone p l a t e s  

formed by every poin t  of an o b j e c t .  This superpos i t ion  occurs according 

t o  t h e  laws governing t h e  i n t e r f e r e n c e  of l i g h t ,  and as a r e s u l t  one obta ins  

a complex i n t e r f e r e n c e  p a t t e r n  which forms a hologram of t h e  objec t  (Figure 

2, b ) .  

I n  r e c o n s t i t u t i o n  s t a g e s ,  a l l  these  i n t e r f e r e n c e  zone p l a t e s  act 

independently - each sets up a wave from i t s  own poin t  of t h e  o b j e c t ,  and 

t h e  wave is set up e x a c t l y  where i t  w a s  i n  t h e  formation s tage .  To a 

b r i g h t e r  point  , t h e r e  corresponds a higher-contrast  g r a t i n g  which during 
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r e c o n s t i t u t i o n  gives  a b r i g h t e r  image poin t .  

Of course n o t  a l l  d e t a i l s  of t h e  phenomenon can b e  explained by t h i s  

simple scheme, but  s t i l l  many p r o p e r t i e s  of holograms become easy t o  under- 

s tand.  

Certain-- Important P r o p e r t i e s  of Holog-rams 

1. L e t  us make a contac t  copy of a hologram and r e c o n s t i t u t e  the  

wavefront by means of a copy which i s  a negat ive  of t h e  i n i t i a l  hologram. 

W e  s h a l l  ob ta in  a curious result: everything i s  as b e f o r e  - l i g h t  p laces  

remain l i g h t ,  dark p laces  remain dark. This i s  easy t o  expla in .  The dark 

p o i n t s  of t h e  objec t  do not  produce Fresnel  zone p l a t e s  a t  a l l ,  and so  t h e  

p l a t e s  cannot appear i n  t h e  nega t ive  copy of t h e  hologram e i t h e r .  Therefore,  

i n  the r e c o n s t i t u t i o n  s t a g e  those p o i n t s  remain dark.  Light  p o i n t s ,  however, 

do p a r t i c i p a t e  i n  t h e  formation of a p a t t e r n  on t h e  hologram, and the  

d i f f r a c t i o n  p r o p e r t i e s  of t h e  p a t t e r n  a r e  not  changed when dark p laces  of a 

hologram are replaced by l i g h t ,  and l i g h t  - by dark. 

2. Each s e c t i o n  of a hologram i s  capable of r e c o n s t i t u t i n g  t h e  image 

of t h e  e n t i r e  object .  I n  f a c t ,  as w e  have seen a l ready ,  any por t ion  of 

t h e  Fresnel  zone p l a t e  r e c o n s t i t u t e s  t h e  image of a poin t .  It is  n a t u r a l  

t o  expect t h a t  t h e  same property w i l l  be  shared by a hologram of a more 

complex objec t .  Of course,  a smaller p o r t i o n  of t h e  hologram w i l l  recon- 

s t i t u t e  a correspondingly smal le r  p o r t i o n  of t h e  wavefront. I f  t h i s  p o r t i o n  

i s  very small ,  t h e  q u a l i t y  of t h e  r e c o n s t i t u t e d  image w i l l  worsen, f i n e  d e t a i l s  

w i l l  b e  l o s t ,  a c h a r a c t e r i s t i c  gra in  s t r u c t u r e  w i l l  appear (Figure 7) [ l o ] .  

/14 

3. It is easy t o  expla in  the  f a c t  t h a t  real images formed by a hologram 

are pseudoscopic. P o i n t s  t h a t  l i e  a t  l a r g e r  d i s t a n c e s  from t h e  hologram 

(depressions) w i l l  have a r e a l  image which i s  a l s o  f a r t h e r  from t h e  hologram 

b u t  i s  viewed from t h e  opposi te  s i d e .  Therefore,  these  p o i n t s  form bulges  i n  

t h e  real image (Figure 1, b ) .  I n  t h e  pseudoscopic image, t h e  r i g h t  s i d e s  of 
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an o b j e c t  (with respec t  t o  t h e  

viewer) are seen as r i g h t ,  and t h e  

l e f t  are seen as l e f t .  Only t h e  

r e l i e f  of an objec t  is reversed. 

4 .  Holograms of a complex 

objec t  may b e  viewed as an i n t e r f e r -  

ence (coherent) superpos i t ion  of 

holograms from t h e  i n d i v i d u a l  

p o i n t s  o r  more complicated p a r t s  

of t h e  objec t .  I n  such a super- 

p o s i t i o n ,  t h e r e  i s  a summation of 

t h e  amplitudes of l i g h t  waves with 

due regard given t o  t h e  phase 

r e l a t i o n s h i p s  among them [Formula Figure 7.  What happens t o  t h e  recon- 
s t i t u t e d  image when t h e  s i z e  of t h e  (1) 1 * 
hologram is made smaller. 

One can a l s o  imagine a hologram which would b e  an incoherent  super- 

p o s i t i o n  of holograms of d i f f e r e n t  o b j e c t s  o r  p a r t s  of t h e  same objec t .  I n  

t h i s  case t h e  photographic p l a t e  sums t h e  i n t e n s i t i e s  produced. If  t h e  

number of such consecut ive superpos i t ions  is n o t  t o o  l a r g e ,  t h e  hologram w i l l  

s imultaneously r e c o n s t i t u t e  several consecut ively recorded l i g h t  waves with 

hard ly  any d i s t o r t i o n s .  This property of holograms f i n d s  appl ica t ion  i n  a 

consecutive recording on t h e  same hologram of  waves from s e v e r a l  o b j e c t s  

o r  s e v e r a l  s t a t e s  of t h e  same objec t .  This technique i s  a l s o  used t o  o b t a i n  

holograms without lasers. 

Holographic ~. Schemes 

The above scheme f o r  ob ta in ing  holograms, proposed by Gabor (Figures 4 

and 8, a) has s e r i o u s  disadvantages.  I n  t h e  r e c o n s t i t u t i o n  s t a g e ,  t h e  rays 

forming t h e  real and v i r t u a l  images as w e l l  as t h e  zero-order beam propagate 

i n  t h e  same d i r e c t i o n  (Figure 8, b )  and produce mutual dis turbances.  
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Figure 8. Obtaining a hologram 
and r e c o n s t i t u t i o n  of a wave- 
f r o n t  according t o  Gabor (a ,  b ) ,  
and according t o  Lei th  and 
Upatnieks (c,  d) . 

This is one of t h e  reasons why t h e  re- 

c o n s t i t u t e d  images are of poor q u a l i t y .  

I n  one of h i s  earliest papers on 

holography [2], Gabor pred ic ted  t h a t  

' I . . .  i n  l i g h t  o p t i c s  where t h e  s p l i t t i n g  

of beams is  allowed, new methods of 

using coherent r a d i a t i o n  w i l l  be  found 

which w i l l  improve t h e  r e s o l u t i o n  of 

an o b j e c t  i n  depth and w i l l  suppress  t h e  

' assoc ia ted  wave' . . . . I' 

I n  complete agreement with these  p r e d i c t i o n s ,  L e i t h  and Upatnieks [5] 
i n  1961 proposed t h e i r  two-ray scheme of holography (otherwise known as a 

scheme wi th  a reference beam; Figure 8, c ) .  The scheme may b e  viewed as a 

c e r t a i n  modif icat ion of Gabor's scheme. I n  Lei th  and Upatnieks' scheme, 

only t h e  p e r i p h e r a l  por t ion  of t h e  Gabor hologram is  used, and what is most 

important,  t h e  objec t  i s  i l lumina ted  by a s e p a r a t e  coherent l i g h t  beam. This 

permit ted them t o  o b t a i n  holograms of opaque and three-dimensional o b j e c t s .  

A s  w e  can see i n  Figure 8 ,  d, holograms obtained according t o  t h e  scheme of 

L e i t h  and Upatnieks are f r e e  from t h e  mutual dis turbances between t h e  v i r t u a l  

and real images. A t  t h e  present  t i m e ,  two-ray holographic  set-ups are most 

widespread. 

- 116 

It is a l s o  q u i t e  unnecessary t o  use a reference beam w i t h  a plane wave- 

f r o n t .  A reference l i g h t  source corresponds t o  such a beam; t h i s  source 

is i n f i n i t e l y  removed from t h e  hologram. I f  t h e  re ference  source  i s  moved 

toward t h e  hologram, the q u a l i t y  of t h e  hologram i s  not  worsened, and i t  

preserves  a l l  i t s  p r o p e r t i e s .  

The object  can a l s o  be moved c l o s e r  t o  a hologram o r  moved away t o  

i n f i n i t y ;  t h i s  can b e  done by means of a lens  (Figure 3 ) .  
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The p l a t e  on which a hologram i s  formed can b e  o r i e n t e d  i n  any d i r e c t i o n  

relative t o  t h e  re ference  beam and the  objec t .  It can even b e  placed between 

them i n  such a way t h a t  t h e  l i g h t  from them w i l l  f a l l  i n  d i f f e r e n t  d i r e c t i o n s .  

I n  any case, i f  one p laces  a hologram i n  t h e  same l o c a t i o n  i n  which i t  

w a s  exposed, a v i r t u a l  image of an objec t  w i l l .  appear i n  t h e  same place ,  where 

t h e  o b j e c t  w a s  placed during holographing - i f ,  of course,  t h e  l o c a t i o n  of 

t h e  re ference  beam and i t s  wavelength remain t h e  same. 

Figure 9 perhaps covers a l l  p o s s i b l e  schemes of obtaining holo- 

grams. It shows t h e  crest sur faces  of s tanding  l i g h t  waves, formed during 

the  i n t e r f e r e n c e  of l i g h t  emerging from a poin t  source O1 and a re ference  /18 
p o i n t  l i g h t  source 0 I n  t h e  scheme of Figure 9 ,  a, t h e  re ference  beam i s  a t  

a f i n i t e  d i s tance  from t h e  objec t .  I n  Figure 9 ,  b ,  i t  is  removed t o  i n f i n i t y ,  

and t h e  l i g h t  wave emerging from i t  has a plane f r o n t .  Figure 9 shows 

sec t ions  of i n t e r f e r e n c e  sur faces  cu t  by the  plane of t h e  drawing; i n  f a c t ,  

t h e s e  sur faces  are f i g u r e s  of revolut ion:  hyperboloids (Figure 9 ,  a )  and 

paraboloids  (Figure 9 ,  b) . The axis of revolut ion passes  through both poin t  

l i g h t  sources .  

2' 

Differen t  forms of i n t e r f e r e n c e  f r i n g e s  forming the  hologram of a po in t  

correspond t o  d i f f e r e n t  holographic  schemes. For a l l  p o s i t i o n s  i n  which t h e  

plane of t h e  hologram i s  normal t o  t h e  l i n e  j o i n i n g  t h e  re ference  source and 

t h e  objec t  ( t h e  p o i n t ) ,  t h e  i n t e r f e r e n c e  f r i n g e s  are r i n g s  which make up the  

Fresnel  zone l a t t i c e .  I f  t h e  plane of t h e  hologram is p a r a l l e l  t o  t h i s  l i n e ,  

the  f r i n g e s  w i l l  form a family of hyperbolas . ( 3 )  

I n  a gene?-1 case,  t h e  i n t e r f e r e n c e  f r i n g e s  are curves which represent  

i n t e r s e c t i o n s  of a family of hyperboloids of revolu t ion  (Figure 9 ,  a) o r  

paraboloids  of revolu t ion  w i t h  t h e  plane of t h e  hologram. 

(3)In [ll] such an arrangement, f i r s t  proposed i n  [ 1 2 ] ,  was named l e n s e l e s s  
Fourier  transform holography. 
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Figure 9. Crest sur faces  of s tanding  
l i g h t  waves formed by a p o i n t  ob jec t  
0 1 - and a poin t  reference source O.,. 

Location of t h e  hologram: 
ing  t o  Gabor; 2 - scheme of Lei th  
and Upatnieks; 3 - according t o  
Denisyuk; 4 - two-dimensional holo- 
gram wi th  an " inverted re ference  
beam"; 5 - "Lens-free Fourier-  
hologram"; 6 - Fraunhoffer hologram. 

a - two-sheet hyperboloids of 
revolut ion (ax is  of revolu t ion  0 0 ) ;  
b - paraboloids of revolut ion.  

1 - accord- 

1 2  

The above schemes are r e a l i z e d  

in p r a c t i c e  using one of t h e  methods 

s h a m  i n  Figure 1, 12,  20-28. 

The Holonram as a 

D i f f r a c t i o n  Grat ing . ~. 

Earlier w e  discussed t h e  

hologram of a p o i n t  obtained by 

means of a re ference  beam with a 

plane wavefront,  as a Fresne l  zone 

p l a t e .  Now w e  see t h a t  t h i s  

is  v a l i d  only f o r  t h e  p a r t i c u l a r  

case when t h e  p lane  of photographic 

emulsion is normal t o  t h e  l i n e  con 

nec t ing  t h e  re ference  source and 

t h e  objec t  (a  p o i n t ) .  

L e t  US p resent  a more general  

discussion t h a t  w i l l  expla in  t h e  

r e c o n s t i t u t i o n  process  of a wave- 

f r o n t  f o r  any mutual l o c a t i o n  of 

a re ference  l i g h t  source,  o b j e c t ,  

and hologram. 

L e t  us consider  t h e  i n t e r f e r -  

ence of two coherent p a r a l l e l  beams 

of l i g h t  rays which converge on a 

photographic p l a t e  a t  an angle t o  

each o ther .  Suppose t h a t  t h e  angle  

of incidence of one of them i s  4 
and t h a t  of t h e  o t h e r  i s  +2 (Figure 

1' 

10). 
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I f  po in ts  A and B correspond t o  t h e  

pos i t ions  of two neighboring f r i n g e s  ( a  

is  t h e  d is tance  between them), then t h e  

d i f f e r e n c e  i n  pa th  between beam 1 and 2 

when passing from p o i n t  A t o  po in t  B 

changes by one wavelength A.  I n  o ther  

words, A 

and A2 = a s i n  (b 
1 + A2 = A ,  and s i n c e  A 1 1 = a s i n  4 

2 ,  

l. 
sin + sin 'fi' (7) Figure 10. Formation of a a = -  

holographic d i f f r a c t i o n  
g r a t i n g .  

The hologram thus obtained,  which i s  a 

d i f f r a c t i o n  g r a t i n g  wi th  a constant  a, w e  s h a l l  i l lumina te  by one of t h e  

l i g h t  beams t h a t  took p a r t  i n  i ts  formation - f o r  example, by beam 1 - 
whi le  beam 2 is removed. The d i f f r a c t i o n  g r a t i n g  produces a minimum of f i r s t  

o rder  a t  an angle c1 t o  i t s  normal which i s  r e l a t e d  t o  t h e  angle of incidence 

B by the  expression 

( 8 )  h s ina+s inp=-  
a '  

I n  our case, the  angle  of incidence (3 = (I and t h e  constant  of t h e  g r a t i n g ,  

a,  i s  given by Formula ( 7 ) .  Hence, 
1 

A sin a = -- sin p = sin 'pl + sin 'pz - sin = sin y2, 

2 '  i . e . ,  c1 = 4 

Thus, i f  w e  keep beam 1, then beam 2 w i l l  b e  r e c o n s t i t u t e d .  I f ,  however, 

a hologram i s  i l lumina ted  by beam 2 ,  then beam 1 w i l l  b e  r e c o n s t i t u t e d ,  i .e . ,  

the  reference and o b j e c t  beams are mutually revers ib le .  

A l i g h t  wave which propagates from a poin t  source can be represented as 

a set of t h i n  p a r a l l e l  l i g h t  beams, t o  each of which a s m a l l  por t ion  of t h e  
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hologram corresponds. Since,  as w e  have seen,  a hologram r e c o n s t i t u t e s  each 

of such beams, i t  becomes clear t h a t  t h e  e n t i r e  l i g h t  beam which emerges 

from a p o i n t  i s  r e c o n s t i t u t e d .  

S imi la r ly ,  i n s t e a d  of a p a r a l l e l  re fe rence  beam, one can t a k e  a number - 120 

of t h i n  beams emerging from a reference  poin t  l i g h t  source  l o c a t e d  a t  a 

f i n i t e  d i s tance  from t h e  hologram. I n  t h e  case of  a complex o b j e c t ,  a 

hologram may be viewed as an i n t e r f e r e n c e  superpos i t ion  of  g r a t i n g s  produced 

by the  i n d i v i d u a l  p o i n t s  of t h e  objec t .  

By v i r t u e  of t h e  p r i n c i p l e  of r e c i p r o c i t y ,  which w a s  mentioned above, 

and r e f e r r i n g  t o  t h e  reference and objec t  beams, t h e  re ference  beam may a l s o  

b e  s e n t ,  no t  from t h e  poin t  source,  but  from a luminous body of any form. 

Natura l ly ,  a r e c o n s t i t u t i o n  of t h e  wave from an o b j e c t  w i l l  occur only when, 

during r e c o n s t i t u t i o n ,  both t h e  s t r u c t u r e  of the  re ference  beam and t h e  

l o c a t i o n  of t h e  hologram are preserved (4 1 . 

Summarizing t h e  above, we a r r i v e  a t  t h e  following conclusion which may 

b e  c a l l e d  t h e  b a s i c  l a w  of holography: i f  a l i g h t - s e n s i t i v e  material which 

contains  a recorded i n t e r f e r e n c e  p a t t e r n  of several l i g h t  waves i s  placed 

i n  t h e  i n i t i a l  p o s i t i o n  and i l luminated by one of  t h e s e  waves, then t h e  

remaining waves w i l l  be  recons t i tu ted .  

Thick-layer Holograms 

Thus f a r  w e  have discussed a photographic p l a t e  as a medium possessing 

two dimensions. This is v a l i d  only when t h e  th ickness  of t h e  l i g h t - s e n s i t i v e  

l a y e r  is comparable with t h e  d is tance  between t h e  neighboring i n t e r f e r e n c e  

f r i n g e s .  I f  t h e  l a y e r  is much t h i c k e r ,  then t h e  p e c u l i a r  f e a t u r e s  of a 

photographic p l a t e  as a three-dimensional medium are observed. These 

(4)When s p e c i a l  requirements a s  t o  t h e  form of t h e  re ference  and r e c o n s t i t u t i n g  
sources  are m e t ,  they need not  be  i d e n t i c a l .  
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f e a t u r e s  were f i r s t  observed by Lippman and used by h i m  f o r  co lo r  photography. 

Yu. N. Denisyuk [ 6 ]  proposed using three-dimensional media f o r  recording 

holograms. 

I f  two i n t e r f e r e n c e  beams are d i r ec t ed  so t h a t  they proceed opposi te  t o  

each o the r  (at an angle  a = 180°), then,  as w e  know, s tanding  waves are set 

up i n  space which are systems of nodal  and crest p lanes  spaced every 

i n  a more genera l  case, a # 180°, then i t  is n o t  hard  t o  see t h a t  t h e  d i s t ance  

between crests (or  nodes) increases by a f a c t o r  of sm , and becomes equal  

t o  __ Nodal and crest planes of l i g h t  waves w i l l  be  d i r e c t e d  along t h e  

b i s e c t o r  of t h e  angle  a, as i nd ica t ed  i n  Figure 11. 

1. . I f ,  /21 

1 

A 
2 sin a12 

I f  a l i g h t - s e n s i t i v e  photographic emulsion is placed i n  the  region of 

i n t e r s e c t i o n  of t h e  l i g h t  beams, then t h e  system of nodes and crests w i l l  b e  

recorded i n  it i n  the  form of semi-transparent r e f l e c t i n g  l a y e r s  of m e t a l l i c  

s i l v e r ( 5 ) .  Such a three-dimensional d i f f r a c t i o n  g ra t ing  w i l l  possess  the  

following p rope r t i e s :  (1) the  l i g h t ,  r e f l e c t e d  from t h e  l a y e r s  jus t  as /22 
from a mir ror ,  w i l l  r e c o n s t i t u t e  t h e  wave from the  ob jec t .  

r e f l e c t i v e  l a y e r s ,  as a l ready  ind ica t ed ,  are d i r ec t ed  along the  b i s e c t o r  of 

t h e  angle formed by t h e  i n t e r f e r i n g  rays, which r e s u l t s  i n  the  ind ica t ed  

property of holograms (Figure 11, c ) ;  (2) a zero-order beam as w e l l  as t he  

real image w i l l  not be  produced; (3) beams r e f l e c t e d  from various l aye r s  

w i l l  r e in fo rce  each o the r  only when they a r e  i n  phase (Lippman-Bragg condi t ion) .  

This l eads  t o  s e l e c t i v i t y  of holograms wi th  respec t  t o  t h e  wavelength of t h e  

source whose l i g h t  i s  used t o  r e c o n s t i t u t e  t he  wavefront. The condi t ion 

t h a t  t h e  waves b e  i n  phase can b e  s a t i s f i e d  only f o r  the wavelength which was 

used t o  produce the  hologram. Therefore ,  i t  i s  poss ib l e  t h a t  an image can 

In  f a c t ,  t he  

(5)T0 s impl i fy  t h e  d iscuss ion ,  w e  allow c e r t a i n  inaccurac ies  here .  
the r e f r a c t i v e  index of a l i g h t - s e n s i t i v e  emulsion is d i f f e r e n t  from t h e  
r e f r a c t i v e  index of t h e  e x t e r n a l  medium, then both t h e  d i r e c t i o n  of beams, 
and the l oca t ion  of crests i n  i t ,  w i l l  be  s l i g h t l y  d i f f e r e n t .  I f  t h i s  i s  
taken i n t o  cons idera t ion ,  i t  w i l l  no t  change our  conclusions - only make 
them more complicated. 
is n t i m e s  s m a l l e r  than i n  t h e  a i r  (n is t h e  r e f r a c t i v e  index i n  the  
emulsion),  t h e  crests w i l l  b e  t h a t  many t i m e s  c l o s e r  toge ther .  

Since 

Since t h e  l eng th  of t he  l i g h t  wave  i n  the  emulsion 
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b e  r e c o n s t i t u t e d  by means of a 

source emi t t ing  a continuous spec- 

trum (incandescent lamp, t h e  sun). 

If  t h e  hologram w e r e  exposed i n  t h e  

l i g h t  of several s p e c t r a l  l i n e s  ( f o r  

example, b l u e ,  green, red) , then 

Figure 11. Formation of s tanding  
l i g h t  waves by c o l l i d i n g  beams 
(a) and bearas that c o l l i d e  at  an 
angle  ct # 180' (b);  c - recon- 
s t i t u t i o n  of a l i g h t  wave wi th  
t h e  a i d  of a three-dimensional 
hologram. 

each wavelength would form i t s  own 

system of sur faces .  The correspond- 

ing  wavelengths w i l l  be  separa ted  

out of t h e  continuous spectrum i n  

t h e  r e c o n s t i t u t i o n  s t a g e ,  which 

r e s u l t s  i n  a r e c o n s t i t u t i o n  of n o t  

j u s t  t h e  s t r u c t u r e ,  b u t  a l s o  t h e  

s p e c t r a l  content  of t h e  l i g h t  wave, 

i . e . ,  t h e  r e s u l t  i s  a c o l o r  image. 

A l l  t h i s  is v a l i d  i f  t h e  processing 

of t h e  emulsion does not  change 

t h e  relative l o c a t i o n  of t h e  r e f l e c t -  

ing  planes.  Sometimes, due t o  t h e  

shr inkage of t h e  emulsion, t h e  wave- 

length  of t h e  r e c o n s t i t u t e d  image i s  displaced toward t h e  "blue" (shorter-wave) 

region.  

Figure 12 shows t h e  normally used schemes f o r  obtaining holograms on 

th ick- layer  emulsions. 

The relative l o c a t i o n  of t h e  re ference  source,  hologram, and t h e  o b j e c t  

is a r b i t r a r y ,  i .e. ,  t h e  hologram may b e  placed i n  any p o s i t i o n  i n  t h e  

diagrams (Figure 9 ) .  However, i n  order  f o r  a hologram t o  e x h i b i t  three-  

dimensional p r o p e r t i e s  i t  is  necessary t h a t  a t  least a few r e f l e c t i n g  

l a y e r s  b e  placed along t h e  emulsion thickness .  For a given emulsion width,  

t h i s  requirement determines t h e  zones i n  Figure 9 i n  which t h e  hologram may 

b e  considered "three-dimensional". 
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Figure 12. Scheme f o r  o b t a i n i n g  holograms on thick-  
l a y e r  emulsions i n  opposed beams. 

For a given p o s i t i o n  of a hologram i n  Figure 9 ,  t h e  least  "three-dimen- 

s i o n a l i t y "  w i l l  be e x h i b i t e d  by a hologram which i s  o r i e n t e d  normally t o  t h e  

dominant d i r e c t i o n  of t h e  nodal  and crest sur faces .  Such a loca t ion  is  

most convenient only when it  i s  necessary t o  o b t a i n  a real image i n  t h e  recon- 

s t i t u t i o n  of  t h e  wavefront by means of an undisplaced reference source.  The 

uncondi t ional  requirement of such an o r i e n t a t i o n ,  proposed i n  c e r t a i n  papers 

i s  apparent ly  u n j u s t i f i e d .  Converselyy i f  i t  i s  necessary t o  obta in  m a x i m u m  

"three-dimensionality",  i t  is  most convenient t o  o r i e n t  t h e  hologram along 

t h e  r e f l e c t i n g  l a y e r s  (Figure 12) .  I n  t h i s  case, t h e  br ightness  of t h e  real  

image and t h e  zero-order beam w i l l  be minimal. 

The th ickness  of t h e  holographic  photographic emulsions is on t h e  order  

of s e v e r a l  microns. 

i t  is necessary t h a t  t h e  r e f l e c t i n g  l a y e r s  l i e  a t  d is tances  several t i m e s  

smaller. For example, f o r  t h e  emulsion Kodak 649F, t h e  three-dimensional 

e f f e c t s  appear f o r  t h e  angles  between the reference  and o b j e c t  beams (X 6328 i) 
g r e a t e r  than l o o y  i.e.,  when t h e  d i s t a n c e  between t h e  r e f l e c t i n g  l a y e r s  is 

less than 4 microns. 

To e x h i b i t  the three-dimensional p r o p e r t i e s  of  a hologram, 



52. PROPERTIES OF HOLOGRAMS 

How a Hologram Restores t h e  Form of 0b.jects and 

Their  Dimensions 

W e  have e s t a b l i s h e d  t h a t ,  i f  t h e  process  of holographing and recons t i -  

t u t i n g  a wavefront i s  c a r r i e d  out  wi th  a re ference  source of t h e  same wave- 

length,  placed i n  t h e  same l o c a t i o n  relative t o  t h e  hologram, then t h e  

hologram w i l l  r e c o n s t i t u t e  t h e  wave emerging from t h e  v i r t u a l  image, which 

coincides  i n  form and l o c a t i o n  with t h e  objec t  i t s e l f .  

I f  one changes t h e  form of t h e  re ference  beam, its wavelength, t h e  

o r i e n t a t i o n  of t h e  hologram and i ts  scale, such a correspondence is dis turbed.  

I n  c e r t a i n  cases, t h i s  r e s u l t s  i n  u s e f u l  combinations. For example, by 

changing t h e  wavelength and t h e  divergence of t h e  beam, one can vary t h e  scale 

of t h e  r e c o n s t i t u t e d  image of an o b j e c t ,  and make i t  smaller o r  l a r g e r .  

a r u l e ,  such a change is  accompanied by an undesirable  d i s t o r t i o n  of t h e  image, 

c a l l e d  aber ra t ion ,  which shows up i n  t h e  d i s t o r t i o n  of t h e  l o n g i t u d i n a l  

and lateral  scales of t h e  image, d i s t o r t i o n  of focus,  etc. 

As 

Figure 13. Explanation of t h e  n o t a t i o n  used 
i n  Formula (9). 
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W e  s h a l l  give t h e  formulas [13] which enable one t o  compute, i n  an arbi-  

t r a r y  case, t h e  l o c a t i o n  of t h e  r e c o n s t i t u t e d  image and its magnification. 

L e t  us in t roduce  t h e  fol lowing n o t a t i o n  (Figure 13): t h e  hologram i s  loca ted  

i n  t h e  x-y plane a t  z = 0; t h e  hologram is  placed i n  t h e  s a m e  l o c a t i o n  i n  

both t h e  formation and r e c o n s t i t u t i o n  s t a g e ;  t h e  coordinate  of t h e  o b j e c t  is 

zo, t h a t  of t h e  recons t ruc ted  image is z 

i s  z t h a t  of t h e  p o i n t  source,  used i n  t h e  r e c o n s t i t u t i o n ,  i s  z Suppose 

t h a t  before  t h e  r e c o n s t i t u t i o n  t h e  hologram i s  magnified m t i m e s ,  and t h e  

wavelength of t h e  r e c o n s t i t u t i n g  source i s  1-1 t i m e s  g r e a t e r  than  t h a t  of t h e  

l i g h t  source used t o  o b t a i n  t h e  hologram. 

t h a t  of t h e  re ference  p o i n t  source /25 BY 
R' C' 

Then 

The angular  magnif icat ion of a hologram is  i n  any case independent of 

t h e  q u a n t i t i e s  appearing i n  (9) and is equal  t o  d m .  Therefore ,  t h e  l i n e a r  

la teral  magnif icat ion is 

and, according t o  ( 9 1 ,  

The p lus  s i g n  i n  (9) and (10) r e f e r s  t o  t h e  v i r t u a l ,  and t h e  minus s i g n  

- t o  t h e  real ,  image of an objec t .  The l o n g i t u d i n a l  magnif icat ion d i f f e r s  

from t h e  la teral ,  and is  equal  t o  M long = dzg/dzo, o r ,  according t o  (9) , 

Formulas (9) - (11) have a u n i v e r s a l  charac te r ,  and are v a l i d  f o r  any 

holographic se tups .  Examples of t h e i r  use  w i l l  b e  found below, i n  Sect ion 6 .  
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How a H o l o g r g  Recons t i tu tes  t h e  D i s t r i b u t i o n  

of Brightness on an Ob-t - 

In  t h e  ord inary  photographic process,  t h e  b r igh tness  d i s t r i b u t i o n  i n  an 

image only t o  a f i r s t  approximation reproduces t h e  b r igh tness  d i s t r i b u t i o n  of 

an ob jec t .  

The t r a n s m i t t i v i t y  of a p l a t e  i s  r e l a t e d  t o  exposure ( i l l umina t ion  x time) /26 
by a c h a r a c t e r i s t i c  curve whose t y p i c a l  form is shown i n  F igure  14. 

As w e  can see from Figure 14, t h e  p l a t e  does no t  r e a c t  a t  a l l  t o  exposures 

min. A n  i n c r e a s e  i n  exposure above H does n o t  have any e f f e c t  m a x  less than  H 

on t h e  t r a n s m i t t i v i t y .  

photographic p l a t e ,  even though nonl inear ly ,  reacts t o  t h e  b r igh tness  d i s t r i -  

bu t ion  of an ob jec t ,  and then ,  t h e  g r e a t e r  t h e  i l l umina t ion ,  t h e  less l i g h t  i t  

t ransmi ts .  

It is  only i n  t h e  i n t e r v a l  from Hmin t o  H t h a t  a m a x  

The e n t i r e  i n t e r v a l  of exposures 
T 

from N t o  N is as a r u l e  no m a x  min 
g r e a t e r  than  one o r  two, o r  something 

on t h a t  order .  On t h e  o t h e r  hand, 

real ob jec t s  have a much g r e a t e r  range 

of b r igh tness  which cannot be repro- 

duced photographically.  Holography, 

using t h e  same emulsion, i s  i n  t h i s  

s ense  capable of much g r e a t e r  (although 

I 

Figure 14. C h a r a c t e r i s t i c  curve. no t  unlimited) range. 

T - transmission c o e f f i c i e n t  of a 

I n  f a c t ,  t o  cons t ruc t  t h e  image photographic p l a t e ,  

H - exposure. of any b r i g h t  po in t  of an o b j e c t ,  a 

hologram, possessing focusing proper- 

t ies ,  uses t h e  l i g h t  f a l l i n g  on i t s  

e n t i r e  sur face .  However, an ord inary  
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photographic p l a t e  can only produce gradat ions i n  the  br ightness  i f  i ts 

various por t ions  having d i f f e r e n t  t r a n s m i t t i v i t y ,  and t h e  r e d i s t r i b u t i o n  of 

t he  inc iden t  l i g h t  f l u x  over t he  image cannot be e f fec ted .  

This ,  of course,  does not  mean t h a t  a hologram, no m a t t e r  how it is 

exposed, does no t  d i s t o r t  t h e  b r igh tness  d i s t r i b u t i o n  over an objec t .  The 

most important t h ing  is t h a t ,  w i th  a co r rec t  choice of exposure, t h e  r e l a t ion -  

sh ips  between t h e  i l l umina t ion  of an ob jec t  and t h e  re ference  beam, emulsion, 

and condi t ions of development, one can always ob ta in  a hologram t h a t  reprodu- 

ces a wide range of b r igh tness  without  no t i ceab le  d i s t o r t i o n s .  

purpose, i t  i s  usua l ly  s u f f i c i e n t  t h a t  t h e  exposure a t  t h e  maxima of i n t e r f e r -  

ence f r i n g e s  be  not much l a r g e r  than HmZ, and a t  t h e  minima - no t  much less 

than H 

For t h i s  

(Figure 14), and t h a t  t h e  area of t he  hologram be s u f f i c i e n t l y  l a rge .  min 

This property of holograms w i l l  be easier t o  understand i f  one considers  

t h a t  t h e  nonl inear  d i s t o r t i o n s  of a s inuso ida l  d i s t r i b u t i o n  of b r igh tness  by 

t h e  emulsion r e s u l t  i n  t he  appearance of images of second and h igher  orders .  

A gra t ing  with a s i n u s o i d a l  d i s t r i b u t i o n  of t r a n s m i t t i v i t y  does not  produce 

images of order  h igher  than one. Therefore ,  t h e  nonl inear  d i s t o r t i o n s  on 

f i r s t - o r d e r  images appear only t o  a s l i g h t  ex ten t ,  and mainly i n  those  cases 

of pronounced underexposure o r  overexposure. 

Figure 15 [14] shows a photograph and a holographica l ly  r econs t i t u t ed  

image of a graduated s tepwise  a t t e n u a t o r ,  i .e . ,  a f i l t e r  of v a r i a b l e  o p t i c a l  

dens i ty  used i n  photometry. A s  one can see i n  Figure 15 ,  t he  hologram repro- 

duced the  gradat ions i n  t h e  b r igh tness  of an ob jec t  wi th  hard ly  any 

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

Figure 16 i l l u s t r a t e s  how a hologram preserves  t h e  d i s t r i b u t i o n  of 

b r igh tness  on an ob jec t  (s tepwise a t t enua to r )  when t h e  exposure changes 80 

t i m e s ) .  

- I 2 7  

- I 2 8  
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Figure 15. A photograph of a s tep-  
w i s e  a t t enua to r  (a)  and i t s  
holographica l ly  r e c o n s t i t u t e d  image 
(b) .  The numbers i n d i c a t e  the  
r e l a t i v e  br ightness  of t h e  s t e p s .  

O-'Ot 
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0 0  
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Figure 16. The r e s u l t  of a photometric 
ana lys i s  of r econs t i t u t ed  images of 
t h e  a t t e n u a t o r  s t e p s  f o r  t h e  80-fold 
grada t ion  of exposure i n  holographing. 

A hologram reproduces without d i s -  
t o r t i o n s  t h e  r e l a t i v e  transmit t i v i t y  
(T) of s t e p s .  The same graph shows 
t h e  b r igh tness  v a r i a t i o n  of t h e  re- 
c o n s t i t u t e d  image of one of t h e  
s t e p s  (B).  The l a r g e s t  br ightness ,  
of t h e  r econs t i t u t ed  image w a s  ob- 
t a ined  wi th in  t h e  exposure i n t e r v a l  
t ,  equal  t o  2-5 min. 

The reso lv ing  capac i ty  is defined as t h e  a b i l i t y  of a receiver of an 

image, o r  a system cons t ruc t ing  an image, t o  record s e p a r a t e l y  ( reso lve)  t h e  

images of c l o s e  ob jec t s .  This  d e f i n i t i o n  i s  lacking  i n  prec is ion .  Usually,  

one considers  t h e  images of two po in t s  o r  two l i n e s  of equal  b r igh tness  as 

resolved when t h e r e  i s  a b r igh tness  drop between them, equal  t o  o r  g r e a t e r  

than  20% of t h e  m a x i m u m  b r igh tness  (br ightness  i n  t h e  gap is  less than  80%). 
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Ins t ead  of t h e  depth of t h e  drop, one o f t e n  uses  t h e  con t r a s t  of an 

image 

- Emin 

+ Emin 
K =  

where Emax and Emin are t h e  maximum and minimum br igh tness ,  respec t ive ly .  

so-cal led Rayleigh c r i t e r i o n  corresponds t o  a 20% drop (o r  11% cont ra s t ) .  

t h e  same t i m e ,  t h e  eye receives sepa ra t e ly  two images wi th  a considerably 

s m a l l e r  c o n t r a s t  (1-2%). Therefore ,  t h e  v i s u a l  r e so lu t ion  d i f f e r s  from t h e  

Rayleigh reso lu t ion .  

The 

A t  

The reso lv ing  capac i ty  (see,  f o r  example [9]) came t o  be charac te r ized  

by the  l i m i t i n g  r e so lv ing  angle  ( 6 + )  o r  t h e  l i m i t i n g  l i n e a r  r e so lu t ion  ( 6 ~ ) .  

Usually,  t h e  l a t t e r  quan t i ty  is divided by t h e  area of t h e  objec t  (and not t he  

image). The s p e c t r a l  instruments  a r e  charac te r ized  by 6 1  which is t h e  d i f f e r -  

ence between t h e  wavelengths of l i m i t i n g  resolved absolu te ly  monochromatic 

s p e c t r a l  l i n e s ,  o r  by t h e  angular  o r  l i n e a r  d i s t ance  .between the  images of 

t hese  l i n e s  ( 6 4  o r  6y). 

- I 2 9  

The l i m i t e d  r e s o l u t i o n  of o p t i c a l  instruments  i s  t o  a consi- 

derable  ex ten t  a consequence of abe r ra t ions  pecu l i a r  t o  o p t i c a l  components, as 

w e l l  as imperfect ions i n  t h e i r  f ab r i ca t ion .  

possesses a l imi t ed  reso lv ing  power due t o  t h e  d i f f r a c t i o n  of l i g h t  on its 

aper ture .  

But even an i d e a l  instrument 

For example, t h e  l i m i t  of r e so lu t ion  of a te lescope  is 

x 
D '  6'f=1.22- 

where D i s  t h e  diameter of t h e  ob jec t ive .  

The reso lv ing  power of a microscope i s  

A 
A '  6s = 0.61 - 

where A is  t h e  numerical  aper ture .  
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The reso lv ing  power of a spec t roscopic  instrument  wi th  a s inuso ida l  

d i f f r a c t i o n  g r a t i n g  can be computed using one of t h e  fol lowing formulas: 

1 ax=- " 
a 

aY = ;, 
a ay=- L '  

where N is t h e  t o t a l  number of l i n e s ,  a i s  t h e  angular  width of  g ra t ing ,  L is 

t h e  p ro jec t ion  of t h e  width of a g ra t ing  on t h e  plane normal t o  t h e  d i r e c t i o n  

of observation. 

As es t ab l i shed  earlier, a hologram is a d i f f r a c t i o n  g r a t i n g ,  and thus ,  

i ts re so lu t ion  can be determined using Formulas (16) and (17). Therefore,  t h e  

angular  r e so lu t ion  of a hologram depends only on its l i n e a r  dimension, and 

the  l i n e a r  r e so lu t ion  - on its angular  dimension (Figure 17) .  Formulas (16) /30 
and (17) have been confirmed by experimental  d a t a  [ lo] .  They have a genera l  

meaning f o r  any r e l a t i v e  loca t ions  of t h e  re ference  source,  o b j e c t ,  and holo- 

gram (Figure 9a and b ) ,  i .e . ,  f o r  any holographic conf igura t ion .  

It is, however, no t  always poss ib l e  t o  use a hologram of dimensions s o  

l a r g e  t h a t  t he  necessary degree of r e so lu t ion  is obtained.  For example, when 

using a re ference  source  with a plane wavefront (removed t o  i n f i n i t y ) ,  as one 

inc reases  the  s i z e  of t he  hologram, s o  does the  m a x i m u m  spacing i n  i t s  s t ruc -  

t u r e .  Af te r  t h e  spacing becomes equal  t o  t h e  reso lv ing  power of t h e  emulsion, 

a f u r t h e r  i nc rease  i n  the  s i z e  of t h e  hologram w i l l  be use l e s s  - t h e  photo- 

graphic  emulsion cannot reproduce its s t r u c t u r e .  L e t  us consider  t h i s  

quest ion i n  more d e t a i l .  

The spacing of t h e  i n t e r f e r e n c e  pattern may be w r i t t e n  on t h e  bas i s  of 

(7) as 
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Figure 17. a - holograms 1-3 have 

Reference 
source 

t h e  s a m e  angular  r e s o l u t i o n ,  l i n e a r  
r e s o l u t i o n  decreases  from 1 t o  3; 
b - holograms 1-3 have t h e  same 
l i n e a r  r e s o l u t i o n ,  angular  resolu-  
t i o n  increases from 1 t o  3.Require- Figure 18. Calcu la t ion  of the spacing 
mentS on t h e  reso lv ing  power 
of t h e  emulsion are lowered from a hologram. 
1 t o  3 i n  both diagrams; require-  
ments on t h e  s e n s i t i v i t y  of t h e  
emulsion i n c r e a s e  from 1 t o  3 i n  
both diagrams. 

Ho lo gram 

of t h e  i n t e r f e r e n c e  s t r u c t u r e  i n  

71 + 'pz 'p1 -?z 2 sin 7 cos ___ sin 'pl + sin 'pz - 2 
V =  A -)it 

o r ,  assuming i(6) , 2 

Y 
2 sin T 

) i '  
V =  (19) 

where y=cPi+cP, is t h e  angle  between t h e  i n t e r f e r i n g  beams. 

71 - 72 
(6)cos_2_for  t h e  d i f fe rence  ?1--%* equal  t o  30, 60 and 90° w i l l  be  0.97, 

0.87, 0.71, respec t ive ly .  
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As w e  can see i n  F igure  18 ,  t h e  maximum spacing w i l l  correspond t o  the  

maximum angle  between t h e  beams 

H e r e ,  a is the  angular  dimension of t h e  hologram ( t h e  vertex of t h e  angle  is  

a t  t h e  center of t h e  o b j e c t ) ;  y i s  t h e  angular  divergence of t h e  re ference  

beam; B i s  t h e  angle  between t h e  axes of t h e  re ference  and ob jec t  beams; 4 i s  

t h e  angular  s i z e  of t he  ob jec t .  

Therefore ,  i f  w e  are given t h e  r e so lu t ion  of the  emulsion, v then w e  ob- 
can vary the  angles  a ,  6 and y only wi th in  l i m i t s  such t h a t  t he  following 

condi t ion  w i l l  be s a t i s f i e d  

v x  B ob T +  "-: + 'P < arc sin 2. 

H e r e  i t  must be kept  i n  mind t h a t  t h e  l i n e a r  r e s o l u t i o n  is defined i n  

terms of t h e  angular  s i z e  of a hologram, a ,  and it  is  convenient t o  inc rease  

t h i s  parameter t o  a maximum, whi le  a t  the  same t i m e  making t h e  o the r s  smaller. 

L e t  us f i r s t  consider  t he  case of a re ference  wave wi th  a plane f r o n t ,  

(y = 0).  To t h e  m i n i m u m  angle  B i n  t h i s  case,  t h e r e  corresponds a re ference  

beam passing c lose  t o  t h e  ob jec t  (Figure 19) .  As w e  can see i n  t h i s  f i g u r e ,  

Bmin = 4/2 + a /2  and Condition (22) can be w r i t t e n  i n  t h e  fol lowing way: /32 

v x  ob 
=+'P 2 Gar! sin 7. 
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The l i m i t i n g  linear r e s o l u t i o n  achieved i n  t h i s  case is easy t o  e s t i m a t e  

by rep lac ing  arc s i n  v A/2 w i t h  vObA/2. Then a I v  A - C p I  and, i n  v i e w  of ob ob 
(16) 3 

In o t h e r  words, t h e  l i n e a r  r e s o l u t i o n  of t h e  objec t  may only b e  worse 

than  t h e  l i n e a r  r e s o l u t i o n  of t h e  emulsion. 

Now le t  us consider  another  

extreme case. L e t  us assume t h a t  t h e  

re ference  source has been placed i n  

t h e  p lane  of t h e  o b j e c t ,  i .e . ,  y = a. 
Now a and y i n  (22) are cancel led o u t ,  

and t h u s ,  condi t ion (22) does n o t  im-  

pose any r e s t r i c t i o n s  on t h e  angular  

dimensions of t h e  hologram, and, con- 

sequent ly ,  on t h e  l i n e a r  r e s o l u t i o n  

i n  t h e  plane of t h e  objec t .  

HO l o  gram 

Figure 19. Calcu la t ion  of t h e  spacing 
of t h e  i n t e r f e r e n c e  p a t t e r n  i n  t h e  
case of a p lane  re ference  wave. P r a c t i c a l l y ,  however, it is  d i f f i -  

c u l t  t o  make a hologram spanning an 

angle  a which is  g r e a t e r  than  one 

radian.  Therefore,  as implied by (16), /33 
t h e  l i m i t i n g  l i n e a r  r e s o l u t i o n  has a magnitude on t h e  order  of one wavelength. 

As a l ready  indica ted .  such a conf igura t ion ,  f i r s t  proposed i n  [12], w a s  

named l e n s l e s s  Fourier  t ransform holography (see  [ l l ] ) .  This conf igura t ion  i s  i n  
many cases p r e f e r a b l e ,  i n  p a r t i c u l a r  when i t  is necessary t o  o b t a i n  a l i n e a r  

r e s o l u t i o n  ( i n  t h e  p lane  of t h e  o b j e c t )  which is higher  than t h e  l i n e a r  reso- 

l u t i o n  of t h e  emulsion. 

n o t  give us t h i s  opportuni ty  a t  a l l .  

of the Kodak 649F o r  BP type i n  t h e  v i s i b l e  p a r t  of t h e  spectrum, t h i s  advan- 

t a g e  cannot b e  achieved, s i n c e  t h e s e  f i lms  have a reso lv ing  power less than  

The conf igura t ion  w i t h  a plane re ference  beam does 

However, i n  using high-resolving f i lms  
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X as it is. On t h e  o the r  hand, i n  t h e  X-ray p a r t  of t h e  spectrum t h e  configu- 

r a t i o n  w i l l  undoubtedly be  most convenient. 

Lensless  Four ie r  transform holography makes i t  poss ib l e ,  by moving the  r e fe r -  

ence source c l o s e  t o  t h e  ob jec t  and leaving  t h e  remaining p a r t s  of t h e  config- 

u r a t i o n  unchanged, t o  minimize the  spacing of t h e  i n t e r f e r e n c e  p a t t e r n .  

Therefore,  i n  p r i n c i p l e ,  wi th  such a l o c a t i o n  of t h e  r e fe rence  source ,  t h e  

requirements on the  reso lv ing  p m e r  of t h e  emulsion may be s l i g h t l y  lower. 

I n  f a c t ,  f o r  a p a r a l l e l  re fe rence  beam w e  have y = 0, and Bmin = $/2 + a / 2  

(Figure 19 ) ,  whence t h e  maximum spacing of f r i n g e s  on a hologram w i l l  be ,  i n  

v i e w  of (21),  

= $ 1 2 ,  c1 = y ,  and, i n  accordance 'min For l e n s l e s s  Four ie r  t ransform holography, 

with (21), 

(25) and (26) imply t h a t ,  i n  t r a n s i t i o n  from a p a r a l l e l  re fe rence  beam 

t o  a r e fe rence  source l y i n g  i n  t h e  plane of an ob jec t  c l o s e  t o  i t ,  t h e  require-  

ments on t h e  reso lv ing  power of t h e  emulsion may be lowered t o  

sin(+) 
t i m e s  I- - 

. ' f  kJ sin T 

Unfortunately,  t h i s  conf igura t ion  is p r a c t i c a l l y  inapp l i cab le ,  s i n c e  - /34 
during t h e  r e c o n s t i t u t i o n  - t h e h a l a t i o n f r o m  t h e  b r i g h t  zero-order beam s p o i l s  

t he  edges of t h e  image of an ob jec t .  
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53. SET-UPS 

Set-ups f o r  Obtaining Holograms 

L e t  us consider  set-ups t h a t  are used i n  holography. The l i g h t  sources 

are usua l ly  provided by lasers, although it  is  p o s s i b l e  t o  use ordinary l i g h t  

sources  t h a t  have a l i n e  spectrum from which me o r  a few l i n e s  are i s o l a t e d  

by f i l t e r s  (see Sect ion 5) .  

of three-dimensional o b j e c t s  and t ransparenc ies  are shown i n  Figures  20-28. 

As a r u l e ,  i n  each such conf igura t ion  t h e r e  are two branches,  one of which 

i l lumina tes  t h e  o b j e c t ,  and t h e  o t h e r  forms t h e  re ference  l i g h t  source.  

A number of conf igura t ions  used  i n  holography 

Expansion - of B e a m s  

Lasers e m i t  narrow l i g h t  beams several mi l l imeters  i n  diameter. They 

a r e  expanded t o  t h e  d e s i r e d  diameter and divergence with the  h e l p  of lenses  

o r  lens  systems. 

To expand a p a r a l l e l  l i g h t  beam (Figure 29) i t  is  convenient t o  use a 

t e l e s c o p i c  system c o n s i s t i n g  of a microobject ive and a l a r g e  diameter l e n s  of 

long f o c a l  length.  The f o c a l  p o i n t s  of both lenses  coincide.  The i n c r e a s e  i n  

t h e  diameter of t h e  beam is equal t o  the  r a t i o  of t h e  f o c a l  lengths  f2/fl.  

By moving t h e  l e n s  along t h e  o p t i c a l  axis, one can g e t  a convergent o r  diver- 

gent l i g h t  beam. A t  t h e  focus of t h e  microscopic o b j e c t i v e  t h a t  expands t h e  

reference beam, one o f t e n  p laces  a diaphragm wi th  a s m a l l  opening, on t h e  

order  of 10-15 microns. This i s  done t o  remove any a b e r r a t i o n  of t h e  o p t i c a l  

system as w e l l  as d i f f r a c t i o n  r i n g s  due t o  dust  p a r t i c l e s  t h a t  f a l l  on mir rors  

and l e n s e s ,  s i n c e  a s m a l l  opening e m i t s  an i d e a l  s p h e r i c a l  wave. Of course,  

t h e  adjustment of the p o s i t i o n  of t h e  opening should b e  done very c a r e f u l l y  

both i n  t h e  l o n g i t u d i n a l  and la teral  d i r e c t i o n s .  Otherwise a l a r g e  p o r t i o n  

of t h e  r a d i a t e d  energy w i l l  b e  blocked, and w i l l  no t  pass  through t h e  opening. 

- I39 

33 



Figure 20. Configurations 
i n  holographing t ransparent  
o b j e c t s  according to k i t h  
and Upatnieks. 

Semitransparent 

Laser 
beam 

Hologram 

Figure 21. Configuration fo r  obta in ing  
holograms of  three-dimensional o b j e c t s  
wi th  a two-sided i l lumina t ion  of t h e  
s cene, 

ransp arency 
Light-dividing scatterer 

p l a t e  

Figure 22. A configurat ion f o r  ob ta in ing  l e n s l e s s  Four- 
ier t ransform holograms of t ransparenc ies  wi th  a s c a t t e r e r .  
The f o c a l  d i s tances  of t h e  p o s i t i v e  and negat ive  l e n s e s  
are i d e n t i c a l .  

34 



Figure 23. A conf igura t ion  f o r  
obtaining holograms of t ransparent  
o b j e c t s  with a scatterer with an 
i n s u f f i c i e n t  space coherence of 
laser r a d i a t i o n .  The scatterer 
is pro jec ted  by a f e n s  on t h e  
hologram which makes t h e  s t r u c -  
t u r e s  of t h e  re ference  and 
o b j e c t  beams coincide.  

Laser  

Fr 

Object 

Figure 25. Configuration f o r  
obtaining hol-ograms without l i g h t  
d i v i d e r s ,  using a second laser 
beam as a re ference  beam. 

-c 

I- 

b j e c t  8 
Hologram 

Figure 24. Configuration f o r  
ob ta in ing  holograms of three-  
dimensional s c a t t e r i n g  o b j e c t s  with 
i n s u f f i c i e n t  space coherence of 
laser rad ia t ion .  The o b j e c t  is 
pro jec ted  by a l e n s  L on t h e  
hologram, which r e s u l t s  i n  a 
coincidence of t h e  modal s t r u c t u r e s  
of t h e  beams. 

t 

'om 

Figure 26. Configuration f o r  
ob ta in ing  Gabor holograms of 
opaque s c a t t e r i n g  objec ts  [15]. 
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Object beam I I 
mmersion l i q u i d  

Figure 27. Configuration f o r  holographing w i t h  a 
reference beam undergoing a f u l l  r e f l e c t i o n  at  t h e  
photographic emulsion-air boundary 1161. Here on 
one p l a t e  two holograms are recorded: w i t h  t h e  inc i -  
dent re ference  beam ( t h i s  hologram has a l a r g e  spac- 
ing)  and with t h e  r e f l e c t e d  beam ( t h i s  hologram h a s  
a s m a l l  spacing) .  
f r o n t  i s  achieved using t h e  same prism. The config- 
u r a t i o n  allows t h e  objec t  t o  b e  loca ted  c l o s e  t o  t h e  
hologram. 

The r e c o n s t i t u t i o n  of t h e  wave- 

Variat ion of t h e  Direc t ion  of Beams 

To vary t h e  d i r e c t i o n  of l i g h t  beams, one uses mir rors  and prisms. When 

t h e  l a t t e r  are used, one has t o  keep i n  mind t h e  p o s s i b i l i t y  t h a t  secondary 

r e f l e c t i o n s  w i l l  arise from t h e  faces, which w i l l  r e s u l t  i n  the  appearance of 

p a r a s i t i c  beams. The br ightness  of these  beams is  usua l ly  s m a l l ,  bu t  they 

may i n t e r f e r e  wi th  t h e  main beams, and r e s u l t  i n  very high-contrast  i n t e r -  

ference f r i n g e s  t h a t  worsen t h e  q u a l i t y  of holograms. 

The same e f f e c t  on t h e  q u a l i t y  of holograms i s  e x e r t e d  by d u s t  p a r t i c l e s  

t h a t  f a l l  on o p t i c a l  instruments ,  forming t h e  re ference  beam. The r i n g s  

covering t h e  s u r f a c e  of holograms (see,  f o r  example, Figure 2 ,  a)  are 

nothing else but  r e s u l t s  of t h e  d i f f r a c t i o n  of coherent l i g h t  on t h e  dust  
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Light- - 

Figure 28. Configuration f o r  obtaining 
holograms using f i b e r  l i g h t  guides. A 
convergent f l e x i b l e  l i g h t  guide with 
t h e  exit diameter of s e v e r a l  microns 
plays t h e  r o l e  of  a microscopic 
o b j e c t i v e  wi th  a poin t  diaphragm and 
emits an i d e a l  s p h e r i c a l  wave at  
t h e  exit .  The angular  expansion of 
t h e  beam is equal  t o  t h e  reduct ion 
of t h e  exit opening diameter divided 
by t h e  en t rance  diameter.  

'am 

Figure 29. Telescopic 
systems f o r  expanding a 
p a r a l l e l  beam. 

a - with  a p o s i t i v e  l e n s ,  
b - with  a negat ive  lens .  
A system with a negat ive 
l e n s  i s  p r e f e r a b l e  when 
using a laser with a gigan- 
t i c  impulse, s i n c e  a laser 
spark may arise a t  t h e  focus 
of t h e  p o s i t i v e  lens .  p a r t i c l e s .  This a l s o  modifies t h e  darken- 

ing  of t h e  hologram: p o r t i o n s  t h a t  corres-  

pond t o  m a x i m a  t u r n  out  t o  b e  overexposed; those t h a t  correspond t o  minima 

are underexposed. The e f f e c t i v e  area of a hologram is reduced, and t h e  

q u a l i t y  of r e c o n s t i t u t i o n  i s  worsened. 

v i s u a l l y  homogeneous s u r f  ace. 

A good hologram should have a smooth, 

Separat ion of B e a m s  

To s e p a r a t e  t h e  laser l i g h t  beam i n t o  two branches,  one uses two b a s i c  

techniques: s e p a r a t i o n  of amplitude,  and separa t ion  of t h e  wavefront. 

I n  amplitude separa t ion ,  one uses semi-transparent mir rors ,  wedges, o r  

d i f f r a c t i o n  gra t ings .  Configurations of these  instruments  are shown i n  
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Figure 30. 

example, Wollaston prisms, c r y s t a l s  of calcite o r  some o t h e r  b i r e f r i n g e n t  

substance (Figure 31). The beams emerging from such systems are p o l a r i z e d  i n  
mutually perpendicular  planes,  and i n  o r d e r  f o r  them t o  i n t e r f e r e  they are 

passed through a p o l a r i z e r  placed a t  45" angle  t o  t h e  p lanes  of p o l a r i z a t i o n  

of each beam. This r e s u l t s  i n  t h e  l o s s  of one h a l f  of t h e  luminous energy. 

B e a m s  may be brought t o  a s i n g l e  p lane  of p o l a r i z a t i o n  without any loss of 

l i g h t  with t h e  he lp  of devices  t h a t  can r o t a t e  t h e  p lane  of p o l a r i z a t i o n  - 
f o r  example, by passing them through q u a r t z  c r y s t a l  p l a t e s  c u t  perpendicular ly  

t o  t h e  o p t i c a l  axis. 
quar tz  p l a t e  4.8 mn i n  th ickness  (A 6328 i). 
separa ted  with the  he lp  of mir rors ,  prisms, and l e n s e s .  The corresponding 

configurat ions are shown i n  Figure 32. 

For t h e  same purposz, one uses double-refract ing systems - f o r  

/40 

To r o t a t e  t h e  plane of p o l a r i z a t i o n  by go", one needs a 

The l i g h t  wavefront may a l s o  b e  

-3. '* -3 

f 

i--- Hologram 

Figure 30. Devices f o r  t h e  amplitude separa t ion  of l i g h t  beams. 
a - semi-transparent mirror ;  b - wedge; c - l igh t -separa t ing  cube; d - t rans-  
parent  gra t ing ;  e - r e f l e c t i n g  gra t ing ;  f - s p e c i a l  prism [17]. 
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Polaroid 

U 
Polaro id  

P o l k o i d  

Figure 31. P o l a r i z i n g  devices f o r  
t h e  amplitude s e p a r a t i o n  of l i g h t  
beams. 

Figure 32. Devices f o r  s e p a r a t i n g  

a - a p r i s u  w i t h  an o u t e r  r e f l e c t -  

d - Lloyd mirror .  

t h e  l i g h t  wavefront. a - Woolaston prism ( i t  i s  a l s o  
p o s s i b l e  t o  use Rochon and 
Senermon pr isms);  b - calci te  
p l a t e ;  c - calcite prism. i n g  l a y e r ;  b - biprism; c - b i l e n s ;  

The configurat ions involving a subdiv is ion  of t h e  wavefront may only 

Configurations involving b e  used i f  t h e  beam has a f u l l  space coherence. 

subdivis ion of amplitudes,  however, may a l s o  b e  used wi th  beams t h a t  a r e  

s p a t i a l l y  incoherent ;  t h e  l a t t e r  make i t  p o s s i b l e  i n  c e r t a i n  cases t o  make 

t h e  modal s t r u c t u r e s  of t h e  reference and objec t  beams coincide ( see  below). 

Sometimes i n  holography one does not  use l i g h t - s e p a r a t i n g  o p t i c a l  systems, 

but  r a t h e r  a weaker laser beam as a re ference  beam (Figure 25).  Enormous 

p o s s i b i l i t i e s  f o r  cons t ruc t ing  holographic  systems have been created by f i b e r  

o p t i c a l  devices (Figure 28) .  

To produce a re ference  beam. one may a l s o  use p a r t  of t h e  l i g h t  

s c a t t e r e d  by t h e  o b j e c t  i t s e l f  [18]. 

i t s  mir ror - re f lec ted  component by p lac ing  a poin t  diaphragm a t  t h e  focus of 

t h e  objec t ive .  

One must only s e p a r a t e  from t h i s  l i g h t  

This type of system makes i t  p o s s i b l e  t o  holograph f a s t -  
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moving o b j e c t s ,  s i n c e  t h e  Doppler effect has t h e  same e f f e c t  on both  t h e  

objec t  and re ference  beams. 

Relat ionship b etween I ll.qnigat>l_ons 

I n  holography, one a t tempts  t o  achieve an optimum r e l a t i o n s h i p  between 

t h e  i l lumina t ions  produced i n  t h e  p lane  of t h e  hologram by t h e  reference 

l i g h t  source and t h e  o b j e c t .  As a rule, the  i l lumina t ion  produced by t h e  

re ference  source must be several (5-10) times g r e a t e r .  I n  t h i s  case, the  

exposure is almost completely determined by t h e  i l l u m i n a t i o n  produced by 

t h e  reference source,  and t h e  f r i n g e  c o n t r a s t  is s l i g h t l y  reduced as compared 

w i t h  i t s  m a x i m u m  when t h e  i l lumina t ions  produced by both beams are i d e n t i c a l .  

This lowers t h e  chance of going out  of t h e  l i n e a r  p o r t i o n  of t h e  character-  

i s t i c  curve. Figure 33 shows t h e  p l o t  of t h e  c o n t r a s t  of t h e  i n t e r f e r e n c e  

p a t  t e r n  versus  t h e  r a t i o  of i l l u m i n a t i o n s  a, produced by t h e  i n t e r f e r i n g  

beams. The graph is constructed under t h e  assumption t h a t  t h e  beams a r e  

absolu te ly  coherent from t h e  formula 

With a weak re ference  beam and a correspondingly s t r o n g  i l lumina t ion  of 

t h e  hologram by t h e  o b j e c t ,  one begins  t o  n o t i c e  t h e  mutual i n t e r f e r e n c e  of 

l i g h t  waves emit ted by var ious  p o i n t s  of t h e  o b j e c t .  Each p o i n t  of t h e  

objec t  may b e  regarded as  a re ference  source with r e s p e c t  t o  t h e  rest of 

p o i n t s  of t h e  objec t .  During t h e  r e c o n s t i t u t i o n  of such a hologram, t h e  image 

of t h e  source turns  out  t o  be surrounded by a wide .halo due t o  t h e  

d i f f r a c t i o n  of l i g h t  on t h e  c ross ing  i n t e r f e r e n c e  s t r u c t u r e .  The ha lo  

may be superimposed on t h e  r e c o n s t i t u t e d  image, thus  lowering i t s  q u a l i t y .  

I n  order  t o  prevent t h i s  from happening, one has t o  s e l e c t  t h e  angle  f3 be- 

tween t h e  axes of t h e  re ference  and o b j e c t  beams (see  Figure 18) t o  be g r e a t e r  

than 3/2 a, where a is  t h e  angular  s i z e  of t h e  o b j e c t .  However, i f  t h e  

re ference  beam produces on t h e  p l a t e  an i l lumina t ion  which i s  s e v e r a l  t i m e s  

g r e a t e r  than t h a t  produced by t h e  objec t  beam, then t h e  c ross - in te r fe rence  
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hologram is s u f f i c i e n t  f o r  obtaining a g r e a t  d e a l  of important information 

about an objec t .  I n  t h i s  case i t  i s  p o s s i b l e  t o  obta in  holograms without 

t h e  re ference  beam, which i s  e s p e c i a l l y  va luable  i n  x-ray holography of  

c r y s t a l s  [19,20]. 

K I n  an e f f i c i e n t l y  constructed - I 4 4  

set-up, t h e  d e s i r e d  r e l a t i o n  between 

t h e  i l lumina t ion  of  t h e  hologram due 

t o  t h e  re ference  and o b j e c t  beams is 

achieved n o t  by using f i l t e r s ,  bu t  

by t h e  r i g h t  choice of l i g h t  d i v i d e r s .  

When t h i s  i s  done, t h e  energy of t h e  

laser i s  most f u l l y  used. One m u s t  

keep i n  mind t h a t  usua l ly  l o s s e s  of 

I I l l  I l l  

I i o 0  
a 

f IO 400 

Figure 33. Dependence of t h e  con- energy i n  t h e  branch i l lumina t ing  t h e  
t ras t  of an i n t e r f e r e n c e  p a t t e r n ,  
K ,  on t h e  r a t i o  of i l l u m i n a t i o n s ,  
a, produced by t h e  re ference  and branch of t h e  set-up t h a t  produces 
objec t  beams. 

ob jec t  are much g r e a t e r  than i n  t h e  

t h e  re ference  beam (10-1000 t imes) .  

Therefore,  i t  is  sometimes convenient t o  use a simple g l a s s  wedge without 

coat ing i n  t h e  r o l e  of t h e  l igh t -d iv id ing  mirror .  The r a t i o  of l i g h t  f luxes  

i n  t h e  beams can i n  t h i s  case b e  v a r i e d  w i t h i n  a wide range by r o t a t i n g  t h e  

l igh t -d iv id ing  wedge s i n c e ,  as w e  know, t h e  Fresne l  r e f l e c t i o n  c o e f f i c i e n t  

depends on t h e  angle  of incidence (Figure 3 4 ) .  

I n  changing t h e  r a t i o  of beam i n t e n s i t i e s ,  i t  is even more convenient 

t o  use t h e  dependence of t h e  r a t i o  of t h e  r e f l e c t e d  t o  t h e  t ransmi t ted  l i g h t  

energy on t h e  o r i e n t a t i o n  of  t h e  planes of p o l a r i z a t i o n .  A s  w e  can see i n  

Figure 3 4 ,  i f  t h e  angle of incidence of t h e  l i g h t  on t h e  g l a s s  p l a t e  (n = 1.52) 

is equal  t o  56"40' (Brewster angle) ,  then by r o t a t i n g  t h e  p lane  of p o l a r i z a t i o n  

of t h e  l i g h t  i n c i d e n t  on t h e  p l a t e  by 90°,  one can vary t h e  r a t i o  of beam 

i n t e n s i t i e s  from 5 t o  i n f i n i t y .  For t h e  angle  of incidence 70°, t h e  range of 

the  r a t i o  of i n t e n s i t i e s  is  from 2 t o  18. A smooth and regula ted  r o t a t i o n  

of t h e  planes of p o l a r i z a t i o n  is achieved with t h e  h e l p  of q u a r t z  wedges c u t  
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Figure 34.  The r e f l e c t i o n  coef f i -  
c i e n t  (a i r -g lass  boundary, n = 
1 . 5 2 )  vs. t h e  angle  of incidence.  

1 - l i g h t  po lar ized  i n  t h e  plane 
of incidence;  2 - l i g h t  po lar ized  
i n  the  plane perpendicular  t o  
t h e  p lane  of incidence.  

perpendicular ly  t o  t h e  o p t i c a l  axis. 

For approximate c a l c u l a t i o n s  of such 

a wedge, one m u s t  know t h a t  t h e  

r o t a t i o n a l  a b i l i t y  of q u a r t z  i s  equal  

t o  about 19 deg/mm f o r  X 6328 1, and 

about 16 deg/mm f o r  X 6943 1. 

- / 4 5  

It i s  convenient t o  b e  a b l e  t o  

m a k e  a p h o t o e l e c t r i c  measurement of 

i l lumina t ion  i n  t h e  p lane  of t h e  

hologram. For t h i s  purpose,  one can 

use any s u f f i c i e n t l y  s e n s i t i v e  

photodiode, p h o t o c e l l ,  o r  photo- 

m u l t i p l i e r .  

Holography of 

Se l f  -Luminou s O b  j e-c t s 

When i t  i s  necessary t o  holograph 

a self-luminous o b j e c t ,  t h e  hologram m u s t  b e  p r o t e c t e d  from t h e  l i g h t  e m i t t e d  

by t h e  object .  This i s  done by using f i l t e r s  which are maximally t ransparent  

t o  laser r a d i a t i o n ,  and as f a r  as i t  i s  p o s s i b l e ,  c u t t i n g  of f  both long-wave 

and short-wave por t ions  of t h e  spectrum. 

0 

For example, f o r  t h e  helium-neon laser ( A  6328 A) it  is convenient t o  

The inf luence  of  use the  f i l t e r  KS-13 [ 2 1 ]  which is opaque t o  A < 6150 i. 
t h e  longer-wave p o r t i o n  of t h e  spectrum is  usua l ly  e l iminated automatical ly ,  

s i n c e  the  emulsion is n o t  very s e n s i t i v e  t o  i t .  

I f  these measures are i n s u f f i c i e n t  t o  e l imina te  unwanted exposure, one 

can use a more complete f i l t e r  system, e.g. ,  one c o n s i s t i n g  of narrow-band 

i n t e r f e r e n c e  f i l t e r s  with the  transmission max imum coinciding w i t h  t h e  laser 

l i n e .  It m u s t ,  however, b e  kept i n  mind t h a t  such a f i l t e r  should b e  placed 
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i n  a p a r a l l e l  l i g h t  beam, s i n c e  t h e  l o c a t i o n  of i t s  t ransmission max imum 

depends on t h e  angle of incidence,  and i s  d isp laced  toward t h e  shortwave 

p a r t  of t h e  spectrum as t h e  i n c i d e n t  ray  is f u r t h e r  and f u r t h e r  from t h e  

normal. To luwer t h e  unwanted exposure, w e  can a l s o  use polaroids  o r i e n t e d  

i n  such a way t h a t  t h e  polar ized  laser r a d i a t i o n  w i l l  b e  t ransmit ted.  They 

reduce t h e  n a t u r a l  r a d i a t i o n  from t h e  objec t  by a f a c t o r  of two. One should 

n o t  b e  p a r t i c u l a r l y  concerned with s m a l l  doses of incoherent  r a d i a t i o n  

f a l l i n g  on a hologram. I n  [22]  it w a s  shown t h a t ,  even when t h e  incoherent  

exposure is 50 t i m e s  g r e a t e r  than t h e  exposure due t o  t h e  objec t  beam, t h e  

q u a l i t y  of t h e  r e c o n s t i t u t e d  image remains s a t i s f a c t o r y .  

0-ther ~- P-arts . of Holographic Equipment 

Photographic p l a t e s  are put  i n  s p e c i a l  cassettes o r  cassettes f o r  

photographic cameras o r  spectrographs.  

may b e  loaded i n t o  an ordinary camera with lens  removed. 

Lenses, prisms, m i r r o r s ,  f i l t e r s ,  and c a s s e t t e s  should be framed so t h a t  

they have t h e  necessary ad jus tab le  freedom of movement. 

A f i l m  ( i f  frame s i z e  i s  s u f f i c i e n t )  

I n  cons t ruc t ing  a holographic  set-up, i t  is convenient t o  use p a r t s  from 

t h e  o p t i c a l  bench OSK-2 o r  OSK-3. It must b e  noted,  however, t h a t  many 

elements of t h e s e  expensive sets are i n  oversupply f o r  holography, whereas 

t h e r e  are not  enough of o t h e r s .  Therefore,  i t  is  necessary t o  manufacture 

s p e c i a l  holographic  sets. 

I n  cons t ruc t ing  holographic  set-ups,  one must keep i n  mind t h e  suggested 

length of exposure. A displacement of any p o r t i o n  of t h e  equipment during 

exposure m u s t  n o t  r e s u l t  i n  a d i f f e r e n c e  of paths  between t h e  i n t e r f e r i n g  

beams t h a t  would b e  g r e a t e r  than X/4. 
h / 2  , t h e  i n t e r f e r e n c e  p a t t e r n  is completely washed out.  This p laces  e s p e c i a l l y  

r i g i d  requirements on t h e  s t a b i l i t y  of t h e  p o s i t i o n  of those  o p t i c a l  p a r t s  

through which the  l i g h t  passes ,  o r  from which i t  i s  r e f l e c t e d  upon s e p a r a t i o n  

i n t o  two beams. 

I f  t h e  pa th  d i f f e r e n c e  amounts t o  

The o p t i c a l  p a r t s  t h a t  r e f l e c t  o r  scatter l i g h t  ( t h e s e  may 
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a l s o  inc lude  t h e  objec t  being holographed) , as a r u l e ,  should n o t  b e  dis-  

placed by more than A / 8 .  

m i t t i n g  t h e  l i g h t  beams. 

L e s s  r i g i d  requirements are placed on p a r t s  t rans-  

A l l  t h e s e  requirements,  which are usual  f o r  i n t e r f e r o m e t r i c  equipment, 

can be e a s i l y  s a t i s f i e d  without  any precaut ionary measures i f  t h e  holograms 

are recorded using impulse lasers (exposure t i m e  on t h e  order  o f  1 micro- 

second). 

amounts t o  nanoseconds o r  dozens of nanoseconds, one can holograph even 

moving objec ts .  

t o  t h e  frequency s h i f t  of t h e  s c a t t e r e d  l i g h t  as a r e s u l t  of t h e  Doppler 

e f f e c t  . 

With t h e  a i d  of lasers capable of a "giant  impulse" whose durat ion 

The d i f f i c u l t y  of holographing f a s t  moving o b j e c t s  i s  due 

Another case is presented by gas l a s e r s  of continuous r a d i a t i o n .  I n  

t h e i r  case, t h e  length  of exposure amounts t o  f r a c t i o n s  of a second t o  minutes, /47 
sometimes even t e n s  of minutes. I n  these  cases, one undertakes s p e c i a l  mea- 

s u r e s  t o  r i g i d l y  f a s t e n  p a r t s  of t h e  equipment, t o  e l i m i n a t e  v i b r a t i o n s ,  t o  

achieve thermal s t a b i l i t y ,  e t c .  P a r t s  of t h e  equipment are u s u a l l y  placed on 

a massive g r a n i t e ,  concrete ,  o r  s teel  s l a b  which i n  t u r n  i s  placed on f u l l y  

i n f l a t e d  automobile tires o r  t e n n i s  o r  soccer  b a l l s .  

To c o n t r o l  t h e  v i b r a t i o n a l  s t a b i l i t y  of the  equipment, i t  i s  o f t e n  

s u f f i c i e n t  t o  have a microscope capable of necessary magnif icat ion,  which 

is focused approximately on t h e  plane i n  which the  hologram is  going t o  b e  

placed,  and t o  check t h e  s t a b i l i t y  and sharpness of t h e  holographic  s t r u c t u r e  

v i s u a l l y .  One should a l s o  test  s e q u e n t i a l l y  f o r  any p o s s i b l e  mechanical 

imperfect ions (due t o  pumps, machine-tools , walking on t h e  f l o o r ,  conversa- 

t i o n s  , e t c . ) .  

are necessary when taking a hologram, and which ones are useless. To make 

f r i n g e s  s t a t i o n a r y  i n  t h e  presence of dis turbances , various s t a b i l i z i n g  con- 

f i g u r a t i o n s  have been proposed which automatical ly  in t roduce  a phase s h i f t  

which compensates t h e  displacement due t o  t h e  dis turbance [ 2 3 ] .  Equipment 

This w i l l  enable  one t o  determine what precaut ionary measures 
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of this  type,  however, is very complex and 

should b e  used only i n  t h e  except iona l  cases 

when a l l  t h e  o t h e r  methods of e l imina t ing  

dis turbances have been t r i e d ,  and d i d  n o t  

g ive  t h e  des i red  resu l t s .  

I f  i t  is necessary t o  ho ld  a hologram 

exac t ly  i n  t h e  posit ion' in which i t  w a s  during 

exposure, one r e s o r t s  t o  developing and f i x i n g  

on t h e  spot  [ 2 4 ] .  Such a n e c e s s i t y  arises i n  

holographic  in te r fe rometry  (see page 35).  
Figure 35. A device € o r  For on-the-spot developing, one uses  a photo-. 

developing a hologram 
i n  place.  graphic  p l a t e  holder  of s p e c i a l  form which 

permits one t o  p lace  underneath a conta iner  

wi th  t h e  developing s o l u t i o n  (Figure 35). The s tudy [25]  f o r  t h e  same 

purpose suggests  exposing t h e  hologram on t h e  p l a t e  which has been previously 

placed f o r  s e v e r a l  minutes i n  t h e  developer. I n  t h i s  case, one can d i r e c t l y  

observe t h e  formation of  t h e  r e c o n s t i t u t e d  image during t h e  exposure. 
/48 
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The f i r s t  laser holograms w e r e  obtained w i t h  the a i d  of a helium-neon 

laser whose wavelength w a s  6328  A. Subsequently, a number of papers reported 

that holograms were obtained using as t h e  source  of r a d i a t i o n  t h e  argon laser 

which gives  a much g r e a t e r  power (X 5145, 4 8 8 0 ,  4765 A). 
i n  holography impulse lasers are also used, u s u a l l y  of  t h e  ruby type ( A  6943 A) 

A t  t h e  present  t i m e ,  
0 

The p r i n c i p l e  of  opera t ion  of t h e  laser, and a d e t a i l e d  d e s c r i p t i o n  of 

i t s  p r o p e r t i e s  can be found i n  a number of s p e c i a l i z e d  books ( see ,  f o r  example, 

[ 2 6 ] ) .  W e  s h a l l  dwell only on t h e  property of coherence possessed by laser 

r a d i a t i o n ,  which is what has made lasers t h e  i r r e p l a c e a b l e  sources  of l i g h t  

i n  holography. 

The not ion  of coherence may have d i f f e r e n t  meanings depending on t h e  

context  i n  which it is used. 

Time Coherence 

T ime  coherence def ines  t h e  a b i l i t y  of l i g h t  waves emit ted by a source 

a t  d i f f e r e n t  t i m e s  t o  i n t e r f e r e  wi th  one another.  The t i m e  coherence may be 

charac te r ized  numerically by t h e  m a x i m u m  t i m e  i n t e r v a l  (At) w i t h i n  which 

r a d i a t i o n  maintains its coherent p r o p e r t i e s  o r  by a pa th  segment A Z  t r a v e r s e d  

by t h e  l i g h t  during t h a t  t i m e .  O f  course,  t h e  length  of coherence A 2  and t h e  

t i m e  o f  coherence A t  

l i g h t .  

are r e l a t e d  by A Z  = ca t ,  where c i s  t h e  v e l o c i t y  of 

T i m e  coherence i s  uniquely r e l a t e d  t o  t h e  width of t h e  s p e c t r a l  l i n e  

emit ted by the l i g h t  source. The more monochromatic t h e  l i n e  is ,  t h e  longer  

and longer - las t ing  t h e  wavetrain t o  which i t  corresponds,  and consequently,  

the h igher  t h e  coherence of r a d i a t i o n .  One can show t h a t  
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where AT is t h e  width of t h e  s p e c t r a l  l i n e  i n  t h e  

and A 1  is t h e  same quan t i ty  i n  the  u n i t  system of 

The coherence l eng th  of a source  i s  of g rea t  

(28) 

/49 
(7) u n i t  system of wave numbers , 

wavelengths. 

importance i n  holography. 

It is  necessary t h a t  t h e  path d i f f e rence  between any l i g h t  beams meeting on a 

hologram not  exceed t h e  length  of coherence. 

t he  depth of t h e  holographed scene,  and necessitates c e r t a i n  measures f o r  

equal iz ing  t h e  paths  of t h e  l i g h t  beams a f t e r  t h e i r  separa t ion .  

This  circumstance sometimes l i m i t s  

I f  t h e  depth of t h e  ob jec t  i s  r a t h e r  l a r g e ,  and it does not  permit one 

t o  ob ta in  a hologram wi th  t h e  a v a i l a b l e  laser, then  conf igura t ions  e x i s t  i n  

which the  ob jec t  is i l lumina ted  p a r t  by p a r t  [27] (Figure 3 6 ) .  I n  t h i s  case ,  

i t  is poss ib l e  t o  ob ta in  a hologram of a deep scene us ing  a laser t h a t  has a 

s m a l l  l ength  of  coherence. 

Helium-neon lasers wi th  s h o r t  discharge tubes r a d i a t e  very narrow spectral 

l i n e s ;  t h e i r  l eng th  of coherence may reach hundreds of m e t e r s .  However, t h e  

power of such lasers is extremely s m a l l  (0.1-0.5 m i l l i w a t t ) .  Helium-neon 

lasers whose resonator  l eng th  L i s  about 1-2 m have a considerably g r e a t e r  

power (20-150 m i l l i w a t t ) ,  bu t  t h e i r  l eng th  of coherence is much smaller, s i n c e  

t h e i r  r ad ia t ed  l i n e  c o n s i s t s  of many components wi th  the  spacing between t h e  

neighboring components A5 = 1 / 2 L  (Figure 37) .  The length  o f  coherence of /5q 
such l a s e r s  usua l ly  does not  exceed 10-20 cm. 

To inc rease  t h e  degree of t i m e  coherence of lasers and t h e i r  resonators ,  

one in t roduces  s e l e c t i v e  elements,  usua l ly  i n  the  form of p l ane -pa ra l l e l  t rans-  

parent  p l a t e s .  

c o e f f i c i e n t .  Figure 38 shows a t y p i c a l  dependence of  t h e  t ransmission 

(7)Wave number i s  t h e  r e c i p r o c a l  of t h e  wavelength. 

Such a p l a t e  is a Fabry and P e r o t  e t a lon  with a l o w  r e f l e c t i o n  

____ _ _  - -~ _ _ _ . ~ ~  _ _  . ~ _ _ _  . _ _ _  _ ~ _ _  
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Hblo gr  am 

Figure 36.  Holographing of a scene 
extended i n  depth wi th  t h e  a i d  of 
a laser wi th  a l imi t ed  length  of 
coherence. 

T 

0.80 I -Ah- 
~. A 

Figure 38. Dependence of t h e  t rans-  
mission c o e f f i c i e n t  of a g l a s s  
p l a t e  (n = 1.5) on t h e  wavelength. 

Figure 37. S t r u c t u r e  of t h e  laser 
r a d i a t i o n  l i n e  

c o e f f i c i e n t  of such an e t a l o n  ( i n  t h e  

d i r e c t i o n  of t h e  normal t o  i t s  su r face )  

on t h e  wavelength. As a r e s u l t ,  f o r  

c e r t a i n  long i tud ina l  types of o s c i l l a -  

t i o n s  (modes) t h e  Q f a c t o r  of t h e  

resonator  changes very l i t t l e  when a 

p l a t e  is  inse r t ed .  For o the r  modes, 

i t  becomes worse, which r e s u l t s  i n  a 

d i s rup t ion  of genera t ion  on these  

wavelengths: 

narrower, and t h e  length  of coherence 

is  made longer.  

power is only s l i g h t l y  reduced i n  
t h i s  case. 

t h e  l i n e  is made much 

The t o t a l  r ad ia t ed  

I f  one does not  t ake  any measures 

t o  make t h e  l i n e s  emit ted by ruby 

lasers more narrow, t h e i r  l ength  of 

coherence is no g r e a t e r  than a few 

cent imeters .  A s e l e c t i o n  of t h e  o s c i l -  

l a t o r y  modes accomplished wi th  t h e  

he lp  of resonance r e f l e c t o r s  makes i t  

poss ib l e  t o  i n c r e a s e  t h e  length  of 

coherence up t o  several m e t e r s .  
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The opera t ion  of t h e  resonance - I 5 3  

r e f l e c t o r s  composed of 2-3 g l a s s ,  

qua r t z ,  o r  sapphi re  p l ane -pa ra l l e l  

p l a t e s  (Figure 39) is equivalent  t o  

t h a t  of t he  Fabry and Pero t  e t a l o n  which 

is based on r e f l e c t i o n .  

t h e  losses due t o  absorpt ion,  then  t h e  

r e f l e c t i o n  c o e f f i c i e n t  of one plane- 

I f  one neglec ts  

p a r a l l e l  g l a s s  p l a t e  is a func t ion  of 

Figure 39. Resonance r e f l e c t o r s  t h e  wavelength, which supplements t h e  

curve i n  Figure 38 up t o  T = 1. L e d  i n  t h e  s e l e c t i o n  of t h e  longi-  
t u d i n a l  o s c i l l a t o r y  modes. 

The r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  

maximum of a resonance r e f l e c t o r  con- 

s i s t i n g  of N p l a t e s  can be ca l cu la t ed  

using the  formula [28]  

Figure 40 gives a p l o t  of Rmm, 

computed according t o  t h e  above formula, 

versus  t h e  r e f r a c t i v e  c o e f f i c i e n t  of a 

p l a t e  n f o r  r e f l e c t o r s  cons i s t ing  of 

I, 2, 3 ,  and 4 p l a t e s ,  and Figure 41a,b 

shows t h e  p l o t s  of t h e  r e f l e c t i o n  

c o e f f i c i e n t  versus  t h e  wavelength f o r  

L L . u L - - ? l  
1.3 1.4 1.5 1.6 1.7 1.8 f.9 8.0 

Figure 40. Dependence of t h e  maximum 
r e f l e c t i o n  c o e f f i c i e n t  f o r  a reso- two types of resonance r e f l e c t o r s  
nance r e f l e c t o r  cons i s t ing  of N 
plates on t h e  r e f r a c t i v e  index computed i n  [29] .  

The t i m e  coherence of lasers can 

be  inves t iga t ed  d i r e c t l y  by an inspec- 

t i o n  of t h e  i n t e r f e r e n c e  f r i n g e s  
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R 

- . A , i  
6943.1 6943.3 6943.5 

b 
0 7  

0.6 

0.5 

0 4  

0.3 

0.2 

0. I 
-A,; 

%942.5 6942.7 6942.9 6943.1 6943.3 69435 

Figure 41. Ref lec t ion  c o e f f i c i e n t  of a resonance 
r e f l e c t o r  as a func t ion  of t h e  wavelength (near 
t h e  l i n e  rad ia ted  by a ruby laser A 6943 A ) .  

a - r e f l e c t o r  made of two two-millimeter p l a t e s  (n = 1.79) 

b - r e f l e c t o r  made of  t h r e e  two-millimeter p l a t e s  (n = 1.52) 

wi th  a gap of 25 mm; 

wi th  a gap of 25 mm (see Figure 39).  
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observed i n  t h e  i n t e r f e r e n c e  of beams t h a t  have t raversed  d i f f e r e n t  pa ths  - 
f o r  example, wi th  t h e  h e l p  of t h e  Michelson in te r fe rometer .  One can measure 

t h e  time coherence of  r a d i a t i o n  from t h e  width of t h e  s p e c t r a l  l i n e  wi th  t h e  

he lp  of high-resolut ion s p e c t r a l  instruments  ( f o r  example , a Fabry-Perot 

i n t e r f e romete r )  . 

Space Coherence 

Space coherence of r a d i a t i o n  cha rac t e r i zes  t h e  a b i l i t y  of l i g h t  waves 

emi t ted  by var ious  portions of t h e  source  and a t  var ious  angles  t o  i n t e r f e r e  

with one another .  

U s d l y ,  bo th  gas and s o l i d - s t a t e  lasers e m i t  a l i g h t  beam wi th  a complex 

s t r u c t u r e  i n  the form of c h a r a c t e r i s t i c  do t s  (Figure 4 2 ) .  These are t h e  so- 

c a l l e d  nonaxial  modes ( types of o s c i l l a t i o n s ) .  Radiat ion of such a s t r u c t u r e  

has a low degree of space coherence, s i n c e  t h e r e  are no constant  phase r e l a t i o n s  

between spo t s  of t h i s  s t r u c t u r e .  This  does not mean t h a t  i t  is  impossible  t o  

obta in  good holograms wi th  such lasers. It is only necessary t h a t  t h e  modes 

preserve t h e i r  i n d i v i d u a l i t y  wi th in  beams i n  t h e  scheme, and t h a t  t h e  beams 

exac t ly  co inc ide  on t h e  hologram. I n  holographing t ransparenc ies  without  a 

s c a t t e r e r ,  t h e s e  condi t ions  are easy t o  s a t i s f y .  

/54 

S l i g h t l y  more complex i s  t h e  scheme f o r  superimposing t h e  modal s t r u c t u r e s  

i n  holographing t r anspa ren t  ob jec t s  wi th  a s c a t t e r e r .  I n  t h i s  case ,  i t  i s  

necessary t o  p r o j e c t  t h e  s c a t t e r e r  on the  hologram by means of a s p e c i a l  ob- 

j e c t i v e  [ 3 0 ]  ( see  Figure 2 3 ) .  This scheme, however, i s  use fu l  only i f  t h e  

ob jec t  i t s e l f  does not  d i s t u r b  t h e  s t r u c t u r e  of t he  beam t o  any g r e a t e r  ex ten t .  

I n  holographing three-dimensional s c a t t e r i n g  o b j e c t s ,  t h e  modal s t r u c t u r e s  

of t h e  re ference  and ob jec t  beams can t o  some degree be superimposed simply by 

p ro jec t ing  t h e  ob jec t  on the hologram, f o r  example, using t h e  scheme of 

F igure  24. However, a l l  these  contr ivances become unnecessary i f  i t  is poss ib l e  

t o  suppress  t h e  genera t ion  of nonaxial  modes. The s imples t  way t o  achieve 
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Figure 4 2 .  Suppression of  nonaxial  o s c i l l a t o r y  
modes by in t roduct ion  of a diaphragm (d) i n  t h e  
resonator  of t h e  laser. 

a - ruby l a s e r ;  b - helium-neon laser. 

t h i s  is by in t roducing  a diaphragm i n t o  t h e  laser resonator  ( see  Figure 4 2 ) .  

Such diaphragms are provided with some gas lasers. The generated power is  - /55 
diminished wi th  t h e  in t roduct ion  of a diaphragm i n  gas lasers by approximately 

a f a c t o r  of 2-4 ( f o r  example, f o r  t h e  types LG-35, LG-36).  The energy of 

b u r s t  of a ruby laser, emi t t ing  a "gigantic" impulse, is diminished by a 

f a c t o r  of 10-50 when a diaphragm t h a t  suppresses t h e  genera t ion  of nonaxial  

modes i s  introduced. The r a d i a t i o n  from such a laser can be amplified by 

p lac ing  a t  i t s  e x i t  a second laser head t h a t  o s c i l l a t e s  synchronously with t h e  

first. The ampl i f ica t ion  c o e f f i c i e n t  is usua l ly  about 5,  and t o  a considerable  

ex ten t  t h i s  compensates f o r  l o s s e s  incurred by in t roducing  a diaphragm. 

Cer ta in  authors  even used two- and three-cascade o r  two-, three-way ampl i f ie rs  

of t h i s  type. 

f o r  example,schemes proposed i n  [31, 3 2 1 .  

To c o n t r o l  t h e  space coherence of lasers, one can recommend, 
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Varia t ion  of t h e  Wavelength 

Although t h e r e  is a wide choice of t h e  wavelength of a continuously 

generat ing laser, i n  impulse holography t h e  choice is l i m i t e d  t o  a ruby laser 

of t he  wavelength 6943 A. Neodymium lasers ( A  1.06 microns) are inconvenient ,  

because t h e i r  r a d i a t i o n  l ies  i n  a spectral region which is d i f f i c u l t  t o  

record,  and a l s o  due t o  l o w  t i m e  coherence. The width of t he  r ad ia t ed  l i n e  

from a neodymium laser amounts t o  dozens of angstroms, and t h e  length  of 

coherence i s  a f r a c t i o n  of a m i l l i m e t e r .  Some p o s s i b i l i t i e s  f o r  widening t h e  

choice of t h e  wavelength of laser l i n e s  are presented by t h e  techniques of 

nonl inear  o p t i c s  [33]. A t  t he  present  t i m e  t h e r e  have been developed h ighly  

e f f e c t i v e  methods of genera t ing  2 and 3rd harmonics of t h e  ruby laser wave- 

lengths  ( 3472 1 
used f o r  ob ta in ing  impulse holograms [34, 351. 

0 

nd 

and 2314 i). The f i r s t  of these  l i n e s  has a l ready  been 

Another p o s s i b i l i t y  i s  t o  ob ta in  holograms i n  the  l i g h t  of l i n e s  of 

s t imula ted  combination r a d i a t i o n ,  but  as f a r  a s  w e  know t h i s  has not  been 

done so f a r .  

Both i n  the  case when the  frequency w a s  doubled and i n  the  case of 

s t imula ted  combination r a d i a t i o n ,  t h e  primary laser r a d i a t i o n  r e t a i n s  i t s  

coherent p rope r t i e s  t o  a cons iderable  ex ten t .  The t ransformation c o e f f i c i e n t  

i n  ind iv idua l  cases amounts t o  10-30%. 
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85. CERTAIN PROBLEMS OF THE HOLOGRAPHIC METHOD 

Scatterers 

I n  obtaining ho1,ograms of  t ransparenc ies ,  one u s u a l l y  p laces  scatterers 

i n  f r o n t  of t h e  l a t t e r  which convert  concentrated laser r a d i a t i o n  i n t o  d i f fused  

r a d i a t i o n .  

a l l  t h e  p r o p e r t i e s  considered above, which are c h a r a c t e r i s t i c  of holograms of 

three-dimensional o b j e c t s  . The main property i s  t h e  f a c t  t h a t  r a d i a t i o n  from 

each poin t  of an objec t  i s  d i s t r i b u t e d  over t h e  e n t i r e  hologram, and conse- 

quent ly  each s m a l l  p o r t i o n  of t h e  hologram contains  information about t h e  

e n t i r e  object .  

hologram does not  possess t h i s  property,  and t o  each p o r t i o n  of t h e  t ranspar-  

ency t h e r e  corresponds a c e r t a i n  p o r t i o n  of t h e  hologram. Scatterers are a l s o  

used t o  produce uniform and d i f fused  i l lumina t ion  of three-dimensional o b j e c t s  

and scenes.  Of course,  t h e  q u a l i t y  of a hologram t o  a l a r g e  e x t e n t  depends on 

t h e  p r o p e r t i e s  of t h e  scatterer used. 

f ine-grain scatterers improves t h e  q u a l i t y  of r e c o n s t i t u t e d  images, mainly 

s i n c e  t h e  g r a i n  s t r u c t u r e  of t h e  s c a t t e r e d  laser l i g h t  t u r n s  out  t o  b e  s l i g h t l y  

f i n e r  i n  t h i s  case (Figure 4 3 ) .  

A hologram of a transparency obtained w i t h  a scatterer possesses 

I f  a t ransparency i s  holographed without  a scatterer, then t h e  

According t o  t h e  d a t a  of [36] ,  use of 

Fine-polished g l a s s  o r  quartz  are usua l ly  used as scatterers. A f ine-  

g r a i n  scatterer can b e  obtained by t r e a t i n g  g l a s s  p l a t e s  wi th  vapors of hydro- 

gen f luor ide .  Frosted g l a s s  is convenient t o  use  f o r  d i f f u s i o n  r e f l e c t o r s .  

For c e r t a i n  types of f r o s t e d  g l a s s ,  t h e  d i f f u s i o n  r e f l e c t i o n  c o e f f i c i e n t  is 

c l o s e  t o  uni ty .  I n  t h e  same way, one can use metal l ic  o r  g l a s s  s u r f a c e s  coated 

wi th  magnesium oxide. 

When scatterers are used i n  holography, one must keep i n  mind t h a t  t h e  

angular  dimensions of a hologram must agree w i t h  t h e  s c a t t e r i n g  index. I f  

t h e  latter is s l i g h t l y  too  wide, then  a considerable  p o r t i o n  of laser l i g h t  

w i l l  go p a s t  a hologram. I f ,  however, conversely,  t h e  s c a t t e r i n g  index is  
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p. degrees 

Figure 4 3 .  
t h a t  has  passed through pol i shed  g lass .  

S t r u c t u r e  a corresponds t o  g l a s s  pol ished 
by t h e  emery which is  f i n e r  than i n  case b. 

Grain s t r u c t u r e  of laser r a d i a t i o n  Figure 4 4 .  S c a t t e r i n g  i n d i c e s  
of laser r a d i a t i o n  f o r  
var ious  scatterers [ 361 .  

a - g l a s s  pol ished wi th  an 
abras ive  with g r a i n s  of a mean 
s i z e  of seven microns; 
b - as  above, g r a i n  s i z e  - 
28  microns; 
c - as above, g r a i n  s i z e  - 
80 microns; 
d - f r o s t e d  g lass .  

s l i g h t l y  t o o  long, t h i s  w i l l  r e s u l t  i n  a nonuniform i l lumina t ion  of the holo- 

gram. 

and f r o s t e d  g lass .  I n  [ 3 6 ]  a Chr is t iansen  f i l t e r  w a s  used as t h e  scatterer. 

The f i l t e r  i s  a suspension of g l a s s  powder i n  a l i q u i d ,  c l o s e  t o  g l a s s  i n  its 

r e f r a c t i v e  index. 

e a s i l y  regula ted  by changing i t s  temperature,  which i n  a number of cases i s  

very convenient. However, one must maintain a s t r i c t l y  constant  temperature 

f o r  such a scatterer during t h e  e n t i r e  t i m e  of exposure. 

Figure 44 shows t h e  s c a t t e r i n g  i n d i c e s  f o r  several specimens of pol ished /57 

The width of t h e  s c a t t e r i n g  index of such a f i l t e r  can be 

I n  t h e  r e c o n s t i t u t i o n  of images of d i f f u s i v e l y  r e f l e c t i n g  o b j e c t s  o r  

t ransparenc ies ,  i l lumina ted  through a scatterer, t h e r e  i s ,  as a l ready  indica ted ,  
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a c h a r a c t e r i s t i c  g r a i n  s t r u c t u r e  i n  t h e  images (Figure 7). 

gra ins  is determined by t h e  ape r tu re  of t h e  hologram. 

the  reso lv ing  capac i ty  of  a hologram, p a r t i c u l a r l y  i n  those  cases when t h e  

ape r tu re  is s m a l l .  

exposure i n t o  several p a r t s ,  each t i m e  moving t h e  scatterer s l i g h t l y .  Then 

t h e  photographic p l a t e  w i l l  accordingly r e g i s t e r  several holograms, each of  

which w i l l  r e c o n s t i t u t e  t h e  same image of t he  ob jec t  i n  t h e  s a m e  l oca t ion .  

However, t h e  g ra in  s t r u c t u r e  of t hese  images w i l l  be  d i f f e r e n t ,  which w i l l  

r e s u l t  i n  i t s  averaging. Of course,  one m u s t  no t  a t tempt  t o  take  a hologram 

wi th  t h e  s c a t t e r e r  c h a o t i c a l l y  moving around during exposure. 

obtained w i l l  no t  form any image. 

The s i z e  of t h e  

The g ra in iness  lowers 

To reduce t h e  e f f e c t  o f  g ra in iness ,  one can s e p a r a t e  t h e  

/58 

A hologram thus  

Another method of weakening the  gra in iness  of t h e  r e c o n s t i t u t e d  image is  

appl icable  only t o  Four ie r  t ransform holograms. The spacing of the  in t e r f e rency  

s t r u c t u r e  i n  such holograms changes very slowly. Therefore ,  s m a l l  t r a n s l a t i o n a l  

movements of t he  hologram i n  its plane w i l l  not  lead  t o  a s h i f t  of t h e  recon- 

s t i t u t e d  image. A t  t he  same t i m e ,  t h e  g ra in  s t r u c t u r e  of t h e  image changes a 

g rea t  dea l  wi th  each new p o s i t i o n  of t h e  hologram. 

a Four ie r  transform hologram t o  a v i b r a t i n g  suppor t ,  a considerable  improvement 

of t he  image may be the  r e s u l t .  The d i f f u s e r  of a switched-on loudspeaker can 

be used as a support .  

Therefore ,  i f  one a t t aches  

Holography Without Lasers 

A hologram i s  an i n t e r f e r e n c e  p a t t e r n  obtained when t h e  re ference  beam i s  

superimposed on t h e  waves s c a t t e r e d  by an ob jec t .  

of a hologram i n  the  fol lowing way: each point  of t h e  ob jec t  emits a s p h e r i c a l  

wave which, upon i n t e r f e r i n g  wi th  t h e  re ference  wave, forms an i n t e r f e r e n c e  

p a t t e r n  i n  the  form of a Fresne l  zone gra t ing .  

po in t  are coherent;  a hologram r e g i s t e r s  t h e i r  coherent  supe rpos i t i on  (ampli- 

tudes are added, t ak ing  i n t o  cons idera t ion  t h e  phase r e l a t i o n s ,  and not  

i n t e n s i t i e s ) .  

W e  descr ibed t h e  formation 

Zone g ra t ings  produced by each 
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Holographic techniques are poss ib l e  i n  which holograms are formed with - I 5 9  

s p a t i a l l y  incoherent  i n t e n s i t y .  I n  those techniques t h e  l i g h t  from each po in t  

on the  ob jec t ,  upon sepa ra t ion  i n t o  two channels,  forms two s p h e r i c a l  waves of 

d i f f e r e n t  curvature .  These waves upon i n t e r f e r e n c e  produce a Fresne l  zone 

gra t ing .  Gratings formed by d i f f e r e n t  po in t s  are incoherent .  On a hologram 

they are superimposed wi th  t h e i r  i n t e n s i t i e s  added. 

( con t r a s t )  is i n  t h i s  case much worse than wi th  s p a t i a l l y  coherent l i g h t ,  and 

t h e  more complicated t h e  o b j e c t ,  t h e  worse the  qua l i t y .  But f o r  simple ob jec t s ,  

cons i s t ing  of a s m a l l  number of luminous po in t s ,  t he  q u a l i t y  of t h e  hologram 

may be s u f f i c i e n t l y  high. 

The q u a l i t y  of a hologram 

One of t h e  techniques of obta in ing  holograms used wi th  s p a t i a l l y  incoher- 

en t  l i g h t  w a s  a l ready  mentioned above i n  connection wi th  t h e  p o s s i b i l i t y  of 

using lasers wi th  many la teral  o s c i l l a t o r y  modes f o r  holography ( see  Figures  

23 and 2 4 ) .  These techniques involve amplitude sepa ra t ion  of t h e  wave i n t o  

two p a r t s ,  and then as p r e c i s e  as poss ib l e  superpos i t ion  of wavefronts on a 

hologram. One of them passes throught t he  objec t  under i n v e s t i g a t i o n ,  where 

i t  is  necessary t h a t  t h e  d i s t o r t i o n s  introduced by i t  be s m a i l .  Otherwise, 

t he  s t r u c t u r e s  of both waves w i l l  not  be superimposed accura te ly  on the  holo- 

gram, and the  i n t e r f e r e n c e  p a t t e r n  w i l l  have low con t ra s t .  

Another aspec t  of t h e  same problem is t o  ob ta in  holograms wi th  the  a i d  

of l i g h t  sources  having s m a l l  t i m e  coherence. 

lamp is  used wi th  a f i l t e r  t r ansmi t t i ng  one of t h e  l i n e s ,  t h e  length  of coher- 

ence i s  s e v e r a l  m i l l i m e t e r s .  

i n t e n s i t y ,  and thus have no f u t u r e  ( f o r  example, atomic beams whose length  of 

coherence is on t h e  order  of 1 m). 

When a low-pressure mercury 

Light  sources  with more narrow l i n e s  have low 

High- and super-high p res su re  mercury lamps emit very b r i g h t ,  bu t  at  t h e  

same t i m e  very wide l i n e s ,  whose length  of coherence does not  exceed t en ths  of 

a m i l l i m e t e r .  Therefore ,  i n  obta in ing  holograms wi th  such l i g h t  sources ,  one 

must c a r e f u l l y  equa l i ze  t h e  o p t i c a l  paths  of both branches of t h e  conf igura t ion .  
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This is poss ib l e  only when obta in ing  holograms of t r anspa renc ie s ,  s i l h o u e t t e  

scenes,  o r  phase ob jec t s  t h a t  do no t  d i s t o r t  t h e  wavefront very g rea t ly .  

Regardless of t h e  d i f f i c u l t i e s  enumerated above, "non-laser" holography /60 
has  a l ready  achieved cons iderable  success.  I n  ind iv idua l  i n s t ances ,  t h e  

q u a l i t y  of r e c o n s t i t u t i o n  of a wavefront is s o  high t h a t  t h e  r e s u l t s  are prac- 

t i c a l l y  no worse than those  achieved i n  "laser" holography [ 37, 381. 

I n  t h e  sepa ra t ion  of the wavefront i n t o  two p a r t s ,  followed by t h e i r  

subsequent superpost ion i n  obta in ing  a non-laser hologram, one can use  any 

se tup  involving Michelson, Jamin, Mach-Zehnder, o r  o the r  i n t e r f e romete r s .  A 

number of o the r  techniques f o r  ob ta in ing  "non-laser" holograms w e r e  sliggested 

i n  [39].  Stroke and Res t r i ck  [ 4 0 ]  used an i n t e r f e romete r  wi th  a d i f f r a c t i o n  

g ra t ing ,  and Froehly and Pas teur  [41]  used an in t e r f e romete r  w i th  two 

semi-lenses. 

Considerable success  w a s  achieved by Le i th  and Upatnieks i n  non-laser 

holography [381. A scheme, proposed by them, t o  ob ta in  achromatized holograms 

is shown i n  Figure 45. The meaning of achromatizat ion involves  c rea t ing  con- 

d i t i o n s  f o r  which t h e  phase d i f f e rence  of i n t e r f e r i n g  waves does not  depend on 

the  wavelength. This is achieved by in t roducing  i n t o  t h e  scheme an achroma- 

t i z i n g  element,  f o r  example, a prism, l e n s ,  o r  d i f f r a c t i o n  g ra t ing .  I n  t h e  

se tup  shown i n  Figure 45, t he  g ra t ing  forms a d i f f r a c t i o n  spectrum of t h e  

source  ( the  s e t  of i t s  monochromatic images) i n  t h e  diaphragm plane.  To 

i l l umina te  a t ransparency,  t h e  zero-order beam is used, and as t h e  re ference  

source - t he  spectrum of one of t h e  f i r s t - o r d e r  beams. Longer-wave po r t ions  

of t h i s  spectrum f a l l  onto t h e  hologram a t  g r e a t e r  angles  a, and t h e  sho r t e r -  

wave ones - at smaller angles ,  bu t  t he  spacing of t h e  f r i n g e s  on the  hologram 

remains the  same f o r  a l l  wavelengths : 

/61 

sin a 
V W -  h '  

Using a mercury lamp of superhigh pressure  wi th  a f i l t e r  t r ansmi t t i ng  

one of t h e  l i n e s ,  t h e  authors  of [381 obtained a high-qual i ty  r e c o n s t i t u t i o n  
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Diaphragm 
G r a t i n g  

-~ 0 b j e c t  

0 -  

I : 
/L. 

H o l o  gr  a m  

Figure 45. A scheme f o r  ob ta in ing  achromatized 
holograms [ 381. 

0 - zero-order; 1 - f i r s t - o r d e r .  

of t ransparenc ies  and s i l h o u e t t e - l i k e  , three-dimensional scenes , which is  

comparable wi th  "laser" holograms. 

The scheme proposed by L e i t h  and Upatnieks makes i t  poss ib le ,  as shown 

i n  [42],  t o  use i n  holography even some of t h e  less monochromatic l i g h t  sources  

such as a mercury lamp without f i l t e r ,  and even an incandescent lamp 

without f i l t e r .  O f  course,  t h e  q u a l i t y  of r e c o n s t i t u t i o n  i s  then low. 

Mu1 t i c o l o r  Holograms 

The p o s s i b i l i t y  of ob ta in ing  holograms t h a t  would reproduce n o t  only t h e  

s t r u c t u r e  but  a l s o  t h e  "color" of a l i g h t  wave, was a l ready  mentioned (p. 1 9 ) .  

A general  scheme f o r  ob ta in ing  mul t ico lor  two-dimensional holograms is given 

i n  Figure 46: 
d i f f r a c t i o n  gra t ings :  

( A  6328 i). 

A hologram produced according t o  t h i s  scheme contains  three 

"blue" (A  4880 i) , "green" (A  5145 i) , and "red" 
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Light-dividing 
mir ror  

L a s e r  

Figure 4 6 .  
holograms wi th  t h e  a i d  of helium-neon and argon 
lasers. 

A scheme f o r  ob ta in ing  "three-color" 

During the  r e c o n s t i t u t i o n  of a wavefront by a three-color  beam, t h e  /62 
d i f f r a c t i o n  of red l i g h t  on t h e  "red" g ra t ing ,  green - on t h e  ''green'' one, 

and b lue  - on the  "blue" one, gives  a co r rec t  three-color  image of t h e  ob jec t .  

However, red l i g h t  i s  d i f f r a c t e d  a l s o  on t h e  "green" and "blue" g r a t i n g s ,  and 

thus  produces two images of red l i g h t  which are d isp laced  r e l a t i v e  t o  t h e  

co r rec t  three-dimensional image. 

on "wrong" g ra t ings .  

s i m i l a r l y ,  b lue  and green rays  are d i f f r a c t e d  

L e t  us consider  t he  case when a re ference  beam is  inc iden t  normally on 

t h e  hologram (angle of incidence i s  equal  t o  0 ) .  

(18) ,  t h e  spacings of t he  g ra t ings  produced - t h e  holograms of a poin t  ob jec t  

- w i l l  be the  following: 

Then, according t o  Equation 
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sin a 
v, = - 

A1 * 
sin a 

Y3 = - 

H e r e  a is  t h e  angle  of incidence on t h e  hologram of t h e  l i g h t  from t h e  

o b j e c t ;  X - X are t h e  wavelengths of t h e  blue,  green, and red beams, 

respec t ive ly .  
1 3  

During d i f f r a c t i o n  of l i g h t  having t h e  wavelength X on a l l  t h e s e  gra t -  1' 
ings  images of t h e  poin t  are formed a t  t h e  angles 

sin all = sin a, 

sin aI2 = + sin a, 

sin a,, =f sin a. 

A 

A 
2 

3 

(30) 

Simi lar ly ,  t h e  d i f f r a c t i o n  of l i g h t  w i t h  t h e  wavelengths X and X g  w i l l  2 
give  t h e  image of t h e  objec t  a t  angles  

sin a2, = + sin a, 

sin a22 = sin a, 

sin = +- sin a, 

1 

3 



The angular  region which i s  f r e e  from superpos i t ions  i s ,  as we can see 
0 0 

i n  Figure 47, loca ted  between a12 and a21, i .e.,  f o r  X1 4880 A and X2 5145 A 

it  makes about 4" f o r  t h e  angle  of incidence ci = 30°, and about 7" f o r  ci = 45". 
The o u t e r  angular  s i z e  of t h e  ob jec t  i s  thus  two t i m e s  s m a l l e r .  

A number of authors  (see, f o r  example, [43]) attempted t o  circumvent 

t hese  r e s t r i c t i o n s .  However, i t  w a s  poss ib l e  t o  ob ta in  good resu l t s  only by 

using t h e  technique of th ick- layer  holography [6-81. As shown earlier, such 

holograms are s e l e c t i v e  as t o  the  wavelength, and thus  g ive  r econs t i t u t ed  

images only i n  t h e  l i g h t  of " the i r "  wavelengths. 

extraneous images are not  produced during r e c o n s t i t u t i o n  of three-dimensional 

mul t ico lor  holograms [44, 451. Thick-layer mul t i co lo r  holograms can be repro- 

duced i n  white  l i g h t .  Such holograms a l s o  play the  r o l e  of an i n t e r f e r e n c e  

f i l t e r  t h a t  passes only t h e  des i r ed  wavelengths. 

For t h i s  reason,  troublesome 

One of t h e  most s e r i o u s  problems 

t h a t  arise i n  t h i s  case is a s h i f t  of 

t he  wavelength i n  t h e  r e c o n s t i t u t i o n  

due t o  t h e  shr inkage of t h e  emulsion. 

The "bluing" of t h e  r econs t i t u t ed  

image is q u i t e  s i g n i f i c a n t ,  s i n c e  t h e  

r 

U 
hologram shrinkage amounts t o  15-20%. The b e s t  

way t o  dea l  wi th  shr inkage is  t o  ba the  

Figure 47. Calcula t ion  of a region a developed and f ixed  hologram i n  a 
f r e e  from superpos i t ions  i n  ob- 
t a in ing  t h  r e  e-dimens i o n a l  ho l o  grams . s o l u t i o n  of tr i-ethanolamine. The 

concent ra t ion  of t h e  s o l u t i o n  and t h e  

dura t ion  of t h e  ba th  are chosen experi-  

mentally.  It must be noted t h a t  t h e  

co lo r  of a r econs t i t u t ed  image may d i f f e r  from t h e  co lo r  of t h e  ob jec t  a l s o  

because of t he  f a c t  t h a t  t h e  d i f f r a c t i o n  e f f i c i e n c y  of a hologram, def ined i n  

terms of the  c o n t r a s t  of t h e  recorded s t r u c t u r e ,  f a l l s  o f f  i n  the  d i r e c t i o n  

of t h e  "blue" po r t ion  of t h e  spectrum. This  occurs f o r  two reasons: f i r s t  

of a l l ,  t he  s m a l l e r  t h e  wavelength, t h e  l a r g e r  t h e  spacing of t h e  i n t e r f e r e n c e  

p a t t e r n  [see Formula (18)]. Secondly, t h e  shorter-wave r a d i a t i o n  is  scattered 

- /64 
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Three-color 

a b : b  

Figure 48. A scheme f o r  obtaining (a) and 
r e c o n s t i t u t i n g  (b) "synthet ic"  mul t ico lor  
holograms. 

more i n  t h e  emulsion, and t h e  frequency-contrast  c h a r a c t e r i s t i c  of photographic 

materials becomes worse as t h e  wavelength grows s m a l l e r .  

Reference [ 451 descr ibes  an o r i g i n a l  method of  ob ta in ing  mul t ico lor  

thick-- layer  holograms wi th  t h e  a i d  of a s ingle-color  laser. 

c o n s i s t s  i n  a th ree- fo ld  exposure of t h e  hologram a t  t h e  same wavelength, b u t  

f o r  d i f f e r e n t  l o c a t i o n s  of t h e  o b j e c t  and t h e  re ference  beam (Figure 4 8 ) .  

I n  such a hologram t h r e e  systems of p a r a l l e l  r e f l e c t i n g  s u r f a c e s  are formed, 

and i n  t h e  r e c o n s t i t u t i o n  s t a g e ,  using white  l i g h t ,  t h e  hologram w i l l  produce 

a three-color  image wi th  t h e  wavelengths s a t i s f y i n g  t h e  r e l a t i o n  

The method 

1 1 1  
sin a1 : sin a2 : sin a - - : -: - 3- A, A, A3 . (33) 

63 

L 



96. RECONSTITUTION O F  THE WAVEFRONT 

Requirement on t h e  Time .Coherenc.e. of a Source 

I n  t h e  r e c o n s t i t u t i o n  of a wavefront, t he  requirements on both the  space 

and t h e  t i m e  coherence of r a d i a t i o n  are less strict  than  i n  t h e  formation 

s t age .  Therefore,  i n  t h e  r e c o n s t i t u t i o n  of a wavefront one o f t e n  uses  ord inary  

(non-laser) l i g h t  sources .  

source r e s u l t  from t h e  r e s t r i c t i o n  t h a t  t h e  images of t h e  ob jec t  obtained 

during d i f f r a c t i o n  of l i g h t  of var ious wavelengths should not  be  not iceably  

d isp laced  r e l a t i v e  t o  one another  on t h e  hologram. 

da ( the  angular  s h i f t  of image po in t s  obtained wi th  waveleugths d i f f e r i n g  by 

dh) must be less than t h e  r e a l i z a b l e  angular  r e s o l u t i o n  6 $  (Figure 4 9 ) ,  i .e . ,  

The requirements on t h e  t i m e  coherence of such a 

I n  o the r  words, t h e  angle  

da H e r e  T~ is  t h e  angular  d i spe r s ion  of t h e  g ra t ing ,  equal  as implied by 

Equation (8) t o  

da  1 
dA -E. -- ( 3 4 )  

W e  f i n a l l y  have 

(35) dX < a  cos a 67. 

I f  a v i s u a l  r e c o n s t i t u t i o n  

which corresponds approximately 

of the wavefront occurs ,  then  By 

t o  t h e  reso lv ing  power (sharpness of v i s ion )  

2.(0-' rad ians ,  

of t h e  normal human eye. 

t o  v i s u a l l y  r econs t ruc t  a wavefront,  i t  is s u f f i c i e n t  t o  use a low-pressure 

mercury lamp wi th  a f i l t e r  passing,  f o r  example, a green l i n e .  I f  i t  is neces- 

s a ry  t o  achieve t h e  d i f f r a c t i o n  l i m i t  of r e so lu t ion ,  which i s  given by a 

hologram, then i n  accordance wi th  Formula (17) 6 ~ = -  , and w e  have 

This g ives  f o r  a=IO-' cm andcosae0.7dA < 1.4 A. Thus, 

k 
I d)c < a  cos a I h \ ~ = x ,  H e r e  N i s  t h e  f u l l  number of l i n e s  i n  a hologram. The obtained 

64 



r e s u l t  i s  regular :  

r e s o l u t i o n  of a d i f f r a c t i o n  g r a t i n g  having t h e  same number of l i n e s  as t h e  

hologram [see Formula (15)]. However, t h e r e  are schemes f o r  t h e  achromatiza- 

t i o n  of wavefront r e c o n s t i t u t i o n  i n  which t h e  requirements on t h e  width of t h e  
s p e c t r a l  l i n e  of a source  may b e  s i g n i f i c a n t l y  reduced (8) . 

t h e  l i n e  width must b e  less than t h e  l i m i t  of t h e  s p e c t r a l  

One of t h e  p o s s i b l e  schemes of /67 
achromatization of a hologram [ 4 6 ]  i s  

given i n  Figure 50. 

A d i f f r a c t i o n  g r a t i n g  decomposes 

t h e  i n c i d e n t  r a d i a t i o n  i n t o  a spectrum, 

thus producing i n  t h e  plane of t h e  

diaphragm a set of r e c o n s t i t u t i n g  

sources  of var ious  wavelengths. By 

properly s e l e c t i n g  a g r a t i n g  and t h e  

Figure 4 9 .  Calculat ion of t h e  per- geometry of t h e  se tup ,  one can achieve 
m i s s i b l e  nonmonochromaticity of t h e  
r e c o n s t i t u t i n g  l i g h t  source.  a situation in which the images of an 

o b j e c t  r e c o n s t i t u t e d  by each of t h e s e  

sources  of var ious wavelengths 

coincide o r  a t  least  d i f f e r  very l i t t l e  

(Figure 51). Thus, one can o b t a i n  d i f f e r e n t  results by using r e c o n s t i t u t i n g  

sources  having a very wide spectrum, f o r  example, b r i g h t  superhigh pressure  

mercury lamps (61- 50 A) , sometimes even using t h e  l i g h t  of incandescent lamps. 

(8)We do n o t  consider  h e r e  t h e  cases when an objec t  l i es  very c l o s e  t o  t h e  
hologram o r  is focused on its s u r f a c e  (focused hoiograms). In those  
cases, t h e  r e c o n s t i t u t e d  v i r t u a l  image of t h e  o b j e c t  i s  a l s o  c l o s e  t o  t h e  
hologram, and, as can b e  seen  i n  Figures  49 and 52, t o  r e c o n s t i t u t e  a 
wavefront,  i t  is n o t  necessary t o  have e i t h e r  a monochromatic o r  a poin t  
l i g h t  source . 
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IQ Requirements on t h e  Space 

Coherence 

I ]Gra t ing  

W !  
\ 
Diaphragm 

hologram 

Figure 50. Scheme f o r  t h e  achromati- 
za t ion  of t h e  wavefront recons t i tu -  
t i o n  

Figure 51. Explanation of t h e  
achromatizing ac t ion  of t h e  scheme 
i n  Figure 50, 

ence 

Requirements on t h e  space coher- 

of a l i g h t  source used t o  recon- 

s t i t u t e  a wavefront reduce t o  t h e  

r e s t r i c t i o n  t h a t  i t s  angular  s i z e  be 

s u f f i c i e n t l y  s m a l l  t o  r econs t ruc t  t h e  

s t r u c t u r e  of t h e  r e c o n s t i t u t e d  image. 

L e t  us consider  t hese  requirements as 

schemat ica l ly  and loose ly  as t h e  re- 

quirements on t h e  width of t h e  l i n e  of 

t h e  r e c o n s t i t u t i n g  source.  L e t  us - / 6 8  
assume t h a t  a hologram is  obtained wi th  

an i d e a l  po in t  re ference  l i g h t  source.  

1 and 2 are extreme po in t s  of t h e  

r e c o n s t i t u t i n g  l i g h t  source;  df3 a r e  i t s  

angular  dimensions (Figure 52) .  Then dol 
is t h e  angle  between t h e  corresponding 

d i f f r a c t e d  rays ,  and i t  g ives  t h e  

angular  s i z e  of each poin t  of t h e  

r e c o n s t i t u t e d  image. Considering t h e  

l i g h t  source  t o  be  monochromatic, w e  

have from (8) 

cos 0 I dp I = - da. cos p ( 3 6 )  

cos a 
Considering t h a t  t h e  m u l t i p l i e r  cosp 
is on t h e  o rde r  of un i ty ,  and normally 

ranges from 1 / 2  t o  2,  w e  f i n a l l y  f i n d  

t h a t  t h e  angular  s i z e  of t h e  recons t i -  

t u t e d  image must be on t h e  order  of 

66 



t h e  required angular  r e s o l u t i o n  of t h e  

hologram. 

i i  

Figure 52. Determination of t h e  
permissible  angular  s i z e  of t h e  
r e c o n s t i t u t i n g  l i g h t  source.  

It is  o f t e n  poss ib le  t o  recon- 

s t r u c t  an image, looking through a 

hologram and through a red g l a s s  a t  

an e lectr ic  lamp several m e t e r s  away. 

Of course,  a f r o s t e d  lamp i s  i n  t h i s  

case inconvenient;  i ts angular  s i z e  

is s l i g h t l y  t o o  la rge .  Nevertheless ,  

f o r  high-quality recons t ruc t ion ,  one 

normally uses  laser l i g h t ,  o f t e n  

emitted by t h e  same laser as t h e  one 

used i n  t h e  formation s t a g e .  

Ge-omet r y  of Reconst i tut ion 

I n  t h e  preceding s e c t i o n s ,  w e  have considered geometrical  r e l a t i o n s  t h a t  

connect t h e  l o n g i t u d i n a l  and la teral  magnif icat ion of an objec t  with t h e  

l o c a t i o n  of t h e  hologram, o b j e c t ,  reference and r e c o n s t i t u t i n g  l i g h t  sources  

[Formulas (9)  - ( l l ) ] .  I n  cons t ruc t ing  t h e  se tups  f o r  t h e  r e c o n s t i t u t i o n  of 

t h e  wavefront,  one must use t h e s e  r e l a t i o n s .  L e t  us consider  c e r t a i n  

p a r t i c u l a r  cases. 

a )  Suppose t h a t  a hologram i s  not magnified (m = l), and t h e  recons t i -  

t u t i o n  is achieved using t h e  s a m e  wavelength as i n  t h e  formation s t a g e  (v = 1). 

I f  i n  t h i s  case ZR = Zc,  i .e .  , a r e c o n s t i t u t i o n  is achieved using t h e  l i g h t  

of an undisplaced re ference  l i g h t  source,  then Formulas (9) - (11) imply t h a t  

= 1. - f o r  a v i r t u a l  image (plus s i g n )  w e  have 2 - - 
B - '09 Mlat Mlong 

Thus, i n  t h i s  case, a v i r t u a l  image w i l l  b e  produced a t  t h e  previous - 169 

l o c a t i o n  of t h e  o b j e c t ,  and both i t s  l o n g i t u d i n a l  and l a t e r a l  scales remain 

t h e  s a m e  as before .  The real image [ t h e  minus s i g n  i n  Formulas (9) - (1111 
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is i n  t h i s  case  produced asymmetrically relative t o  t h e  v i r t u a l  image, 
&O (ZB # -Zo). 

and t h e  long i tud ina l  scale is dis tor ted(M 

Its magnif icat ion is not  equal  t o  un i ty  (M = 1/1 - 2 - ) , 
zC l a t  

l a t  # Mlong)* 

b)  To obta in  an und i s to r t ed  real image of  an ob jec t  under t h e  same 

I n  o t h e r  words, a assumptions (m = 1-1 = l), i t  i s  necessary t h a t  Z = -Z 
r e c o n s t i t u t i n g  source must be loca t ed  on t h e  o t h e r  s i d e  of t h e  hologram a t  

t h e  same d i s t ance  from i t  as t h e  d i s t ance  of t he  re ference  source  from t h e  

hologram . 

C' R 

(9 1 

c) Assume t h a t  t h e  r e fe rence  source  is  i n  t h e  same plane as t h e  ob jec t ;  

i n  o t h e r  words , l e t  us consider  t h e  case of l e n s l e s s  Four ie r  t ransform holography 

t o  which Z = Z corresponds. Formula (9) implies  t h a t  Z = Zc, i . e . ,  both 

images are v i r t u a l  and l o c a l i z e d  in t h e  plane of t h e  re ference  source.  For 

t h e  same case ,  (10) i m p l i e s  t h a t  

O R  B 

M l a t  =?-.IC m z o '  (37) 

I f ,  i n  add i t ion ,  t h e  r e fe rence  source  is  used i n  r e c o n s t i t u t i n g  images, and 

t h e  scale of t he  hologram r e m a i n s  unchanged, m = 1, then  

i.e, , both images preserve  t h e i r  three-dimensional p rope r t i e s  and w i l l  be  f r e e  

of abe r ra t ions  

d) I f  the holographing and t h e  r e c o n s t i t u t i o n  were achieved wi th  a plane /70 
l i g h t  wave 

(g)Our coordinate  system is r i g i d l y  a t tached  t o  t h e  hologram. Therefore ,  t o  
obta in  an und i s to r t ed  real image, i n  t h e  r e c o n s t i t u t i o n  s t a g e ,  one can 
use a reference source i n  the  previous p lace ,  and t h e  hologram must be 
r o t a t e d  by 180°. 
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then ( 9 )  implies  t h a t  

i .e.,  both t h e  v i r t u a l  and real images are loca ted  symmetrically relative t o  

t h e  hologram. I n  t h i s  case, as implied by (10) and (11) , 

M =m, M =e- l a t  long P -' 

To preserve t h e  three-dimensional p r o p e r t i e s  of an image, i t  i s  necessary 

t h a t  t h e  l o n g i t u d i n a l  and la teral  magnif icat ions b e  i d e n t i c a l ,  and t h i s  is 

poss ib le  i f  m = 1-1, i .e. ,  t h e  hologram must be magnified as many t i m e s  as t h e  

number of changes of t h e  wavelength of t h e  r e c o n s t i t u t i n g  re ference  source,  

as compared wi th  t h e  source whose l i g h t  i s  used t o  produce t h e  hologram. 

The above examples make i t  p o s s i b l e  t o  choose e f f i c i e n t l y  t h e  l o c a t i o n  

of t h e  s e t u p  elements t o  recons t ruc t  a wavefront. Cer ta in  cases are i l l u s -  

t r a t e d  i n  Figures  53 - 55 t h a t  w e r e  reproduced from t h e  survey by Ramberg [ 4 7 ] .  

As a l ready  i n d i c a t e d ,  i n  t h e  r e c o n s t i t u t i o n  s t a g e  a l e n s e l e s s  Fourier  t rans-  

form hologram forms two mirror  v i r t u a l  images l o c a l i z e d  i n  t h e  plane of t h e  

re ference  source (Figure 5 4 ) .  

using a device descr ibed i n  [ 4 8 ] ,  which e l imina tes  t h e  l i g h t  from '-.he zero- 

order  beam and from one of t h e  images (Figure 5 6 ) .  The device c o n s i s t s  of 

two g l a s s  prisms wi th  an a i r  l a y e r  between them. 

g l a s s ,  and t h e  geometry of t h e  prisms, are s e l e c t e d  i n  such a way t h a t  t h e  

l i g h t  i n c i d e n t  on t h e  f r o n t  face normally undergoes t o t a l  i n n e r  r e f l e c t i o n  

at  t h e  hypotenuse f a c e  ( f o r  g l a s s  K-8 n 1.51, Q >41"30 ' ) ,  and t h e  l i g h t  

coming from one of t h e  v i r t u a l  images passes  through t h e  air  gap without  

hindrance. 

Such a hologram may be analyzed f o r  overexposure 

The r e f r a c t i v e  index of 
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a 

Conjugate ( r e a l )  
pseudoscopic image Reference 

b 

main ( v i r t u a l )  Hologram 

C 

image 
\ conjugate  ( r e a l )  \ 

f, ps eudos copic image 
\ 

--f-- 
rnni i igate  ( r e a l )  Reference 

oscopic  image 

P’ 
A 

Main ( v i r t u a l )  
image 

Figure 5 3 .  A hologram with a p a r a l l e l  
re fe rence  beam. 

a - formation of t h e  hologram; b - r e c o n s t i t u t i o n  of a 
v i r t u a l  image f r e e  from aber ra t ions ;  c - r e c o n s t i t u t i o n  of 
a real image f r e e  from aber ra t ions .  
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Object Hologram 

beam 

$ From laser 
Main 

( v i r t u a l )  H.ologram 
image 

- - - - - -  

Reference beam 

Conjugate 
( v i r t u a l )  

image h- Conjugate ( r e a l )  
c - - - - - - - image 

Reference 

image I Main 
beam Hologram 

Hologram Main ( r e a l )  
image 

Figure 54. Lensless  Fourier  transform hologram. 
a - recording; b - recons t ruc t ion  of a v i r t u a l  image f r e e  
from a b e r r a t i o n s ;  c - recons t ruc t ion  of a real Tmage f r e e  
from a b e r r a t i o n s ;  d - recons t ruc t ion  of a magnified real 
image. 
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a 

beam 

Conjugate image 
Reierence b beam - - - - 3  +<- ___--  

Main image 
Hologram 

Figure 55. Fraunhoffer hologram 

a - recording; b - recons t ruc t ion  of an image. 

Hologram 

Figure 56. Device e l imina t ing  t h e  zero-order beam 
and one of t h e  v i r t u a l  images. 
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.- 
‘d’ I n i t i a l  

V i r t u a l  image hologram R e a l  image 

Figure 57. Scheme f o r  contact-free copying of 
holograms. 

H o log  r a m  
3. e -- - - - - - -  

Ob j e c t  Reference beam 
Mirror  

b 
Reference Hologram copy 
beam 

p s  eudos copic  
/ Hologram image . / 

C 

beam R e a l  pseudoscopic 
image 

Hologram copy 

Figure 58. Recons t i tu t ion  of real  pseudoscopic 
images. 

a - recording of f i r s t  hologram; b - recording of second hologram; 
c - r e c o n s t i t u t i o n  of t h e  pseudoscopic real image. 
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Copying of Holograms - /74 

The first papers on obtaining copies of holograms made use of  contact  

p r i n t i n g .  

t h e  s p a t i a l  frequency of  more than 1000 lines/", i t  is  easy t o  understand 

t h a t  even a micron-size gap between t h e  o r i g i n a l  and a photographic p l a t e  is 

inadmissible .  Hovever, i t  has been found t h a t ,  i f  i n  contac t  copying 

one uses laser l i g h t ,  then t h e r e  i s  no n e c e s s i t y  t o  e l imina te  the 

gap between t h e  copy and t h e  o r i g i n a l  completely [ 4 9 ] .  

Considering t h a t  t h e  s t r u c t u r e  of a holographic  p a t t e r n  may have 

I n  fact ,  by i l l u m i n a t i n g  a hologram w i t h  a re ference  l i g h t  beam, w e  s h a l l  

o b t a i n  an  exact copy of  t h e  wave s c a t t e r e d  by t h e  o b j e c t .  I n t e r f e r i n g  wi th  

t h e  zero-order beam, which is an exact copy of t h e  re ference  beam, t h e  wave 

produees an image of s tanding  l i g h t  waves r i g h t  behind t h e  hologram, which i s  

i d e n t i c a l  with t h e  image recorded on t h e  hologram. It is  t h i s  s t r u c t u r e  t h a t  

w i l l  b e  recorded on t h e  hologram copy. 

re ference  beam, we  s h a l l  see both t h e  real and t h e  v i r t u a l  images, s i m i l a r  t o  

t h o s e  given by t h e  i n i t i a l  hologram. 

one simultaneously records t h e  i n t e r f e r e n c e  s t r u c t u r e  which is produced by 

t h e  re ference  beam and t h e  l i g h t  beam going toward t h e  real image. This  

s t r u c t u r e  w i l l  a l s o  give i n  t h e  r e c o n s t i t u t i o n  s t a g e  both t h e  real and t h e  

v i r t u a l  image. 

I f  t h e  l a t t e r  i s  i l lumina ted  with a 

I n  obtaining such a holographic  copy, 

/75 

Thus, a hologram copy w i l l  be  a double hologram. It r e c o n s t i t u t e s  two 

v i r t u a l  and two real images. I f ,  i n  copying, t h e  o r i g i n a l  and t h e  photographic 

p l a t e  are c l o s e  t o  each o t h e r ,  then  both v i r t u a l  images w i l l  coincide.  

Otherwise, t h e i r  doubling w i l l  b e  observed [50]. Schemes of o t h e r  vers ions  

of noncontact copying of holograms a r e  given i n  Figures  57  and 58. 
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57. ON WHAT ARE HOLOGRAMS RECORDED? 

Frequency-Cuntras t Charac te r i s  t i c  

Holography imposed a whole series of s p e c i a l  requirements on photographic /76 
emulsions t h a t  now w i l l  b e  considered here.  

F i r s t  of a l l ,  t h e r e  are requirements on t h e  reso lv ing  power. The highes t  

s p a t i a l  frequency o f  a hologram s t r u c t u r e  may b e  determined from Formula (21). 

It i s  necessary t h a t  t h e  photolayer  reso lve  f r i n g e s  of t h i s  frequency very 

w e l l .  As a l ready  noted (p. 26 , Figure 1 4 ) ,  t h e  photographic emulsion is  a 

nonl inear  receiver, and thus  t h e  d i s t r i b u t i o n  of t h e  t ransmission c o e f f i c i e n t  

over a hologram d i f f e r s  from t h e  i l lumina t ion  d i s t r i b u t i o n  on t h e  photographic 

p l a t e .  However, i n  a d d i t i o n  t o  t h e s e  nonl inear  d i s t o r t i o n s ,  t h e r e  are d is -  

t o r t i o n s  of another  type r e l a t e d  t o  t h e  s t r u c t u r e  of t h e  photolayer.  

Photographic emulsions c o n s i s t  of f i n e  gra ins  of s i l v e r  

h a l i d e  suspended i n  a t ransparent  g e l a t i n e  m a s s .  

i s  d i s c r e t e ,  and c o n s i s t s  of i n d i v i d u a l  black dots .  If  d e t a i l s  of an 

image are comparable i n  magnitude w i t h  t h e  dimensions of t h e s e  p o i n t s ,  they 

become u n i n t e l l i g i b l e .  I n  a d d i t i o n ,  during t h e  exposure of t h e  emulsion, t h e  

l i g h t  i s  s c a t t e r e d  by s i l v e r  h a l i d e  g r a i n s ,  This a l s o  leads  t o  a reduct ion 

of t h e  image c o n t r a s t .  For t h e  reasons enumerated above, t h e  photographic 

l a y e r s  do not  reproduce t h e  s t r u c t u r e  of an image as w e l l ,  i f  i t s  s p a t i a l  

frequency is  higher .  The frequency-contrast  c h a r a c t e r i s t i c  i s  used t o  deter-  

mine these  p r o p e r t i e s  of photolayers.  

Therefore ,  a developed image 

The frequency-contrast  c h a r a c t e r i s t i c  T(v) of a photographic m a t e r i a l  

w i l l  be  defined as a func t ion  descr ib ing  t h e  t ransformation by t h e  emulsion 

l a y e r  of t h e  c o n t r a s t  of t h e  s i n u s o i d a l  d i s t r i b u t i o n  of t h e  exposure superimposed 

on t h e  photographic m a t e r i a l ,  i n t o  t h e  c o n t r a s t  of t h e  photographic image 
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J - - 
Hmin [>: + ;:I J image 1:: - H min object 

T(v) = 

In scientific photography the frequency-contrast characteristic is 

max /77 defined in a somewhat different way: from the measured transmissivities T 
and Tmin with the help of the characteristic curve (see Figure 14) one passes 
to "real" exposures H and H min: maX 

image Hmax + Hmin object 

(39) 
lHmax - Hmin 1 

If the emulsion were a linear receiver, then both definitions would be 
identical. The definition (39) is more convenient in those cases when the 

photographic layer is part of an optical system each element of which has its 

frequency-contrast characteristic. Then to find the complete function of 

contrast transmission, it is enough to multiply the corresponding character- 

istics of all elements together, including the quantity T (v) as well. cp 

In holography it is more conven- 
T(v) 

ient to use the frequency-contrast 

characteristics, defined by Formula ( 3 8 ) ,  

since the brightness of the reconsti- 
' " k i l m  Mikrat - 900 

F i l m  
Mikrat 

500 1000 I500 zoo0 
J,  lines /mm 

tuted holograms of images depends on 

this quantity. 

The form of the frequency-contrast 

characteristics of certain photolayers, 

used in holography [51], is shown in 

Figure 59. Frequency-contrast Figure 59.  It must be noted that the 
characteristics of certain Soviet 
photographic materials. frequency-contrast characteristics 

76 



may change from specimen t o  specimen w i t h i n  a f a i r l y  w i d e  range. 

inspec t ion  of t h e s e  curves shows how r e l a t i v e  is t h e  widely accepted not ion  

of t h e  reso lv ing  a b i l i t y  of a photographic l a y e r .  The not ion  u s u a l l y  denotes 

t h e  l i m i t i n g  s p a t i a l  frequency f o r  which i t  i s  p o s s i b l e  t o  reso lve  t h e  s t r u c -  

t u r e  of an  image. Visua l ly  one can r e s o l v e  a s t r u c t u r e  i f  t h e  c o n t r a s t  is 

about 1% o r  even less. 

a b i l i t i e s ,  bu t  as w e  can see i n  Figure 59, Mikrat-900 provides much b e t t e r  

An 

The photolayer VR and Mikrat-900 have c l o s e  reso lv ing  

c o n t r a s t  than VR beginning wi th  spacing of 200-300 lines/". Therefore ,  I n  /78 
order  t o  estimate t h e  usefu lness  of any photographic material i n  holography, 

i t  is  d e s i r a b l e  t o  determine i t s  frequency-contrast  c h a r a c t e r i s t i c .  

r u l e ,  t h e  l i m i t i n g  s p a t i a l  frequency of  a hologram i s  chosen so t h a t  t h e  

frequency-contrast  c h a r a c t e r i s t i c  w i l l  no t  drop below 5-lo%, although c e r t a i n  

authors  recommend working i n  a region of h igher  c o n t r a s t s  (exceeding 30-50%). 

A s  a 

P a r t i c u l a r l y  high requirements are made on t h e  frequency-contrast  charac- 

t e r i s t i c s  when i t  is  des i red  t o  o b t a i n  thick-layer  (three-dimensional) holo- 

grams. 

neighboring beams is on t h e  order  of 112, i .e . ,  a r e s o l u t i o n  of about 

5000 lines/" i s  required f o r  high c o n t r a s t  (helium-neon laser h 6238 A) 

Such a reso lv ing  a b i l i t y  is  possessed by photographic l a y e r s  of t h e  type 

K O D M  649F o r  any Lippman photographic l a y e r s .  

I n  t h e  case of oppos i te ly  d i r e c t e d  beams t h e  d i s t a n c e  between t h e  

O (10) . 

High-quality two-dimensional holograms may a l s o  b e  obtained on photo- 

It is  only necessary graphic m a t e r i a l s  of much smaller  reso lv ing  a b i l i t y .  

t o  match t h e  s p a t i a l  frequency of a hologram with t h e  c a p a c i t i e s  of a 

photographic l a y e r .  It i s  n a t u r a l  t h a t  t h e  lower t h e  reso lv ing  a b i l i t y  of a 

photographic material ,  t h e  g r e a t e r  is t h e  a r e a  required f o r  a high-quality 

recording of a wavefront i n  t h e  same s o l i d  angle  ( see  Figure 1 7 ) .  I n  t h i s  

('"Considering t h e  f a c t  t h a t  t h e  r e f r a c t i v e  index of photographic g e l a t i n  
is about 1.5. 
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connection one should keep i n  mind the successfu l  a t tempts  a t  obtaining holo- 

grams on low-resolution,but h ighly-sens i t ive  photographic l a y e r s  (P/N Polaroid 

[52] and T r i  X-Panfilm [53]) .  

I n  [52] a holograph w a s  made of a transparency us ing  a scatterer. The 

maximum s p a t i a l  frequency 011 t h e  hologram w a s  no g r e a t e r  than 120 l ines/”,  

and t h e  exposure amounted t o  1/25 sec (helium-neon laser, 10 m i l l i w a t t ,  a 

f i l m  of s e n s i t i v i t y  about 45 GOST u n i t s ) .  

c o n s t i t u t i o n  of a wavefront achieved i n  [53] wi th  a more s e n s i t i v e  f i l m  

(about 400 u n i t s  according t o  GOST). 

m i l l i w a t t , b u t  t h e  recording w a s  done without  a scatterer (see t h e  scheme i n  

Figure 20). Therefore,  t o  make t h e  exposure longer  than 1/400 sec (shor te r  

exposures were not  p o s s i b l e  wi th  t h e  s h u t t e r  used i n  [ 5 3 ] ) ,  t h e  beam had t o  

Of s i m i l a r l y  high-qual i ty  was a re- 

The power of t h e  laser w a s  only 0.25 

be weakened by a f a c t o r  of 1000. The maximum s p a t i a l  frequency of f r i n g e s  

f a l l s  o f f  f o r  t h i s  frequency t o  35%. Table 1 gives  t h e  c h a r a c t e r i s t i c s  of 

/79 

/80 
w a s  70 l ines/”.  The frequency-contrast  c h a r a c t e r i s t i c  f o r  t h e  f i l m  used 

var ious  holographic emulsions, and Table 2 gives  t h e  formulas f o r  t h e  develop- 

i n g  so lu t ions .  

Resolvometry of HolographLC- Photolayers  

To determine t h e  frequency-contrast  c h a r a c t e r i s t i c s  and t h e  reso lv ing  

a b i l i t y  of a l a y e r ,  w e  produce i n  i t  a s i n u s o i d a l  d i s t r i b u t i o n  of i l lumina t ion  

w i t h  d i f f e r e n t  s p a t i a l  f requencies .  Then t h e  images thus  obtained,  c a l l e d  

resolvograms, are s tudied ,  and as a r e s u l t ,  one determines t h e  c o n t r a s t  corre- 

sponding t o  a minimum c o n t r a s t  which may be obtained a t  t h e  noise  level,  

i .e . ,  t h e  reso lv ing  a b i l i t y .  

I n  p r o j e c t i o n  resolvometers,  on t h e  photolayer under i n v e s t i g a t i o n  one 

p r o j e c t s  t h e  image of a test s l i d e  which i s  a s p e c i a l l y  prepared black-and-white 

gra t ing .  The p r o j e c t i o n  method is  convenient f o r  f requencies  less than 600- 

1000 lines/”.  The problem i s  t h a t  t h e  frequency-contrast  c h a r a c t e r i s t i c  of 

t h e  l e n s  which p r o j e c t s  t h e  test  s l i d e  decreases p r a c t i c a l l y  t o  zero f o r  
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TABLE 1. CJ3ARACTERISTICS OF CERTAIN HOLOGRAPHIC EMULSIONS 

Photographic 
material  

Kodak 649F 

Mikrat 700 

P l a t e s  VR 
Film SO-243 

Film Mikrat-300 

Film Panchrom-18 

Diapos i t ive  p l a t e s  

Films of the  f i r m  "Agfa 

Panchrom 

Gever t" Saynt ia  

14 C 70 
14 C 75 
1 0  E 56 
1 0  E 70 
10 E 75 
8 E 56 
8 E 70 
8 E 75 

Agfa Agepan FF Plan-Filu 

Ob j ect , 
;i 

7000 

6400 

6400 

7300 

f < 4 @ J  

730Q 

7006 

70UO 
7500 
5600 
70UU 
7 5co 
5600 
7000 
7.500 

7 00'3 

Object , 
lines/" 

3 0 0  

2800 

2000 

500 

YO0 

250 

1 r)o 

1500 

? N U  
"U 

2bUJ 
3000 
3000 
3 w c  

500 

1 :,oo 

Object , 
degrees 

180 

125 

70-80 

I 9  

11 

9 

3.5 

56 
62 
84 

i 25 

150 

1 80 
IF0 
is0 

19 

S e n s i t i v i t y  , 

(D = 0.5) 

erg/cm 2 

300 0.6328) 

50-100(). 6328) 

50-100 (I. 6328) 

2 (>. 6328) 

- 
0.3  ( I .  6328) 

3 0.6328) 
3 (L 6942) 

50 (I \  4600) 
50 (i. 6328) 
50 (i. 6943) 

200 (A 4800) 
200 (i. 6328) 
200 (A 6943) 

- 

these  f requencies ,  and t h e  l e n s  as  a r u l e  cannot produce an image with 

a high s p a t i a l  frequency. 

Another d i f f i c u l t y  involved i n  p r o j e c t i o n  resolvometry i s  t h a t  t h e  l i n e s  

of the  test  s l i d e  do not  give s i n u s o i d a l  b u t ,  i n s t e a d ,  s t e p w i s e  i n t e n s i t i e s .  

However, t h i s  i s  easy t o  overcome. There a r e  methods of  convert ing t h e  c o n t r a s t  
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TABLE 2. COMPOSITION OF DEVELOPERS FOR PHOTOGRAPHIC 

MATERIALS USED I N  HOLOGRAPH [59] 

- 

Hydro quinone rg 

Metol, g 

Dehydrated s u l f i t e  , g 

Dehydrated soda, g 

Potassium bromide, g 
Water, Z 
up t o  

* 

. 

Mikrat-900 
VR (develo. 
per  UP-2) 

6 

5 

40 

31 

4 

up t o  ' 
~. . -. ~. 

Kodak 649F 
(developer 

D-19) 

8 

2 

90 

52.5 

5 

up t o  1 

Saynt ia  
(developer 
Metinol-I) 

6 

i .5 

25 

7.75 

4 

1p t o  1 

of an image of a " rec tangu1ar" tes t  s l i d e  t o  a s i n u s o i d a l  one [ 5 4 ] .  These methods 

reduce t o  introducing c o r r e c t i n g  c o e f f i c i e n t s  wi th  v a l u e s  c l o s e  t o  u n i t y  i n t o  

t h e  measured c o n t r a s t .  

Laser i n t e r f e r e n c e  resolvometry [55, 561 o f f e r s  much g r e a t e r  p o s s i b i l i t i e s .  

The l i m i t i n g  s p a t i a l  frequency of t h e  i n t e r f e r e n c e  method i s  5000 lines/", and 

t h e  f r i n g e s  e x h i b i t  a s i n u s o i d a l  i n t e n s i t y  d i s t r i b u t i o n .  

ence f r i n g e s ,  two coherent l i g h t  beams a r e  d i r e c t e d  onto t h e  photolayer  a t  

d i f f e r e n t  angles.  The s p a t i a l  f r i n g e  frequency i s  determined from Formula (18). 

Spec ia l  o p t i c a l  schemes have a l s o  been constructed f o r  laser resolvometry 

[57, 581. 

To o b t a i n  i n t e r f e r -  

Using t h e  scheme i n  Figure 60a [57], t h e  workers a t  t h e  A .  F. I o f f e  /81 
Physico-Technical I n s t i t u t e  of t h e  Academy of Sciences of t h e  USSR have devel- 

oped and b u i l t  a laser i n t e r f e r e n c e  resolvometer whose general  form is  shown 

i n  Figure 60b. 
_ _  

~~ ~ * 
T r a n s l a t o r ' s  Note: This i s  t h e  t r a d e  mark f o r  a photographic developer,  
N-methyl-p-aminophenol s u l f a t e .  

80 



U Mirror  

& h i s  of r o t a t i o n  

Figure 60. A laser i n t e r f e r e n c e  resolvometer of t h e  
A.  I?. Ioffe-Physico-Technical I n s t i t u t e  of t h e  
Academy of Sciences of t h e  USSR. 

A c h a r a c t e r i s t i c  f e a t u r e  of t h e  scheme i n  Figure 60a i s  t h e  s i m p l i c i t y  

of t h e  v a r i a t i o n  of s p a t i a l  frequency. This  i s  done by r o t a t i n g  t h e  

mirror-photolayer system about t h e  a x i s  of t h e  d i h e d r a l  angle formed by t h e  

system. The design of t h e  instrument was developed i n  two vers ions:  f o r  re- 
solvometr ic  t e s t i n g  of a 35 m movie f i l m  and f o r  t e s t i n g  photographic p l a t e s .  

The resolvometer i s  used as an adjunct  t o  t h e  LG-36 laser. When t e s t i n g  t h e  

Mikrat-900 f i lms ,  t h e  exposure w a s  about 1/500 sec (with a prel iminary weak- /82 

ening of t h e  laser beam by a f i l t e r  by a f a c t o r  of  3-5). 
photographic material Kodak 649F is t e s t e d  with t h e  same exposure b u t  

without a prel iminary weakening of t h e  beam. 

- 
A less s e n s i t i v e  
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In [56] it was shown that a resolvogram may be considered as a diffrac- 

tion grating, and the contrast of its structure may be judged from the bright- 

ness of diffraction fringes. 
beam, and measuring the ratio of intensities of the first and zero-order fringes 

for various spatial frequencies, one can construct a frequency-contrast charac- 

teristic of a photographic emulsion layer. 

frequency-contrast characteristics shown in Figure 59 [51]. 

By illuminating such a grating with a laser 

This method was used to obtain the 

A rough investigation of a resolvogram can be achieved by looking at a 

bright electric lamp through fields with various spatial densities. 

of diffraction fringes indicates that a given density is resolved by the 

emulsion, and the brightness of the fringes is a measure of the contrast of 

the interference structure. 

A presence 

Sensitivity of Photographic Layers 

In holography the photosensitivity of a photographic layer is of great 

importance. It is precisely this quantity that defines the exposure necessary 

to obtain a hologram. Unfortunately, our conventional methods of testing 

photographic materials in the light of an incandescent lamp (GOST 2817-50) and 

the corresponding GOST units do not permit us to calculate the exposure which 

is necessary in each case. 

materials which are exposed only in monochromatic light should be defined 

using energy units (Joule/cm2 or ergslcm ). 

The sensitivity of holographic photographic 

2 

These units are used in Table 1 to indicate the sensitivity of some 
photographic layers [59, 601. One must keep in mind that the greater the 

number of ergs per 1 cm2, the less sensitive the emulsion is. 
ergs per cm2 given in Table 1 specifies the exposure necessary to obtain the 
optical density D = 0.5. 

emulsion a number of test exposures should be made and accompanied by a photo- 

electric measurement of the illumination in the plane of the hologram. 

The number of 

One can recommend that for each new photographic 

/83 
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For o r i e n t a t i o n  w e  can say  t h a t  Kodak 649F p l a t e s  need t o  b e  exposed f o r  

about one minute when holographing a three-dimensional o b j e c t  about 1 dcm2 i n  

area, using a 20 m i l l i w a t t  helium-neon laser (LG-36). 

Mikrat-900 f i lms  have a s e n s i t i v i t y  which i s  s e v e r a l  t i m e s  g r e a t e r ,  and thus  

need correspondingly s h o r t e r  exposures. 

which i s  approximately two o r d e r s  g r e a t e r  than t h e  s e n s i t i v i t y  of Mikrat-900. 

The VR p l a t e s  and 

The f i l m  Panchrom-18 has  a s e n s i t i v i t y  

It must b e  kept  i n  mind t h a t  n o t  only t h e  s e n s i t i v i t y  of t h e  emulsion, 

b u t  a l s o  its r e s o l v i n g  power are dependent on t h e  wavelength. 

u s u a l l y  f a l l s  o f f  r a p i d l y  toward t h e  "blue" reg ion  due t o  t h e  s c a t t e r i n g  of 

l i g h t  i n  t h e  emulsion. 

t h e  type of t h e  s e n s i t i z i n g  process.  

The r e s o l u t i o n  

The v a r i a t i o n  of t h e  s p e c t r a l  s e n s i t i v i t y  depends on 

Phase . . .  and R-eflection Holograms 

Thus f a r  w e  have descr ibed t h e  a c t i o n  of a photographic p l a t e  a s  a 

medium whose response t o  exposure i s  a change i n  the  transparency, and holograms 

w e r e  considered as amplitude d i f f r a c t i o n  gra t ings .  

One can a l s o  make a phase hologram [7, 611 which i s  a g r a t i n g  i n  which 

t h e  phase of a l i g h t  w a v e  i s  s p a t i a l l y  modulated. 

g r a t i n g  does not  absorb l i g h t .  

duce a zero-order f r i n g e .  Therefore ,  t h e  br ightness  of t h e  images recons t i -  

tu ted  by a phase hologram i s  considerably higher than t h a t  of an amplitude 

hologram. 

A purely phase s i n u s o i d a l  

I n  addi t ion ,  t h i s  type of g r a t i n g  does not  pro- 

Phase holograms are u s u a l l y  obtained by bleaching a developed p l a t e .  

I n  t h i s  process  t h e  p l a t e  becomes t ransparent ,  and only a r e l i e f  of i t s  

s u r f a c e  and v a r i a t i o n s  i n  t h e  r e f r a c t i v e  index c a r r y  t h e  information contained 

i n  them. I n  order  t o  b leach  a p l a t e ,  a f t e r  i t  is  developed and f i x e d ,  w e  

i,mmerse it i n  a s o l u t i o n  of calcium bichromate o r  potassium fer r icyanide .  
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A te t ter  formula ( f o r  Kodak 649F p l a t e s )  i s  given i n  [62]. This  bleaching 

s o l u t i o n  i s  composed of t e n  p a r t s  of  s o l u t i o n  A ,  one p a r t  of s o l u t i o n  B, and 

100 p a r t s  of w a t e r .  

/84 Solu t ion  A Solu t ion  B 

Water - 500 m l  Sodium c h l o r i d e  - 45 g 

Ammonium bichromate - 20 g Water - up t o  1 l i t e r  

Concentrated 
1 4  m l  

Water - up t o  1 l i te r  

- s u l f u r i c  acid 

To produce a hologram with a higher r e l i e f ,  t h e  exposure must b e  

increased several t i m e s  as compared wi th  t h e  exposure necessary f o r  producing 

a n  amplitude hologram. 

Ref lec t ion  holograms [ 6 3 ]  (Figure 61) are a d i f f e r e n t  form of  phase 

holograms. They w e r e  f i r s t  proposed i n  171. R e f l e c t i o n  holograms a r e  ob- 

ta ined  by depos i t ing  a t h i n  m e t a l  l a y e r  on t h e  s u r f a c e  of a n  ord inary  phase 

o r  amplitude hologram possessing a not iceable  r e l i e f .  

equivalent  t o  a r e f l e c t i o n  d i f f r a c t i o n  g r a t i n g ,  and a l s o  g ives  very  b r i g h t  

r e c o n s t i t u t e d  images. 

Such a hologram i s  

I n  [ 6 4 ]  i t  w a s  p o s s i b l e  t o  o b t a i n  prof i le !  phase hclograms t h a t  are 

capable of g r e a t  e f f i c i e n c y  (Figure 6 2 ) .  

t h e  f i r s t  few orders  more than 70% of t h e  i n c i d e n t  l i g h t  with t h e  s p a t i a l  

d e n s i t y  of about 1000 lines/". 

s p e c i a l  photographic thermoplast ic ,  and not on an ord inary  s i l v e r  h a l i d e  

photolayer.  

Such a hologram r e f l e c t s  i n  one of 

However, t h i s  r e s u l t  w a s  obtained on a 

Other Media f o r  Recording Holograms 

A s i l v e r  h a l i d e  photographic emulsion i s  a t  t h e  present  t i m e  t h e  most 

widely used photosens i t ive  medium f o r  ob ta in ing  holograms. This i s  due t o  

t h e  high s e n s i t i v i t y  of t h e  emulsion, t h e  p o s s i b i l i t y  of s e n s i t i z i n g  them 
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Figure 61. A r e f l e c t i o n  hologram 

a - recording; b - r e c o n s t i t u t i o n  of a mirror  v i r t u a l  
image f r e e  of aber ra t ions ;  c - r e c o n s t i t u t i o n  of a mirror  
pseudoscopic real  image, f r e e  of a b e r r a t i o n s .  

Aluminum-coated 
I s u r f a c e  

,Wave sur faces  
of s tanding 
1 i g h t waves 

Figure 62. A p r o f i l e  of a phase ho'lograp obtained 
on a photoconductor 1641. 
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t o  t h e  wavelengths of t h e  most widely used and per fec ted  lasers, longevi ty ,  

and t h e  s t r e n g t h  of t h e  holograms obtained,  as w e l l  as comparatively low 

p r i c e s .  

o f  disadvantages t h e  main of which are: 

t h e  r e c o n s t i t u t i o n  of t h e  image t h e r e  a r e  a t  least  several minutes which i s  

t h e  t i m e  necessary f o r  t h e  chemical t reatment  of t h e  emulsion; 2) a photo- 

graphic  emulsion does n o t  permit m u l t i p l e  use.  

A t  t h e  s a m e  t i m e ,  though, a photographic emulsion possesses  a number 

1 )  Between t h e  end of exposure and 

Both of these  shortcomings mean t h a t  as a r u l e  t h e  photographic methods 

permit one t o  fol low t h e  dynamics of the  pro- 
/86 

of recording holograms do not  

cess i n  "real t i m e " .  

However, t h e  photographic emulsion is not  t h e  only p o s s i b l e  photosens i t ive  

medium f o r  the  recording of holograms. 

been developed and appl ied  a number of o ther  photosens i t ive  media and processes  

which are u s e f u l  i n  holography. I n  t h e  f i r s t  p lace ,  we  must mention r e v e r s i b l e  

photochromatic materials. 

si lver h a l i d e s  [65] and p l a s t i c  o r  l i q u i d  f i lms  with organic  co lor  agents ,  

mostly spiropyrans,  added [66].  

A t  t h e  present  t i m e  t h e r e  have a l ready  

They are of two types - g l a s s e s  with admixtures of 

Photochromatic g l a s s e s  with an  admixture of s i lver  c h l o r i d e  and bromide 

are s e n s i t i v e  t o  b l u e  and u l t r a v i o l e t  r a d i a t i o n .  An admixture of si lver iod ide  

extends t h e  s e n s i t i v i t y  region t o  include t h e  green p o r t i o n  of t h e  spectrum 

( X  5500 A). 

t h e i r  exposure. 

chromatic proper t ies .  

determined by i t s  s t r u c t u r e .  

and are spaced about 1000 1 from one another.  

a l ready  t e s t e d  f o r  hologram recording a b i l i t i e s .  I n  [67] a n  argon laser w a s  

used (power of several w a t t s ,  X 4880 E )  t o  o b t a i n  holograms of a t a r g e t  with a 

scatterer. The image w a s  developed f o r  approximately two minutes. 

s u r e  of more than f i v e  minutes d id  not  i n c r e a s e  t h e  b r i g h t n e s s  of t h e  

r e c o n s t i t u t e d  image any more, s i n c e  t h e r e  w a s  an  equi l ibr ium between t h e  

An i r r a d i a t i o n  of colored g l a s s  with yellow-red l i g h t  a c c e l e r a t e s  

Glass can b e  used many t i m e s  wi thout  any change of i t s  photo- 

The reso lv ing  a b i l i t y  of photochromatic g l a s s  i s  
0 

S i l v e r  h a l i d e  c r y s t a l s  are about 100 A i n  s i z e  

Photochromatic g l a s s e s  w e r e  

The expo- 
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number of the reappearing and disappearing centers of absorption. However, 

one can assume that such an inertia of darkening is due to the low power of 
irradiation, and not to the large time constant of the glass itself. 
the darkening of photochromatic glass was observed during an interval on the 
order of 

In [65] 

sec, the glass being illuminated with an impulse flash 
lamp. 

The author of [67) has used photochromatic silver iodide glass 6.35 mm /87 
in thickness. 
effectiveness of the hologram (brightness of the reconstituted image) was very 

small. 
chromatic glass is by 4-5 orders of magnitude smaller than the sensitivity of 

high-resolution photographic plates. 

The quality of the reconstituted image was very good, but the 

The data given in this paper indicate that the sensitivity of photo- 

In [ 6 8 ]  photochromatic glass was subjected to a preliminary ultraviolet 

illumination, and the holograms were produced with a red helium-neon laser, 
whose radiation has bleaching properties. 
since it allows only a single recording. 
necessary to subject the glass to a preliminary irradiation. However, in 
this process one makes use of the presently more widespread long-wave lasers. 

Such a process is less convenient 
To obtain each new image,it is 

However, the scheme involving decoloration makes it possible to follow 

the dynamics of the process if one alternates in a regular sequence (for 
example, with the help of shutters) an incoherent ultraviolet illumination 
of a hologram, an exposure of the hologram by the object and reference beams, 

and a reconstitution of the wavefront with only one reference beam. 
/88 

Photochromatic organic materials have also found use in recording holo- 

grams [ 6 9 ]  (Figure 6 3 ) .  The time constants of such materials are measured 
in microseconds, the resolution is on the molecular level, the spectral region 

of the sensitivity is usually about 0.3 - 0.5 microns. 

Using the light of powerful impluse lasers, holograms can also be 
obtained on thin layers of materials used for passive Q - switching of 
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Figure 63.  Image of a test TV pattern reconsti- 
tuted with the help of a hologram recorded on 
photochromatic organic film. 

laser cavities. For example, in [70 ]  holograms were obtained on a layer of 
cryptocyanine, deposited on a mica substrate (Ruby laser, illumination 5.10 7 

n 

watt/cmL). 

T o  obtain holograms one can also use thermoplastic and photothermoplastic 

layers. 

to deform under heating when an electropotential relief is produced on their 

surface. Such a relief can be formed, for example, by the cathode ray in a 

television receiving tube. 

In such layers one takes advantage of the property of certain polymers 

Another possibility of obtainjng a potential relief is to introduce a 

photoconducting coloring agent into the thermoplastic or a deposition of a 

photoconducting layer on it. 

in [71]. 

imately one order of magnitude higher than in Kodak 649F photographic plates), 

Holograms on a photothermoplastic were obtained 

Its authors note the high sensitivity of the receiving layer (approx- 
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t h e  high r e s o l u t i o n ,  and a p r a c t i c a l l y  

I n  c o n t r a s t  wi th  photochromatic m a t e r i a l s ,  only t h e  phase holograms can b e  

obtained on a photothermoplastic o r  thermoplast ic  (see p. 8 2 ) .  

complete absence of d i s c r e t e  s t r u c t u r e s .  

Alkal i -hal ide c r y s t a l s  [ 7 2 ]  can a l s o  be used f o r  recording holograms. 

When such c r y s t a l s  are i r r a d i a t e d  wi th  X-rays o r  u l t r a v i o l e t  r a d i a t i o n ,  c e n t e r s  

of absorp t ion  are formed i n  them (so-called F c e n t e r s ) .  

d i s t u r b s  t h e s e  c e n t e r s  and bleaches t h e  c r y s t a l .  The ra te  of bleaching i n c r e a s e s  

with t h e  temperature. Therefore,  t h e  recording of a three-dimensional i n t e r -  

fe rence  p a t t e r n  on c r y s t a l s  is done a t  a n  elevated temperature (about 80' C), 

and t h e  r e c o n s t i t u t i o n  of t h e  wavefront occurs  a t  a low temperature on t h e  

order  of Oo C when t h e  bleaching rate is very small .  

such c r y s t a l  media i s  on t h e  molecular level: 

s i z e  one can record a g r e a t  number of holograms. 

r e c o n s t i t u t e d  independently,  i t  i s  necessary tha t ,dur ing  t h e  recording of each 

hologram, t h e  re ference  beam b e  r o t a t e d  by a small  angle.  

r e c o n s t i t u t i o n  t h e  c r y s t a l  i s  r o t a t e d  i n  the  same way. 

Long-wave r a d i a t i o n  

The reso lv ing  a b i l i t y  of /89 
on a s i n g l e  c r y s t a l  of s m a l l  

I n  order  f o r  them a l l  t o  be 

During t h e  
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98. CERTAIN APPLICATIONS OF HOLOGRAPHY 

Holographic Mofion P i c t u r e s  arid Telev is ion  

The image observed during a r e c o n s t i t u t i o n  of a wavefront i s  s t r i k i n g  i n  

i t s  t rue- to- l i fe  q u a l i t i e s .  The p a r a l l a x ,  b r i g h t  f l a s h e s  from t h e  r e f l e c t i n g  

s u r f a c e s  which move along t h e  objec t  wi th  a change i n  t h e  viewing loca t ion ,  

s t e r e o s c o p i c i t y  of t h e  image, t h e  p o s s i b i l i t y  of ob ta in ing  mult i -color  images , 
a l l  t h e s e  make t h e  prospect of holographic motion p i c t u r e s  and t e l e v i s i o n  

very en t ic ing .  Present-day technology, however, i s  making only t h e  very 

f i r s t  s t e p s  i n  t h i s  d i r e c t i o n .  

Great but  apparent ly  surmountable d i f f i c u l t i e s  s t a n d  i n  t h e  way of 

holographic movies. The main problem i s  a c r e a t i o n  o f  la rge-s ize  holograms 

through which, as i f  through a window, t h e  image could be viewed by a l a r g e  

number of people. These holograms must be “live‘l, i . e . ,  they must change i n  

t i m e  i n  accordance with t h e  changes occurr ing i n  t h e  objec t .  One of t h e  

poss ib le  vers ions  is t o  record many images on a s i n g l e  hologram f o r  d i f f e r e n t  

angles  of t h e  re ference  beam [ 4 ] .  
i s  r o t a t e d ,  t h e  images w i l l  be r e c o n s t i t u t e d  s e q u e n t i a l l y  c r e a t i n g  t h e  e f f e c t  

of motion. The fundamental p o s s i b i l i t y  of r e a l i z i n g  such systems has  a l ready 

been experimentally demonstrated, but  one cannot record more than one o r  two 

dozen of frames on a s i n g l e  two-dimensional hologram. Much g r e a t e r  p o s s i b i l -  

i t ies are i n  t h i s  sense presented by three-dimensional media, f o r  example, 

c r y s t a l s .  However, t h e  dimensions of c r y s t a l  holograms as y e t  are n o t  too  

la rge .  

I f  during t h e  r e c o n s t i t u t i o n  t h e  hologram 

The f u t u r e  holographic  motion p i c t u r e s  w i l l ,  apparent ly ,  be dependent 

on t h e  progress  i n  a development of media f o r  t h e  recording of dynamic holo- 

grams. 

have s m a l l  i n e r t i a  and allow mul t ip le  ( b i l l i o n s  of times!) recording and 

Such media must b e  h ighly  s e n s i t i v e  and possess  a high reso lv ing  power, 
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e r a s i n g  of holograms. Having t h i s  type of recording medium a v a i l a b l e ,  one 

can copy holographic frames on i t  i n  sequence ( see  Figure 6 4 )  using f o r  

t h i s  purpose a powerful impulse laser. 

:at I 11'1, 200 nsec 

Five-frame holographic movie f i l m  c o n s i s t i n g  of s ing le-  
ray (Gabor) holograms of a laser spark. 

Figure 64.  

To obta in  holograms and movie holograms of l ive  o b j e c t s  without damaging 

them i r r e t r i e v a b l y ,  t h e  o b j e c t s  are i l luminated by a d i f f u s i v e l y  s c a t t e r e d  

laser l i g h t  [73] .  H e r e  t h e  i l lumina t ion  of the r e t i n a  can be lowered t o  

s a f e  levels. 

The prospects  of t h e  s c i e n t i f i c  appl ica t ions  of holographic  motion 

p i c t u r e s  are more favorable .  A t  t h e  A. F. I o f f e  Physico-Technical I n s t i t u t e  

of t h e  Academy of Sciences of t h e  USSR an i n s t a l l a t i o n  w a s  set up f o r  a 

supersonic  movie-holography of plasma [ 7 4 ,  751. One of t h e  five-frame holo- 

graphic f i lms of a plasma produced by a laser spark obtained using t h i s  

equipment i s  shown i n  Figure 6 4  [ 7 6 ] .  The movie-holographic i n s t a l l a t i o n  - I 9 1  

does not  conta in  any moving p a r t s .  I t s  a c t i o n  i s  based on using o p t i c a l  

delay l i n e s  [ 7 7 ]  (Figure 6 5 ) .  A l i g h t  impulse from a ruby laser l a s t i n g  

f o r  20-30 nanoseconds traverses many t i m e s  t h e  12-meter pa th  between 

mir rors  A and B and back, each t i m e  forming a hologram of t h e  l a s e r  spark.  

The t i m e  i n t e r v a l  between t h e  holographic frames i s  thus  about 40 nano- 

seconds. O f  course,  by moving t h e  mir rors  A and B c l o s e r  t o  each o t h e r ,  
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one can o b t a i n  movie holograms wi th  

a h i g h e r  frequency of frames. Such 

a system may b e  used f o r  high-speed 

recording of o t h e r  high-speed 

processes ,  f o r  example, t h e  processes 

i n  which s o l i d  bodies  are broken by 

a focused laser beam, exploding w i r e s ,  

e t c .  

Three-dimensional holographic 

t e l e v i s i o n  i s  a l s o  a problem which 

i n  t h e  n e a r  f u t u r e  w i l l  b e  t h e  order  

of t h e  day. I n  a d d i t i o n  t o  t h e  

obvious advantages connected wi th  t h e  

three-dimensionality of an  image , 
w e  m u s t  no te  h e r e  r e l i a b i l i t y ,  i n t e r -  

ference-free recept ion ,  coding of Figure 65. A scheme f o r  ob ta in ing  
double-ray holographic  movies t e l e v i s i o n  messages, p o s s i b i l i t y  of 
of f a s t  processes wi th  an o p t i c a l  
delay l i n e .  t r a n s m i t t i n g  high-cont ras t images , 

etc. 

Technology, however, a l s o  i n  t h i s  case f a c e s  a number of unsolved 

problems. T o  t ransmi t  a high-quality three-dimensional image one needs a 

t e l e v i s i o n  channel wi th  approximately several thousand t i m e s  g r e a t e r  t rans-  /92 
m i t t i n g  a b i l i t y  ( t h e  t ransmission bandwidth) than t h a t  used i n  present  

t e l e v i s i o n  broadcast ing [78]. Progress i n  holographic  t e l e v i s i o n  should,  on 

one hand, b e  expected t o  happen through an i n c r e a s e  of t h e  t ransmission 

capac i ty  of communications channels, and on t h e  o t h e r  - through a reduct ion 

of t h e  amount of information necessary t o  cons t ruc t  a hologram. 

Wide-band communications channels can, apparent ly ,  be set  up using 

laser beams. T o  reduce t h e  amount of information necessary t o  cons t ruc t  a 
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hologram, var ious techniques are p o s s i b l e ,  both those developed f o r  t e l e v i s i o n  

and those t h a t  are pure ly  holographic.  For example, i n  1791 i t  is proposed t o  

t ransmit  over a t e l e v i s i o n  channel no t  t h e  e n t i r e  hologram, but  i n s t e a d  i t s  

narrow h o r i z o n t a l  band. A t  t h e  output  t h i s  band i s  mul t ip l ied ,  and thus a 

f u l l  hologram is  crea ted  which c o n s i s t s  of i d e n t i c a l  h o r i z o n t a l  s t r i p s .  

course,  during t h e  r e c o n s t i t u t i o n  from such a hologram of t h e  wavefront,  t h e  

p a r a l l a x  w i l l  remain only i n  t h e  h o r i z o n t a l  plane.  However, i t  i s  p r e c i s e l y  

t h i s  p a r a l l a x  which is  most important i n  c r e a t i n g  t h e  f e e l i n g  of depth of a 

scene s i n c e  our eyes are i n  one h o r i z o n t a l  p lane  and are n o t  displaced along 

t h e  v e r t i c a l .  The same method may b e  usefu l  i n  holographic movies. A pro- 

j e c t i o n  of a s l i t  hologram may b e  achieved with i t s  simultaneious movement 

a t  a constant  speed [ 8 0 ] .  

Of 

If  one a l s o  removes t h e  h o r i z o n t a l  p a r a l l a x  by composing a hologram 

of i d e n t i c a l  l i t t l e  squares ,  i n s t e a d  of s t r i p s ,  then i t  is  poss ib le  t o  lower 

t h e  amount of t h e  information t ransmi t ted  by approximately t h r e e  orders  of 

magnitude without an excessive d e t e r i o r a t i o n  of t h e  image q u a l i t y  [ 8 1 ] .  
- I 9 3  

I n  holographic  t e l e v i s i o n ,  s i m i l a r l y  a s  it w a s  with holographic  movies, 

one has t o  s o l v e  t h e  problem of recording t h e  dynamic holograms t h a t  a r e  

formed i n  an i n e r t i a - f r e e  way and are a t  once ready f o r  r e c o n s t i t u t i o n .  

However, even today holographic  t e l e v i s i o n  may be u s e f u l  i n  so lv ing  c e r t a i n  

s c i e n t i f i c  problems, e.g. , t h a t  of a h ighly  r e l i a b l e  and in te r fe rence- f ree ,  

although r e l a t i v e l y  slow, t ransmiss ion  of information with t h e  p o s s i b i l i t y  of 

i t s  electr ic  coding, f i l t r a t i o n ,  input  i n  computers, etc. The f i r s t  a t tempts  

i n  t h i s  d i r e c t i o n ,  as imperfect as they a r e ,  have already been made (see ,  

f o r  example, Figure 66 [ 8 2 ] ) .  

Much b e t t e r  r e s u l t s  have been obtained i n  t ransmi t t ing  holograms over  

an i n t e r - c i t y  phototelegraphic  channel [ 831 reso lv ing  approximately one order  

of magnitude more elements t h a n  a s tandard  t e l e v i s i o n  channel. Using t h e  

holograms thus received,images have been r e c o n s t i t u t e d  of l i n e ,  h a l f t o n e ,  

and three-dimensional ob jec ts .  As w a s  t o  be expected, t h e  f a c t  t h a t  t h e  

holograms t ransmi t ted  had only two gradat ions of br ightness  (black and white) 

93 



d i d  n o t  prevent  a c o r r e c t  transmission 

of t h e  tones  of an objec t .  

Three-Dimensional Photography 

W e  a l l  know t h e  classic P e r r i n ' s  

experiments i n  which he determined t h e  

vertical  d i s t r i b u t i o n  of t i n y  gummigutta 

b a l l s  execut ing Brownian movement i n  a 

l i q u i d .  I n  those  experiments P e r r i n  

counted t h e  number of  moving b a l l s  t h a t  

f e l l  i n t o  t h e  v i s u a l  f i e l d  of t h e  micro- 

scope by focusing i t  i n  t u r n  on t h e  
Figure 66. An image reproduced 

using a hologram t ransmi t ted  emulsion l a y e r s  l y i n g  a t  d i f f e r e n t  h e i g h t s .  

over a t e l e v i s i o n  channel. It would b e  very easy t o  make such an 

experiment wi th  t h e  h e l p  of holography. 

During t h e  r e c o n s t i t u t i o n  of t h e  wavefront one can a l s o  s tudy  t h e  emuls.ion 

l a y e r  by l a y e r ,  counting t h e  number of t h e  a l ready  f ixed  p a r t i c l e s  i n  each 

laye r. 

This i s  approximately how a holographic  dysdrometer funct ions.  A dys- 

drometer is an instrument used i n  s tudying moving p a r t i c l e s ,  r a i n  o r  fog 

drople t s ,  snow f l a k e s ,  etc. A hologram i s  recorded w i t h  t h e  h e l p  of an  

impulse laser during an i n t e r v a l  on t h e  o r d e r  of 20 nanoseconds. The three-  

dimensional d i s t r i b u t i o n  of p a r t i c l e s  w a s  viewed i n  t h e  r e c o n s t i t u t i o n  s t a g e  

using a helium-neon laser with a continuous emission. S i m i l a r  equip- 

ment i s  used t o  record p a r t i c l e  t r a c k s  i n  t r a c k  chambers [84, 853. The 

advantages of t h i s  method are obvious: t h e  depth of sharp ly  v i s i b l e  space i s  

increased,  and, consequently, t h e  e f f i c i e n c y  of t h e  camera is  enhanced. 

There is a p o s s i b i l i t y  of separa t ion ,  and f i l t r a t i o n  of t r a c k s  t h a t  have a 

geometry i n t e r e s t i n g  t o  t h e  researcher .  

Holograms can span very l a r g e  angles.  Figure 67 shows schemes f o r  

recording holograms spanning a 360" angle. However, i t  is p o s s i b l e  t o  obta in  
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Cyl indr ic  f i l m  

Figure 67. Schemes f o r  recording 360"- 
angle  holograms. 

360"-angle holograms us ing  the 

ordinary (not a l l - s ided)  l i g h t i n g .  

For t h i s  purpose one must make 

many exposures, each time r o t a t -  

i n g  t h e  o b j e c t  by a s m a l l  angle,  

and during each exposure i l l u m i -  

n a t i n g  a narrow vertical  s t r i p  

of the hologram [ 8 6 ] .  

Three-dimensional p r o p e r t i e s  

of t h e  images r e c o n s t i t u t e d  wi th  

t h e  h e l p  of holograms can be used 

i n  adver t i s ing ,  l e c t u r e  demonstra- 

t i o n s ,  i n  t h e  cons t ruc t ion  of 

a r t i s t i c  panoramas, etc.  F i n a l l y ,  

co lor  holograms, r e c o n s t i t u t e d  i n  white l i g h t  without l a s e r s  w i l l  perhaps - I 9 5  

i n  time rep lace  ord inary  photographs. 

Phone-- and. Radiovision 

Using holography one can s u c c e s s f u l l y  s o l v e  t h e  problem of v i s u a l i z i n g  

a c o u s t i c  waves. The s o l u t i o n  of t h i s  problem i s  of g r e a t  p r a c t i c a l  importance. 

The p o s s i b l e  a p p l i c a t i o n s  of sound holography inc lude  flaw d e t e c t i o n ,  t h e  

obta in ing  of three-dimensional images of  t h e  i n t e r n a l  organs of a l i v e  organism, 

t h e  i n v e s t i g a t i o n  of t h e  r e l i e f  of t h e  sea bottom, phonolocation ( sonar ) ,  

sound navigat ion,  search  f o r  u s e f u l  minerals ,  i n v e s t i g a t i o n  of t h e  i n t e r n a l  

s t r u c t u r e  of t h e  E a r t h ' s  core ,  etc. The recording of sound holograms i s  done 

i n  such a way t h a t  o p t i c a l  r e c o n s t i t u t i o n  i s  poss ib le .  For t h i s  purpose 

one can use t h e  fol lowing methods. 

1. Scanning of sound f i e l d .  A s i g n a l  from t h e  sensor  (microphone, 

piezoelement, e t c . )  modulates t h e  l i g h t  f l u x  forming an o p t i c a l  hologram. 
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Various modif icat ions of t h i s  scheme are poss ib le .  Figure 68 shows one 

vers ion  of the scheme i n  which a signal of t h e  scanning sensor  c o n t r o l s  the 

br ightness  of an a t tached  poin t  lamp [87]. 

t h e  sensor  i s  f,ed t o  a cathode ray tube.  The beam sweeps synchronously w i t h  

a displacement of the sensor ,  and t h e  hologram is photographed from t h e  t u b e  

s c r e e n  [88]. The photography is usua l ly  done w i t h  a s t r o n g  reduct ion  i n  s i z e ,  

s i n c e  t h e  l i g h t  wavelength i s  many t i m e s  s h o r t e r  t h a n  t h e  sound wavelength. 

In  o t h e r  schemes a signal from 

Figure 68. A scheme f o r  obtaining sound holograms with 
a scanning receiver. 

Both single-beam and double-beam vers ions  of sound holography are poss ib le .  

However, t h e  r o l e  of t h e  re ference  sound beam can be played by an e l e c t r i c  

s i g n a l  from a sound generator ,  added t o  t h e  sensor  s i g n a l  [88 ] .  

2. Photography. The ul t rasound f i e l d  may b e  recorded d i r e c t l y  on a 

photographic p l a t e  using t h e  f a c t  t h a t  ul t rasounds i n t e n s i f y  t h e  chemical 

reac t ions  occurr ing when photolayers are developed o r  f ixed.  

graphic p l a t e  t h a t  w a s  f i r s t  uniformly i l lumina ted  but  not  developed w a s  

placed i n  a b a t h  containing a weak h y p o s u l f i t e  s o l u t i o n .  

I n  [89] a photo- 

An u l t r a s o n i c  f i e l d  
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w a s  produced i n  it, and a r a p i d  d i s s o l u t i o n  of s i lver  h a l i d e s  w a s  t a k i n g  

p l a c e a t  t h e  maxima of t h e  sound waves. 

t h e  p l a t e  w a s  developed i n  l i g h t .  A s o n i c  hologram thus  obtained w a s  recon- 

s t i t u t e d  using a l i g h t  beam. I n  t h e  same way one can expose a photographic 

p l a t e  using ul t rasounds i n  a weak developing s o l u t i o n .  The p l a t e  should b e  

previously i l luminated.  The development proceeds much faster a t  t h e  maxima 

of t h e  sound waves than a t  t h e  minima. 

A f t e r  20-30 seconds of s o n i c  exposure 

3. The deformation of t h e  s u r f a c e  of a l i q u i d  under t h e  inf luence  

of sound pressure  (Figure 69).  This method has  t h e  advantage t h a t  i t  permits 

one t o  achieve an o p t i c a l  r e c o n s t i t u t i o n  of t h e  r e f l e c t i o n  hologram simul- 

taneously w i t h  i t s  formation, and thus  fol low t h e  process i n  real  t i m e  [go] .  

Another vers ion  w a s  descr ibed i n  [91]. The s u r f a c e  of a l i q u i d  w a s  coated 

with a thermoplast ic  f i l m  which w a s  deformed by an u l t r a s o n i c  wave, t h e n  i t  

w a s  cooled, and used l a t e r  as a phase o p t i c a l  hologram. I n  t h e  recording 

of u l t r a s o n i c  holograms, use w a s  a l s o  made of a piezoceramic mosaic, i t s  

elements being read by a scanning e l e c t r o n  beam. 

Image of the  
the o b j e c t  

Figure 69. A scheme f o r  ob ta in ing  
u l t r a s o n i c  holograms , making use 
of t h e  s u r f a c e  r e l i e f  of a l i q u i d .  

- /9 7 

F i r s t  s u c c e s s f u l  a t tempts  w e r e  

made t o  obta in  and o p t i c a l l y  recon- 

s t i t u t e  holograms i n  t h e  cent imeter  

and m i l l i m e t e r  por t ions  of t h e  e l e c t r o -  

magnetic spectrum. These experiments 

are of g r e a t  importance f o r  radar .  

The present  radar  methods a r e  a s  a 

r u l e  incapable  of recording t h e  form 

and s i z e  of objec ts .  They only 

i n d i c a t e  t h e i r  presence o r  absence 

i n  t h e  v i s u a l  f i e l d  of radar  antennas.  

Radioholographic methods m a k e  i t  

p o s s i b l e  t o  observe both t h e  form 
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and dimensions of ob jec t s  which i s  very important f o r  t h e i r  recogni t ion .  

Other app l i ca t ions  of microwave holography have a l s o  been proposed. They 

inc lude  t h e  s tudy of t h e  s u r f a c e  of t h e  Ear th  and p l ane t s  from s a t e l l i t e s ,  

o p t i c a l  modeling, and t h e  s tudy  of rad io  antennas.  

Methods of recording microwave holograms are similar t o  methods of 

recording son ic  holograms involv ing  scanning. Thus, f o r  example, i n  [ 9 2 ]  a 

s i g n a l  from t h e  sensor  w a s  fed onto a screen  of a t e l e v i s i o n  system whose 

s w e e p  w a s  synchronized wi th  t h e  movement of t h e  sensor .  A hologram w a s  

photographed from t h e  sc reen ;  t h e  image w a s  r e c o n s t i t u t e d  i n  laser l i g h t .  

I n  another  paper [ 9 3 ]  a scheme f o r  recording a microwave hologram w a s  s i m i l a r  

t o  the  scheme i n  Figure 68.  The hologram w a s  recorded on an area of 2 x 2 m 

( t h e  wavelength was 3 cm). A c r y s t a l  diode w a s  scanned t h a t  con t ro l l ed  - I 9 8  

t h e  i n t e n s i t y  of a poin t  lamp moving along with i t .  The l i g h t  from t h e  

lamp w a s  p ro jec ted  on a photographic f i lm.  The hologram w a s  reduced a 1000 

t i m e s  (down t o  the  s i z e  2 x 2 mm); t h e  image w a s  r e c o n s t i t u t e d  by means of a 

helium-neon laser ( A  0.63 micron) . 
(11) Holographic In te r fe rometry  

I f  the  hologram is  placed i n  t h e  p l ace  where i t  w a s  exposed, and t h e  

objec t  i s  removed, then  as w e  a l ready know, a l i g h t  wave is recons t i t u t ed  

which i s  s c a t t e r e d  by t h e  ob jec t  during t h e  exposure. I f  t h e  ob jec t  is 

no t  removed, then  one can observe two waves: one coming d i r e c t l y  from t h e  

objec t  and one r e c o n s i t i t u t e d  by the hologram. These waves are coherent and 

can i n t e r f e r e .  I f  any changes occur i n  t h e  o b j e c t ,  f o r  example deformation, 

t h i s  w i l l  have an e f f e c t  on t h e  form of t h e  image - i t  w i l l  be cut  by i n t e r -  

ference f r inges  of equal  pa th  d i f fe rence .  

Thus, i t  is poss ib l e  t o  make l i g h t  waves i n t e r f e r e  that e x i s t  a t  

d i f f e r e n t  t i m e s  (see, f o r  example, [ 3 0 , 9 5 ] ) .  This  was 
~ 

( l l )See a l s o  [ 9 4 ] .  
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impossible u n t i l  holography w a s  invented. I n  an ord inary  non-holographic 

in te r fe rometer  t h e  o b j e c t  under i n v e s t i g a t i o n  must have a p e r f e c t  o p t i c a l  

s u r f a c e  i n  o r d e r  t o  b e  a b l e  t o  produce a beam f o r  comparison wi th  a wavefront 

of t h e  same form without any d i f f i c u l t y .  For example, i n  t h e  Twyman-Green 

in te r fe rometer  (which i s  a modif icat ion of t h e  well-known Michelson's i n t e r -  

ferometer) i n  one of t h e  i n t e r f e r i n g  beams one i n s e r t s  t h e  l e n s  o r  prism 

under i n v e s t i g a t i o n ,  and i n  t h e  o t h e r  - a reference  l e n s  o r  prism. The 

i n t e r f e r e n c e  p a t t e r n  thus  obtained is analyzed f o r  any d i f f e r e n c e s  between 

t h e  p a r t  under i n v e s t i g a t i o n  and t h e  re ference  p a r t .  

Holographic in te r fe rometry  permits an i n v e s t i g a t i o n  of o b j e c t s  of 

i r r e g u l a r  form and even o b j e c t s  r e f l e c t i n g  by d i f f u s i o n .  Any devia t ions  from 

t h e  r e g u l a r  s u r f a c e  of  an  objec t  w i l l  not  a f f e c t  t h e  i n t e r f e r e n c e  p a t t e r n ,  

s i n c e  both i n t e r f e r i n g  waves w i l l  b e  d i s t o r t e d  by them t o  an equal  e x t e n t ,  

t h e  reason being t h a t  t h e  re ference  l i g h t  wave i s  produced by t h e  i n v e s t i -  - /99 
gated objec t  i t s e l f .  The i n t e r f e r e n c e  p a t t e r n  w i l l  be  determined only by 

those  geometric o r  phase changes t h a t  occurred i n  t h e  objec t .  

This method of holographic  in te r fe rometry  i s  very convenient,since it 

makes i t  poss ib le  with t h e  h e l p  of a s i n g l e  hologram of an  objec t ,  obtained 

i n  i t s  i n i t i a l  (undisturbed) s t a g e ,  t o  obta in  interferograms of t h e  objec t  

i n  its many states o r  t o  follow t h e  dynamics of what happens t o  i t  i n  real  

t i m e .  This method, however, r e q u i r e s  an exact repos i t ion ing  of t h e  hologram 

i n  t h e  p lace  a t  which i t  w a s  during t h e  exposure. Sometimes f o r  t h e  same 

purpose t h e  photographic p l a t e  is  t r e a t e d  i n  place,  f o r  which one needs a 

s p e c i a l  device (see  Figure 3 5 ) .  

A much s impler  method involves  double exposure: on a s i n g l e  photographic 

p l a t e  one records two holograms of an objec t ,  f ind ing  i t s e l f  i n  two d i f f e r e n t  

s tages .  I n  t h i s  case i t  is only necessary t o  make s u r e  that t h e  photographic 

p l a t e  w i l l  no t  move during t h e  t i m e  i n t e r v a l  between t h e  two exposures. This 

t i m e  i n t e r v a l  can b e  made very s m a l l ,  f o r  example i n  [95] a laser generated 
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a double g i an t  impulse cons i s t ing  of two peaks spaced by s e v e r a l  microsecocds, 

and t h e  holographic in te r fe rogram r e g i s t e r e d  those  phase changes which 

occurred i n  t h e  ob jec t  during t h a t  t i m e .  

It w i l l  be noted t h a t  t he  requirements on t h e  q u a l i t y  of o p t i c a l  systems 

which are s o  s t r ic t  i n  ord inary  in te r fe rometry  are usua l ly  no t  e s s e n t i a l  i n  

holographic  in te r fe rometry .  Both i n t e r f e r i n g  waves are equal ly  d i s t o r t e d  by 

t h e  imperfect ions of o p t i c a l  p a r t s .  This permits i n t e r f e r e n c e  s t u d i e s  of l a r g e  

ob jec t s  without grea t  l o s s e s  on high-qual i ty  mir rors ,  windows , and l i g h t -  

d iv id ing  p l a t e s .  

One of t h e  more important app l i ca t ions  of holographic  in te r fe rometry  is 

t h e  s tudy of t h e  deformation of ob jec t s  of i r r e g u l a r  shape t h a t  scatter l i g h t  

d i f f u s i v e l y  [ 9 6 ,  971. As a l ready  noted, ord inary  i n t e r f e r e n c e  methods are 

completely powerless. 

F igure  70 [ 9 6 ,  971 t h e  h d a g r a m  must be exposed twice  - before  and a f t e r  

To ob ta in  an imterferogram of t h e  type  shown i n  

t h e  deformation of the ob jec t  took place.  The holographic  in te r fe rogram is  / l o 1  
recorrs t f tuted using t h e  usua l  methods, and t o  compute deformations from t h e  

observed i n t e r f e r e n c e  f r i n g e s  one can use methods descr ibed i n  [ 9 7 ] .  

Holographic in te r fe rometry  can a l s o  b e  used t o  s tudy the  d i s t r i b u t i o n  

of .stresses i n  deformed t r anspa ren t  ob jec t s .  Another of i t s  app l i ca t ions  

involves  the  con t ro l  of dimensions, form, and q u a l i t y  of t he  treatment of 

complex p a r t s ,  f o r  example tu rb ine  blades.  For t h i s  purpose one makes a holo- 

gram of a re ference  p a r t ,  and leaving  i t  where it w a s  exposed, one rep laces  

t h e  re ference  p a r t  wi th  one which i s  t o  be t e s t e d .  Of course,  t h e  i n t e r f e r e n c e  

f r inges  w i l l  also occur when t h e  p a r t s  are abso lu te ly  iden t i ca1 ,bu t  t h e  wave- 

f r o n t s  are not  exac t ly  i n  t h e  same pos i t i on .  

pos i t i ons  of t he  t e s t e d  p a r t s  relative t o  t h e  remaining p a r t s  of t h e  holographic  

system with t h e  g r e a t e s t  poss ib l e  accuracy. 

Therefore ,  one must reproduce t h e  

The holographic method may a l s o  t u r n  out t o  be  u s e f u l  i n  t e s t i n g  p a r t s  

of r egu la r  form, of t en  very l a rge  i n  s i z e ,  f o r  example, i n  t e s t i n g  l a r g e  
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Figure 70. Holographic i n t e r f e r o -  
grams of deformed p a r t s  (a-c). 

a,b - t h e  same p a r t  a t tached  at  
d i f f e r e n t  p o i n t s  [97]. 

astronomical mir rors  o r  o b j e c t i v e s  [98]. 

H e r e  t h e r e  is no n e c e s s i t y  t o  have f o r  

comparison t h e  same reference  mirror .  

A s p h e r i c a l  re fe rence  wave of i d e a l  

form can b e  produced by a point  l i g h t  

source.  

Holographic in te r fe rometry  makes 

i t  p o s s i b l e  t o  s tudy t h e  topography of 

o b j e c t s  having a complex form. 

two methods have been proposed f o r  

t h i s  purpose. The f i r s t  method in- 

volves obta in ing  the  i n t e r f e r e n c e  

p a t t e r n  formed by adding t h e  wave 

s c a t t e r e d  by the objec t  and t h e  same 

wave r o t a t e d  by a small  angle.  For 

t h i s  purpose a hologram is  exposed 

t w i c e ,  bu t  during one of t h e  exposures 

t h e  re ference  l i g h t  source i s  displaced.  

The second method involves  an i n t e r -  

fe rence  comparison between t h e  wave 

s c a t t e r e d  by t h e  objec t  and t h e  same 

wave b u t  of s l i g h t l y  d i f f e r e n t  scale. 

To t h i s  end t h e  authors  of [99] propose 

t o  expose t h e  hologram t w i c e ,  wi th  

d i f f e r e n t  wavelengths. 

I n  [99] 

To o b t a i n  t h e  same r e s u l t  Reference 
[ l o o ]  recommends during one of the  exposures t o  change the  r e f r a c t i v e  index of 

t h e  medium which surrounds t h e  body under i n v e s t i g a t i o n  ( f o r  example, by 

changing t h e  gas pressure  o r  t h e  composition of t h e  immersion l i q u i d ) .  

Some of t h e  very promising appl ica t ions  of holographic  in te r fe rometry  

inc lude  t h e  holographic  s tudy  of v i b r a t i o n s  f i r s t  proposed by Powell and 
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Ste tson  [ l o l l .  When holograms are obtained according t o  their method, t h e  

v i b r a t i n g  ob jec t  is exposed wi th  a l a g  much g r e a t e r  than t h e  per iod of 

o s c i l l a t i o n s .  Here t h e  i n t e r f e r e n c e  s t r u c t u r e  on t h e  hologram i s  produced 

because t h e  objec t  i s  h e l d  a t  extreme amplitude pos i t i ons .  The l i g h t  waves 

s c a t t e r e d  by the  ob jec t  i n  extreme pos i t i ons ,  i n  t h e  r e c o n s t i t u t i o n  s t a g e  

i n t e r f e r e  with each o the r ,  and as a r e s u l t  t h e  image of an ob jec t  t u rns  out  

t o  b e  cut  by i n t e r f e r e n c e  f r i n g e s  of equal  amplitudes (Figure 71). 

such interferograms one can ob ta in  t h e  s p a t i a l  d i s t r i b u t i o n  of the  amplitudes 

of v i b r a t i n g  ob jec t s  of complex form. 

From 

1102 - 

The method of Powell and 

Ste t son  has ,  however, t h e  disad- 

vantage t h a t  i n  add i t ion  t o  t h e  

u s e f u l  exposure when t h e  ob jec t  

is a t  its extreme pos i t i ons ,  t h e  

hologram is  also exposed during 

its motion. The f r a c t i o n  of this 

unwanted exposure, producing no i se  

on t h e  hologram, inc reases  with 

t h e  amplitude of o s c i l l a t i o n s ,  t h e  

3 

Figure 71. Holographic in te r fe rograms of  v i s i b i l i t y  of t h e  i n t e r f e r e n c e  

f r i n g e s  drops accordingly,  and v i b r a t i n g  membranes [loll. 

t h e r e f o r e  the  method t u r n s  out t o  be inapp l i cab le  when t h e  amplitude of o s c i l l a -  

t i o n s  exceeds 3-5 A .  

To e l imina te  t h e  in f luence  of t h i s  e f f e c t ,  [102-1041 and o the r s  have 

proposed a s t robe-holographic  method of i n v e s t i g a t i n g  v ib ra t ions .  

is  exposed only at those  t i m e s  when the v i b r a t i n g  body is i n  e i t h e r  of its 

extreme p o s i t i o n s  (Figure 72). This improved t h e  v i s i b i l i t y  of the in t e r -  

ference f r inges ,  and thus  t h e  l i m i t i n g  amplitude of v i b r a t i o n s  f o r  which it 

is poss ib l e  t o  apply the  method became greater (Figure 73). 

method pe rmi t s  an observat ion of i n t e r f e r e n c e  f r i n g e s  of var ious  amplitudes 

i n  real t i m e  [102, 1031. A hologram of a s t a t i o n a y  ob jec t  is  developed i n  

A hologram 

1103 

The st roboscopic  
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Direction of the magnetic field,l , Coil 

odulator disk 
generator “LA- 

Figure 72. A scheme of the strobe-holographic investigation 
of vibrations. 

Figure 73. 
obtained using the set-up in Figure 72. 

a - with a disk; b - without a disk; c - reconstituted in real time 

Strobe-holographic interferograms of a vibrating plate 

I 
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place,  and then i t  i s  used t o  v i e w  t h e  v i b r a t i n g  o b j e c t  i n  s t roboscopic  l i g h t  

(one f l a s h  p e r  per iod of o s c i l l a t i o n s ) .  

The holographic methods make i t  p o s s i b l e  t o  s tudy  v i b r a t i o n s  of p a r t s  

and instruments  - f o r  example, a c o u s t i c  t ransducers ,  u l t r a s o n i c  sources ,  

v i b r a t i n g  s tands  - and t o  s tudy s u r f a c e  waves. Methods w e r e  proposed of 

discovering i n t e r n a l  d e f e c t s  of p a r t s  from t h e  d i s t r i b u t i o n  of t h e  minima 

and maxima on i t s  sur faces .  

Many new p o s s i b i l i t i e s  are presented by holographic in te r fe rometry  

f o r  s tudying impulse and s t a t i o n a r y  phase inhomogeneities - gas flows, 

f lames,  explosions,  shock waves [30, 951, plasma [14]. The b a s i c  p o s s i b i l i t y  

is t h e  f a c t  t h a t  w e  can now obta in  interferograms of phase inhomogeneities 

contained i n  vessels w i t h  o p t i c a l l y  imperfect w a l l s .  Figure 74 shows holo- 

graphic interferograms,  obtained using the  method of double exposure, of 

s t a t i o n a r y  gas flows i n  t h e  bulb of an e lec t r ic  incandescent lamp and i n  t h e  

flame of a candle. Figures 75 and 76 show interferograms of t h e  plasma of 

a s tandard impulse krypton lamp IFK-2000 [ l 0 5 ] ,  laser spark [75],  krypton 

lamp of super-high pressure  [14],  and t h e  shock wave from a b u l l e t .  

I n  some of t h e s e  cases ,  t h e  volume i n v e s t i g a t e d  w a s  separa ted  from t h e  

e x t e r n a l  medium by o p t i c a l l y  inhomogeneous w a l l s .  Ordinary i n t e r f e r o m e t r i c  

methods do not  permit t h i s  type of i n v e s t i g a t i o n  - t h e  volume under s tudy 

m u s t  be  closed of f  by p lane-para l le l  ( a t  least up t o  A/2) windows. 

Holographic methods make it  p o s s i b l e  t o  obta in  i n t e r f e r e n c e  holograms 

t h a t  span a l a r g e  s o l i d  angle.  During r e c o n s t i t u t i o n  of such holograms a t  

var ious angles,  i t  i s  p o s s i b l e  t o  obta in  information about t h e  s p a t i a l  

d i s t r i b u t i o n  of phase inhomogeneities t h a t  l ack  an a x i s  of symmetry. #en 

i n t e r f e r e n c e  holograms of phase inhomogeneities a r e  obtained, t h e  i n t e r p r e -  /104 
t a t i o n  of t h e  r e s u l t s  i s  made s l i g h t l y  easier i f  - during one o f  t h e  exposures 

- one changes t h e  angle of incidence of t h e  objec t  beam on t h e  hologram. 

This i s  done by i n s e r t i n g  a t h i n  g l a s s  wedge [75] i n t o  t h e  beam, which r e s u l t s  
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Figure 74.  Holographic interferograms 

a - gas flows i n  t h e  bulb of a movie lamp 
(without t h e  wedge); b - t h e  s a m e  but  with 

obtained using t h e  double-exposure method. 

i n  t h e  appearance of i n t e r -  

ference f r i n g e s  p a r a l l e l  t o  

t h e  edge of t h e  wedge ( i n  

t h e  absence of p e r t u r b a t i o n s  

from t h e  i n v e s t i g a t e d  phase 

inhomogeneity) . The f o m  

of t h e  f r i n g e s  produced as 

a r e s u l t  of t h e  combined 

a c t i o n  of both t h e  wedge 

and t h e  inhomogeneity i s  

shown i n  Figures  74,  b y  

75,  a and b. The s a m e  

r e s u l t s  can be obtained by 

r o t a t i n g  t h e  wedge by a 

s m a l l  angle about t h e  

o p t i c a l  a x i s  during one of 

t h e  exposures, o r  by chang- 

i n g  t h e  gas pressure  i n  a 

hollow wedge. 

Methods of holographic 

in te r fe rometry  a l s o  permit 
- 

t h e  wedge; c - candle flame one " to  erase" holographic 

images. For t h i s  purpose, i t  i s  enough during one of t h e  two exposures t o  

in t roduce  a half-wave path d i f f e r e n c e  i n t o  t h e  objec t  o r  re ference  beam. 

The r e c o n s t i t u t e d  waves w i l l  b e  i n  opposi te  phase and w i l l  cancel  each o ther  

[106]. This method may t u r n  out  t o  be u s e f u l  i n  those  cases  when i t  is  

necessary only t o  record changes t h a t  occur i n  t h e  objec t .  During t h e  

r e c o n s t i t u t i o n  of t h e  image of such a d i f f e r e n t i a l  hologram, those  p a r t s  of 

t h e  objec t  t h a t  have n o t  undergone any changes w i l l  no t  be v i s i b l e .  

These a p p l i c a t i o n s  make use  of t h e  real images produced by holograms. 

When a powerful laser i l l u m i n a t e s  a hologram, one can create complicated 
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p a t t e r n s  on t h e  s u r f a c e  

thus  t r e a t e d .  I n  p a r t i c u l a r ,  

holograms have already been 

used f o r  c o n t a c t l e s s  deposi- 

t i o n  o f  microc i rcu i t s .  The 

r e s o l u t i o n  thus  achieved is  

h igher  than when using 

o b j e c t i v e s ,  and t h e  s e r v i c e  

per iod  of a hologram is  

longer  than t h a t  of contact  

p h o t o s t e n c i l s  It is a l s o  

important t h a t  t h e  image 

is  not  a f f e c t e d  by dus t  

p a r t i c l e s  t h a t  have f a l l e n  

on t h e  hologram, cracks,  

and o t h e r  defec ts .  A t  t h e  

same t i m e ,  f o r  contact  and 

p r o j e c t i o n  methods t h i s  

l e a d s  to a defec t .  

/109 

The disadvantage of 

holographic methods i s  t h e  

f a c t  t h e  laser l i g h t  is 

u t i l i z e d  only t o  a l i m i t e d  Figure 75. Interference-holographic  i n v e s t i -  

a - impulse lamp IFK-2000; b - l a s e r  spark;  
c - krypton lamp of super-high pressure.  

v i r t u a l  image and t h e  zero-order beam. 

holograms is considerably higher .  A r e f l e c t i o n  hologram is ,  apparent ly ,  

most conveniently placed i n  a laser resonator  [ lo71  (Figure 7 7 ) .  I n  t h i s  

case, t h e  zero-order beam is completely used t o  maintain t h e  laser emission. 

ga t ion  of a plasma. ex ten t .  A good d e a l  of 

t h e  emit ted energy goes 

i n t o  t h e  formation of a 

The e f f i c i e n c y  of phase o r  r e f l e c t i o n  
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R e s  onat o r 
mir ror  I-- 

- 

Figure 76. A holographic  interferogram of a shock 
wave from a b u l l e t  [95]. 

I \ \ s o l o g r a n i  

Worked 
s u r f a c e  

Ap-p li cat i ons of 

Holography i n  Opt ica l  Technology 

A hologram i s  an o p t i c a l  

equivalent  of an objec t  , s i n c e  

i t  r e c o n s t i t u t e s  an exact  copy 

of t h e  l i g h t  w a v e  coming from 

the  objec t .  Along wi th  t h i s  

Figure 77. A r e f l e c t i o n  hologram as  a wave, t h e  hologram r e c o n s t i t u t e s  
mirror  of a l a s e r  resonator .  an assoc ia ted  wave forming t h e  

r e a l  image of t h e  objec t .  The f r o n t  of t h e  assoc ia ted  wave has a reverse  

r e l i e f ,  and t h e  phase of each p o i n t  of the  wavefront i s  s h i f t e d  by TT r e l a t i v e  

t o  t h e  d i r e c t  r e c o n s t i t u t e d  w a v e  ( t h e  wave forming t h e  v i r t u a l  image). This 

i s  used t o  look through l i g h t - s c a t t e r i n g  obs tac les  (see,  f o r  example, [108]).  

When t h e  real  image of t h e  o b s t a c l e  coincides  wi th  t h e  o b s t a c l e  i t s e l f ,  

r e c o n s t i t u t i o n  of t h e  i n i t i a l  form of t h e  l i g h t  wave occurs,  and thus  an 

undis tor ted  image of t h e  o b j e c t  is obtained. One of t h e  p o s s i b l e  schemes f o r  

accomplishing t h i s  i s  shown i n  Figure 78. The f i r s t  s t a g e  i s  t o  o b t a i n  

a hologram of t h e  scatterer which is focused on t h e  hologram. The second 
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Reference 
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S c a t t e r e r  Hologram 
\ \ 

\ n v “ Y  

Z f  Z f  

Figure 78. 
ob jec t  through a s c a t t e r i n g  medium. 

a - formation of t h e  hologram of t h e  
scatterer; b - viewing of t h e  object .  

Scheme f o r  observing an  

S c a t t e r e r  
/ 

Reconst i tuted 
‘real image 

Figure 79. Scheme f o r  t h e  holographic  
compensation of t h e  d i s t o r t i o n  of a 
wave. 

a - formation of t h e  hologram of t h e  
objec t  and t h e  inhomogeneities; b - 
compensation of inhomogeneities. 

s t a g e  involves  v i s u a l  recons t i tu -  

t i o n  through t h i s  hologram of an 

u n d i s t o r t e d  image of a t ransparency 

loca ted  behind t h e  scatterer [ log] .  

The second scheme f o r  looking 

through a s c a t t e r i n g  medium is  

shown i n  Figure 79 [107]. 

A similar p o s s i b i l i t y  o f f e r e d  

by t h e  assoc ia ted  wave is t o  e l i m i -  

n a t e  t h e  a b e r r a t i o n  of o p t i c a l  

systems (see ,  f o r  example [ l l O l )  . 
For t h i s  purpose, one records a 

hologram of a p lane  wave, d i s t o r -  

t e d  by a b e r r a t i o n s ,  and then uses  

t h e  r e c o n s t i t u t e d  assoc ia ted  wave 

t o  cancel  aber ra t ions .  

Focusing p r o p e r t i e s  of zone / n o  
p l a t e s  have been known f o r  a long 

t i m e ,  bu t  t h e i r  a p p l i c a t i o n  w a s  

l i m i t e d  by t h e  d i f f i c u l t y  of pre- 

parat ion.  Holographic zone p l a t e s ,  

i .e.  , holograms of a p o i n t  source ,  

are simple t o  make and w i l l  f i n d  

a p p l i c a t i o n s  i n  o p t i c s .  Zone p l a t e s  

may be used as focusing elements, 

thus rep lac ing  lenses .  For example , 
a hologram of several p o i n t  o b j e c t s  

may serve as a mul t ip ly ing  o b j e c t i v e  

[ill] . A s  compared with ordinary 
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screens,  such a hologram has  t h e  advantage t h a t  i t  forms a l l  images without  

a p a r a l l a x ,  from t h e  s a m e  viewing pos i t ion .  The a p e r t u r e  of each zone p l a t e  

making up t h i s  type  of hologram i s  determined by t h e  f u l l  s i z e  of t h e  e n t i r e  

hologram. One must, however, n o t  f o r g e t  about t h e  s t r o n g  chromatism of zone 

gra t ings ;  they can only be used i n  monochromatic l i g h t .  

I n  c e r t a i n  a p p l i c a t i o n s  of zone gra t ings ,  i t  is  t h e i r  s t r o n g  chromatism 

t h a t  is u t i l i z e d .  One such a p p l i c a t i o n  involves t h e  compensation of t h e  

chromatic a b e r r a t i o n  of a l e n s  system, and is  based on t h e  f a c t  t h a t  chromatic 

aber ra t ions  of a l e n s  and a zone g r a t i n g  are oppos i te  i n  sign. Another 

appl ica t ion  of t h e  chromatism of holograms involves  prepara t ion  of d i f f r a c t i o n  

g r a t i n g s  [ 7 ] .  As w e  have seen,  t h e  e f f i c i e n c y  of holograms, p a r t i c u l a r l y  of 

phase and r e f l e c t i o n  types ,  may b e  very high. Therefore ,  i t  seems t h a t  holo- 

graphica l ly  made g r a t i n g s  w i l l  wi th  t i m e  rep lace  g r a t i n g s  cu t  by a machine. 

When a holographic g r a t i n g  i s  made, i t  can be given any focusing p r o p e r t i e s  - 
f o r  example, one can obta in  plane holograms t h a t  are s i m i l a r  i n  t h e i r  e f f e c t  

t o  a bent  gra t ing ,  but  devoid of astigmatism which c h a r a c t e r i z e s  t h e  l a t t e r .  
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Ref lec t ion  g r a t i n g s  w i t h  a s i n u s o i d a l  l i n e  p r o f i l e  do not  produce f r i n g e s  

of orders  h igher  than t h e  f i r s t .  This property w i l l  t u r n  out t o  be very 

va luable  f o r  use i n  t h e  vacuum u l t r a v i o l e t  por t ion  of t h e  spectrum, where 

t h e r e  are no methods of s e p a r a t i n g  superimposed s p e c t r a l  o rders .  The 

e f f i c i e n c y  of holographic  d i f f r a c t i o n  gra t ings  may reach 90% [112]. 

P a t t e r n  Recognition 

I n  var ious branches of s c i e n c e  and engineering, one o f t e n  has t o  

s e p a r a t e  a given s i g n a l  from a set of s i g n a l s ,  t h a t  d i f f e r  from i t  t o  a g r e a t e r  
o r  smal le r  ex ten t .  This type of problem is  solved,  f o r  example, by a r a d i o  1112 

opera tor  who s e p a r a t e s  t h e  r a d i a t i o n  from one d e f i n i t e  r a d i o  s t a t i o n  from t h e  

r a d i a t i o n  of thousands of s t a t i o n s ;  by a spectrum analys t  who picks out  t h e  

l i n e s  corresponding t o  a given element from a complex p a t t e r n  of t h e  s p e c t r a l  
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l i n e s  of t h e  specimen analyzed; by a b ib l iographer  t h a t  f i n d s  i n  t h e  immense 

ocean of books and art icles those  t h a t  are of i n t e r e s t  t o  t h e  reader;  o r  by 

a c r iminologis t  comparing f i n g e r p r i n t s  l e f t  a t  t h e  scene of t h e  c r i m e  wi th  

those  i n  a f i l e .  

There i s  an optimal method of so lv ing  such problems. L e t  us consider  

t h i s  problem f i r s t ,  having i n  mind t h e  kind of problems t h a t  a r a d i o  opera tor  

o r  a spectrum a n a l y s t  has  t o  d e a l  with.  

i s  t h e  f a c t  t h a t  e lectromagnet ic  emissions from var ious  r a d i o  s t a t i o n s ,  j u s t  

l i k e  t h e  o p t i c a l  emission of var ious elements,  d i f f e r  i n  t h e i r  frequency 

spectrum. 

f i l t e r ,  t h a t  passes  only t h e  r a d i a t i o n  of c e r t a i n  f requencies .  

What these  problems have i n  common 

I n  each r a d i o  r e c e i v e r  t h e r e  i s  an element, c a l l e d  a frequency 

I n  s p e c t r a l  a n a l y s i s ,  t h e s e  f i l t e r s  are a l s o  sometimes used, bu t  s i n c e  

i t  i s  d i f f i c u l t  t o  make t h e i r  band s u f f i c i e n t l y  narrow, t h e  f i l t r a t i o n  i s  

o f t e n  done i n  t h e  following way. 

decomposed i n t o  a spectrum, i .e.  , the  l i g h t  waves of d i f f e r e n t  f requencies  

are bent  a t  d i f f e r e n t  angles ,  and consequently, they s t r i k e  d i f f e r e n t  p o i n t s  

of t h e  f o c a l  plane. 

of a spectrograph with a prism o r  a d i f f r a c t i o n  gra t ing .  Then t h e  spectrum 

thus obtained i s  compared wi th  t h e  s p e c t r a  of known elements, and t h e  coin- 

c id ing  s p e c t r a l  l i n e s  are i d e n t i f i e d .  

t h e  f o c a l  plane of t h e  spectrograph, one can p l a c e  e x i t  s l i t s  a t  those p laces  

where t h e  l i n e s  of d i f f e r e n t  elements are loca ted ,  and observe t h e  s i g n a l s  

from t h e  photomult ipl iers  pos i t ioned  behind these  slits. 

F i r s t  t h e  r a d i a t i o n  under i n v e s t i g a t i o n  i s  

This opera t ion  is usua l ly  accomplished wi th  t h e  h e l p  

T o  make t h i s  process automatic i n  

This method has  t h e  disadvantage t h a t  n o t  a l l  t h e  l i n e s  of each element 

This means t h a t  t h e  p r o b a b i l i t y  of c ross  

a l i n e  belonging t o  another  element may f a l l  i n t o  t h e  

are separated out ,  bu t  merely one. 

dis turbances i s  high: 

region of t h e  spectrum cut  by t h e  s l i t ,  and thus  t h e  s i g n a l  r e g i s t e r e d  by 

t h e  photomul t ip l ie r  w i l l  be  spurious.  

A b e t t e r  method of f i l t r a t i o n  has a l s o  been proposed. I n  t h e  f o c a l  /113 
plane  of t h e  spectrograph, w e  p lace  a p o s i t i v e  of t h e  spectrum of t h e  des i red  
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element, obtained using t h e  s a m e  spectrograph [113]. Behind t h e  p l a t e ,  w e  

p l a c e  a l i g h t  c o l l e c t o r  and a photomul t ip l ie r  whose s i g n a l  w i l l  now be deter-  

mned by t h e  degree of c o r r e l a t i o n  between t h e  e n t i r e  analyzed spectrum (and 

n o t  j u s t  one l i n e )  and t h e  spectrum of a given element. This system repre- 

s e n t s  an i d e a l l y  matched f i l t e r .  The e f f e c t  of dis turbances and a c c i d e n t a l  

concidence of l i n e s  on t h e  s i g n a l  w i l l  i n  t h i s  case b e  minimal. 

W e  have descr ibed t h i s  process i n  such grea t  d e t a i l ,  because t h e  f i l t r a -  

t i o n  of images using holograms is  done i n  a very similar way, wi th  t h e  only 

exception t h a t  t h e  image is  decomposed i n t o  a spectrum of s p a t i a l  f requencies  

(not t i m e  f requencies)  , where t h e  decomposition (and f i l t r a t i o n )  are done 

simultaneously i n  two coordinates .  

It must b e  noted t h a t  t h e  foundations of t h e  ideas  presented below w e r e  

l a i d  by t h e  German o p t i c i a n  Emst Abbe about a hundred years  ago. The ideas  

w e r e  f u r t h e r  developed i n  [114-1171. 

Each two-dimensional image can be decomposed i n t o  a two-dimensional 

spectrum of s p a t i a l  f requencies .  This opera t ion  corresponds t o  a represen- 

t a t i o n  of an image i n  t h e  form of a set of s i n u s o i d a l  d i f f r a c t i o n  g r a t i n g s  of 

var ious per iods and o r i e n t a t i o n s  (see,  f o r  example, [ 9 ] ) .  Simi lar ly ,  i n  

r a d i o  engineer ing o r  spectroscopy, when a s i g n a l  i s  decomposed i n t o  a spectrum, 

i t  is  represented i n  t h e  form of a set of s i n u s o i d a l  o s c i l l a t i o n s  of var ious 

frequencies  . 

The decomposition of an image of a transparency i n t o  a spectrum of 

s p a t i a l  f requencies  i s  usua l ly  done with t h e  he lp  of a l e n s  ( l e f t  p o r t i o n  of 

Figure 80). Each of t h e  s i n u s o i d a l  g r a t i n g s  i n t o  which one can decompose an 

image a c t s  independently. A g r a t i n g  of l a r g e  s p a t i a l  frequency d e f l e c t s  t h e  

l i g h t  of t h e  f i r s t  few orders  by l a r g e  angles.  These rays are focused wi th  a 

l e n s  L i n t o  a poin t  d i s t a n t  from t h e  c e n t e r  of t h e  plane 2. Gratings wi th  

a smaller per iod give r ise i n  t h e  p lane  2 t o  luminous p o i n t s  less d i s t a n t  
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Figure 80. Formation of a matched 
f i l t e r  and a f i l t r a t i o n  of images. 

Figure 81. S p a t i a l  s p e c t r a  of 
let ters [118] . On t h e  l e f t  - 
a le t te r ;  on t h e  r i g h t  - its 
spectrum. 

a l s o  including i t s  right-hand s ide .  

from t h e  center .  Examples of s p e c t r a  

obtained using t h i s  method are given 

i n  Figure 81. W e  shall n o t  dwell  on 

t h e  mathematical s i d e  of t h e  quest ion;  

w e  only n o t e  t h a t  an opera t ion  per- 

formed on an image i n  t h i s  scheme is 

c a l l e d  a Four ie r  t ransformation.  

W e  s h a l l  i n d i c a t e  t h e  important 

p r o p e r t i e s  of t h e  set-up i n  Figure 80. 

When a t ransparency i s  r o t a t e d  about 

t h e  o p t i c a l  a x i s ,  i ts spectrum w i l l  

a l s o  r o t a t e .  The spectrum a l s o  

changes w i t h  a change of t h e  s c a l e  

of t h e  transparency: i t  is  widened 

when t h e  s c a l e  i s  smal le r ,  and made 

more narrow when t h e  s c a l e  i s  l a r g e r .  

T r a n s l a t i o n a l  motion of a transparency 

i n  plane 1 does n o t  have any e f f e c t  on 

t h e  spectrum. Zero order  f r i n g e s  w i l l  

produce a t  t h e  c e n t e r  of t h e  plane 2 

a b r i g h t  po in t  corresponding t o  t h e  

constant  term i n  t h e  expansion of an 

image i n  a Four ie r  series. 

1115 

Now l e t  us consider  Figure 80, 

It is  not  hard t o  see t h a t  t h e  confocal 

l e n s e s  L1 and L form i n  t h e  plane 3 an inver ted  image of t h e  transparency. 

P lac ing  i n  t h e  plane 2 var ious  f i l t e r s  o r  masks, w e  can pass those of o t h e r  

p a r t s  of t h e  s p a t i a l  spectrum of t h e  o b j e c t ,  and thus  form an image. This 

method is  used, f o r  example, t o  c o r r e c t  an image by weakening o r ,  conversely,  

by revea l ing  high and low s p a t i a l  f requencies  [114]. 

2 

One can i s o l a t e  from 
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t h e  e n t i r e  image only c e r t a i n  d e f i n i t e  d e t a i l s  - f o r  example, only letters 

N from a page of t e x t .  For t h i s  purpose, one must p l a c e  i n  p lane  1 

(Figure 80) a t ransparency of t h e  page of t h e t e x t  t o  b e  analyzed; i n  p lane  2,we 

s h a l l  see its image. 

f requencies  of t h e  l e t te r  N (Figure 81) , then a l l  d e t a i l s ,  except f o r  t h i s  

l e t t e r ,  w i l l  d isappear  from t h e  image of t h e  page. 

I f  now i n  p lane  2 w e  p lace  a f i l t e r  of t h e  s p a t i a l  

This method of s p a t i a l  f i l t r a t i o n  of an image has a b a s i c  disadvantage: 

t h e  f i l t e r  does n o t  conta in  a l l  t h e  information about t h e  objec t  according 

t o  which t h e  l a t t e r  is constructed,  and the  phase information is l o s t  during 

recording. Therefore ,  a l i g h t  s i g n a l  a t  t h e  output  from t h e  system contains  

p a r a s i t i c  components which are superimposed on t h e  images being analyzed, 

and make t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s  more d i f f i c u l t .  

I n  t h e  holographic  method f o r  ob ta in ing  a matched s p a t i a l  f i l t e r  [117],  

t h e  phase information about t h e  objec t  i s  preserved,  and t h e  n o i s e  i s  

sharp ly  reduced. A scheme f o r  obtaining a holographic matched f i l t e r  of 

s p a t i a l  f requencies  i s  represented i n  t h e  left-hand p a r t  of Figure 82. I n  

plane 2, as previous ly ,  a Four ie r  image of a t ransparency placed i n  plane 

1 is  formed, but  as a r e s u l t  of i n t e r f e r e n c e  wi th  coherent n o i s e  produced by 

t h e  wedge, i n  p lane  2 a holographic  d i f f r a c t i o n  gra t ing ,  c a l l e d  a Four ie r  

transform hologram is  formed. Now i t  i s  not  neccessary t o  make a p o s i t i v e  /e 
copy of t h e  hologram f i l t e r .  W e  know t h a t  w i l l  no t  change any p r o p e r t i e s  of 

t h e  hologram. 

When an objec t  is placed i n  plane 1, and a holographic f i l t e r  of any p a r t  

of the  objec t  i s  placed i n  plane 2 ,  w e  s h a l l  see, as before ,  an image i n  t h e  

middle of plane 3 due t o  t h e  zero-order beam. The f i l t e r  w i l l  not  d i s t o r t  i t  

i n  p r a c t i c e ;  i t  w i l l  j u s t  weaken i t  s l i g h t l y .  I n  t h e  images of t h e  f i r s t  few 

orders ,  w e  s h a l l  see b r i g h t  recogni t ion  p o i n t s  whose coordinates  correspond 

t o  t h e  d i s t r i b u t i o n  over t h e  objec t  of those d e t a i l s  which went i n t o  t h e  

formation of t h e  holographic  f i l t e r .  
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The above method of p a t t e r n  

recogni t ion  i n c r e a s e s  i n  r e l i a b i l i t y  

wi th  t h e  complexity of  t h e  objec t  t o  

b e  recognized. S a t i s f a c t o r y  r e s u l t s  

w e r e ,  f o r  example, obtained i n  t h e  

recogni t ion of f i n g e r p r i n t s  [119]. 

Even i f  only a s m a l l  p a r t  of t h e  

f i n g e r p r i n t s  w a s  preserved , t h e  

recogni t ion p o i n t  w a s  s t i l l  s u f f i c i e n t l y  

br ight .  The device whose scheme is 

Figure 82. Obtaining a holographic 
f i l t e r  and p a t t e r n  recogni t ion.  

shown i n  Figure 82 w a s  used as  a b a s i s  f o r  automatic readers  t h a t  are already 

operat ional .  It has been poss ib le  t o  i s o l a t e  o b j e c t s  of c e r t a i n  form o r  di-  

r e c t i o n  on a e r i a l  photographs. Instruments have been developed f o r  processing 

geophysical d a t a ,  e t c .  

The f i l t e r i n g  p r o p e r t i e s  of a hologram w i l l  be  easy t o  understand i f  one 

recalls t h e  r e c i p r o c i t y  r e l a t i o n  between t h e  re ference  and o b j e c t  waves t h a t  

w a s  a l ready mentioned before.  I f  a hologram i s  obtained by exposing a p l a t e  

wi th  l i g h t  from t h e  o b j e c t s  A and B, and then i l lumina ted  by t h e  wave from A, 

w e  s h a l l  see a r e c o n s t i t u t e d  wave from B. Conversely, i f  t h e  same hologram 

is  i l lumina ted  by l i g h t  from B y  t h e  wave s c a t t e r e d  by A w i l l  be r e c o n s t i t u t e d .  

I f  A is  a p o i n t  source,  then  i t s  image w i l l  b e  produced by a hologram only 

when t h e  i l l u m i n a t i n g  objec t  i s  B. A hologram thus  performs t h e  opera t ion  

of recognizing i t s  "own" objec t  [120]. 

s t r u c t  an e n t i r e  image from i t s  p a r t s .  

This p r i n c i p l e  can b e  used t o  recon- 

W e  have already mentioned t h a t  any p a r t  of an objec t  can b e  used as a 

re ference  l i g h t  source  with respect  t o  t h e  remaining p a r t s  of  t h e  objec t  

(and t o  t h e  re ference  source,  i f  i t  was  t h e r e  during t h e  formation of t h e  

hologram). Therefore,  when a hologram is  i l lumina ted  by a p o r t i o n  of t h e  

o b j e c t ,  "phantom" images of a l l  i t s  lacking p a r t s  are r e c o n s t i t u t e d  (see,  

f o r  example, [121 ,  1221). 

1117 - 
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The s i z e  of t h i s  brochure d id  not  allow us t o  discuss  h e r e  many o ther ,  

no less important a p p l i c a t i o n s  of holography - f o r  example, i n  microscopy 

( including e l e c t r o n  microscopy), spectroscopy, i n  recording and s t o r a g e  of 

information. 
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§ 9. WHAT TO READ ON HOLOGRAPHY 

Unfortunately,  thus f a r ,  t h e r e  has  n o t  y e t  been w r i t t e n  a thorough book 

on holography which would g ive  a readable  and w e l l  thought out  theory of t h e  

method, and would descr ibe  i n  d e t a i l  t h e  experimental  achievements and prospects  

of i t s  appl ica t ion .  The book by G. Stroke I l l ]  t h a t  w a s  t r a n s l a t e d  i n t o  t h e  

Russian language, apparent ly  does n o t  m e e t  any of these  requirements,  and may 

create i n  a reader  who i s  n o t  acquainted with t h e  o r i g i n a l  l i t e r a t u r e  an 

i n c o r r e c t  no t ion  of  both the  state of holography and t h e  h i s t o r y  of i t s  

development. The book by S t r o k e  contains  complete t r a n s l a t i o n s  of t h e  f i r s t  

two holographic ar t ic les  by D. Gabor and a survey by I. P. Nalimov on t h e  

appl ica t ions  of holography with a d e t a i l e d  l ist  of l i t e r a t u r e  (up t o  t h e  f i r s t  

t h i r d  of 1967). 

W e  should a l s o  note  t h e  surveys by L. M. Soroko [123] and I. P. Nalimoo 

[124] t h a t  appeared a y e a r  earlier. The la t te r  descr ibes  i n  d e t a i l  the  

research done by E. Le i th  and J. Upatnieks [ 4 ,  51. 

A g r e a t  d e a l  of holographic  l i t e r a t u r e  w a s  surveyed i n  [125]. A l ist  of 

l i t e r a t u r e  up t o  t h e  middle of 1968 i s  given i n  [126]. Surveys of a r t i c l e s  on 

holography are being cons tan t ly  published by Referat ivny Zhumal  “Fizika” i n  

t h e  sec t ion  “Geometrical Physics”.  

no tes  on holography by January of 1969 contained more than 1,000 e n t r i e s .  The /118 

l ist  of l i t e r a t u r e  included i n  t h e  present  brochure contains  a r t i c l e s  and 

books t h a t  are most e a s i l y  a c c e s s i b l e ,  mainly published i n  Russian o r  a v a i l a b l e  

i n  Russian t r a n s l a t i o n .  

A f u l l  l i s t  of t h e  published papers and 

It of ten  happens t h a t  t h e  same proposal  was made simultaneously and 

independently i n  s e v e r a l  l a b o r a t o r i e s .  This w a s  t h e  case, f o r  example, with 

holographic in te r fe rometry ,  s t roboscopic  s t u d i e s  of v i b r a t i o n s  , e t c .  The f a c t  

t h a t  only one of such p a p e r s  i s  mentioned here  i s  i n  no way an attempt a t  

116 



b e l i t t l i n g  t h e  importance of o t h e r s ,  and i s  only due t o  t h e  i m p o s s i b i l i t y  of 

giving a f a i r l y  complete l i s t  of t h e  l i t e r a t u r e  here.  

117 

f 



REFERENCES 

1. Gabor, D. Nature, Vol. 161, 1948, p. 777. 

2. - . Proc. Roy. SOC., London, Vol. A197, 1949, p. 454; t r a n s l a t i o n ,  see 
p. 218 [ll]. 

3.  - . Proc. Phys. SOC., Vol. B64, 1951, p. 449; t r a n s l a t i o n ,  see p. 270 [ll]. 

- 

5. -. 
- 

4. Le i th ,  E. and J. Upatnieks. JOSA, Vol. 53, 1963, p. 1377. 

JOSA, Vol. 54,  1964, p. 1295. 

JOSA, Vol. 51, 1961, p. 1469. 

JOSA, Vol. 52, 1962, p. 1123. 

6. Den-syuk, Yu. N.  Doklady Akademii Nauk SSSR (DAN) , Vol. 144, 1 

7. - . Optika i spek t r ,  Vol. 15 ,  1963, p. 522. 

8. - . Optika i spek t r ,  Vol. 18 ,  1965, p. 275. 

62, p. 12 

9. Landsberg, G. S. Optika (Optics) .  Gostekhizdat ,  MOSCOW, 1957. 

5 .  

10. Konstantinov, B. P. ,  A. N .  Zaydel' ,  V. B. Konstantinov and Yu. I. Ostrovskiy. 
Zhurnal Tekhnicheskoy F i z i k i  (ZhTF) , Vol. 36, 1966, p. 1718. 

11. Stroke,  G. In t roduct ion  t o  Coherent Optics  and Holography. "Mir" Pres s ,  
Moscow, 1967. 

12. Winthrop, I. and C. Worthington. Phys. L e t t . ,  Vol. 15,  1965, p. 124. 

13. Meier, R. W. JOSA, Vol. 56, 1966, p. 219. 

14. Zaudel' ,  A. N . ,  G. V. Ostrovskaya and Yu. I. Ostrovskiy. ZhTF, Vol. 38, 
1968, p. 1405. 

15. Vandewarker, R. and K. Snow. Appl. Phys. L e t t . ,  Vol. 10,  1967, p. 35. 

16. S te t son ,  K. A. Appl. Phys. L e t t . ,  Vol. 11, 1967, p. 225. 

17. Turukhano, B. G. and N.  Turukhano. Optika i s p e k t r ,  Vol. 25, 1968, p. 309. 

18. Montgomery, W. D. Appl. Opt., Vol. 7, 1968, p. 83. 

19. Bragg, W. L. Nature, Vol. 149, 1942, p. 470. 

118 



20. Aris tov,  V. V. ,  V. L. Broude, L. V. Kovd ' sk iy ,  V. K. Polyanskiy, V. B. 
Timofeyev and V. Sh. Shekhtman. DAN SSSR, V o l .  177, 1967, p. 65. 

21. Katalog tsvetnogo s t e k l a  (Catalogue of Colored G l a s s ) .  Compiled by T. I. 
Veynberg. Mashinostroyeniye, Moscow, 1967. 

22. Hamasaki, J. Appl. O p t . ,  Vol. 7, 1968, p. 1613. 

23. Neumann, D. and H. Rose. Appl. Opt. , V o l .  6 ,  1967, p. 1097. 

24. Bols tad,  J. 0. Appl. Opt., V o l .  6, 1967, p. 170. 

25. Casler, D. H. and H. D. P r u e t t .  Appl. Opt., Vol. 10, 1967, p. 341. 

26. Mikaelyan, A. L., M. L. Ter-Mikayelyan and Yu. G. Turkov. Opticheskiye 
generatory n a  tverdom tele (Sol id  State Lasers). Tzdatel ' s tvo 
"Soviet Radio" , Moscow. 1967. 

27. Melroy, D. 0. Appl. O p t .  , Vol. 6 ,  1967, p. 2005. 

28. Born, M. and E. Wolf. P r i n c i p l e s  of Optics ,  London, 1965, p. 69. 

29. Watts, J. K. Appl. Opt. , Vol. 7 ,  1968, p.  1621. 

30. Brooks, R. E . ,  R. Hef l inger  and J. Q. Wuerker. IEEE,  J. Quant. E l e c t r .  
Vol. QE-2, 1966, p. 275. 

- . Zarubezhnaya Radioelektronika,  No. 4, 1967, p. 135. 

31. Gerke, R. R. , Yu. N. Denisyuk and V. I. Lokshin. OMP, No. 7, 1968, p. 22. 

32. Davis, L. W. Appl. Phys. L e t t .  , Vol. 10, 1967, p. 301. 

33. Blombergen, N.  Nelineynaya opt ika  (Nonlinear Optics) .  "Mir" Press  , 
Mos cow , 19 66. 

34. Brooks, R. ,  R. Hefl inger  and J. Wuerker. Appl. Phys. L e t t . ,  Vol. 12,  
1968, p. 302. 

35. Zaydel' ,  A. N . ,  I. I. Komissarova, G. V. Ostrovskaya and L. L. Shapiro. 
FTI P r e p r i n t  (Prepr in t  of Physicotechnical  I n s t i t u t e )  , i m .  A. F. I o f f e ,  
No. 182, 1969. 

36. Gusev, 0. B. and V. B. Konstantinov. ZhTF, Vol. 39, 1969, p. 354. 

37. Worthington, C. JQSA, Vol. 56,  1966, p. 1397 

38. Lei th ,  E. and J. Upatnieks. JOSA, Vol. 57, 1967, p. 975. 

39. Lohmann, A. JOSA, Vol. 55, 1965, p. 1555. 

119 



40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

S t roke ,  G .  and R. Res t r ick .  Appl. Phys. L e t t . ,  Vol. 7, 1965, p. 229. 

Froehly, C. and J. Pas teur .  Rev. opt ique ,  Vol. 46,  1967, p. 241. 

Rukman, G. I. and Yu. I. Filenko. Pis'ma Zhumal  Eksperimental'noy i 
Teoret icheskoy F i z i k i  (ZhETF), Vol. 8, 1968, p. 538. 

C o l l i e r ,  R. and K. Pennington. Appl. Opt., Vol. 6 ,  1967, p. 1091. 

Friesem, A. and R. Fedorowicz. Appl. Opt., Vol. 6 ,  1967, p. 529. 

Lin ,  L. and C. Lo Bianco. Appl. Opt., Vol. 6,  1967, p. 1255. 

Paques, H. Proc. IEEE,  Vol. 54, 1966, p. 1195. 

Ramberg, E. G. RCA Rev., Vol. 27, 1966, p. 467. 

Lin,  L. Appl. Opt., Vol. 6 ,  1967, p. 2004. 

Brumm, D. Appl. Opt., Vol. 5, 1966, p. 1946. 

- . Appl. Opt., Vol. 6 ,  1967, p. 588. 

Mikaelyan, A. L. Golografiya (Holography). I z d a t e l ' s t v o  "Znaniye", 
MOSCOW, 1968. 

Stroke,  G . ,  A. Funkhouser, C. Leonard, G. Indebetouw and R. Z e c h .  JOSA 
Vol. 57, 1967, p. 120. 

Brooks, R. Appl. Opt. , Vol. 6 ,  1967, p. 1418. 

Coltman, J. JOSA, Vol. 44, 1954, p. 468. 

Royer, H. Compt. Rend. , Vol. 261, 1965, p. 5024. 

Zaydel' ,  A. N . ,  V. B. Konstantinov and Yu. I. Ostrovskiy. Zhumal  
nauchnoy i prikladnoy f o t o g r a f i i  i kinematograf ii , Vol. 11 , 1966 , 
p. 381. 

Ostrovskiy,  Yu. I. Author's c e r t i f i c a t e  NO. 199659, 1966. Byu l l e t in '  
Izobr ,  No. 15 ,  1967. 

Ostrovskiy, Yu. I. Author's c e r t i f i c a t e  No. 212751, 1967. Byu l l e t in '  
1zob.r. No. 9 ,  1968. 

- . Author's c e r t i f i c a t e  No. 207018, 1967. Byu l l e t in '  Izobr .  No. 1, 
1968. 

120 



59. P ro ta s ,  I. R. and V. N. Sintsov.  Vliyaniye svoys tv  fotograf icheskogo 
materiala n a  kachestvo izobrazheniya,  vosstanovlennogo i z  gologrammy. 
Lekts iya.  Mater ia ly  shkoly PO g o l o g r a f i i  ( Inf luence of t h e  P rope r t i e s  
of Photographic Material on the Qual i ty  o f  an Image Reproduced from a 
hologram. Lecture .  Material from the holography school ) .  MOSCOW, 1969. 

60. Schul tze ,  D. L a s e r  FOCUS, Vol. 4 ,  No.  11, 1968, p. 23. 

61. Cathey, W. T. JOSA, Vol. 55, 1965, p. 457. 

62. Russo ,  V. and S. S o t t i n i .  Appl. Opt. , Vol. 7, 1968, p. 202. 

63. R ig le r ,  A. K. JOSA, Vol. 55, 1965, p. 1693. 

64. Sheridan, N. K. Appl. Phys. L e t t . ,  Vol. 12,  1968, p. 316. 

65. Armistead, W. and S. Stookey. Science,  Vol. 144, 1964, p. 150. 

66. Savost'yanova, M. V. O M P ,  N o .  5 ,  1966, p. 31. 

- . OMP, No. 4 ,  1966, p. 9. 

67. Kirk,  J .  Appl. Opt. , V o l .  5, 1966, p. 1684. 

68. Powell, R. and J .  Hemnye. JOSA, Vol. 56, 1966, p. 23. 

69. Mikaelyan, A. L . ,  V. N .  Bobrinev and V. V. Shatun. DAN SSSR, V o l .  181, 
No. 5 ,  1968. 

70. Ger r i t s en ,  H. J .  Appl. Phys. L e t t . ,  V o l .  10 ,  1967, p. 239. 

71. Urbach, J .  C. and R. W. Meier. Appl. Opt. Vol. 5 ,  1966,- p.  666. 

72. Bosomworth, D. R. and H. J.  Gerr i t sen .  Appl. Opt., Vol. 7, 1968, p. 95. 

73. Laser FOCUS, Vol. 4 ,  Apr. 1968, p. 43. 

74. Zaydel' ,  A. N. , G. V. Ostrovskaya, Yu. I. Ostrovskiy and T. Y a .  Chelidze. 
ZhTF, Vol. 36, 1966, p. 2208. 

75. Kakos, A.,  G. V. Ostrovskaya, Yu. I. Ostrovskiy and A. N.  Zaydel' .  Phys. 
L e t t . ,  Vol. 23, 1966, p. 81. 

76. Komissarova, I. I., G .  V. Ostrovskaya and L. L. Shapiro. ZhTF, Vol. 38, 
1968, p. 1369. 

77. Ostrovskiy,  Yu. I. Author 's  cer t i f icate  No.  179188, 1963. Byul le t in '  
Izobr .  N o .  4 ,  1966. 

- . Optika i s p e k t r ,  V o l .  21, 1966, p. 620. 

1 2 i  



78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

91. 

92. 

93. 

94. 

Lei th ,  E. , J. Upatnieks,  A. Kozma and N. Massey. J. SOC. Motion P ic tu re  
and Telev. Engrs., V o l .  75, 1966, p. 323. 

- . Russian t r a n s l a t i o n :  Zarubezhnaya r ad ioe lek t ron ika ,  No. 1, 1967, 
p. 142. 

De B i t e t t o ,  D. J. Appl. Phys. L e t t . ,  V o l .  12, 1968, p. 176. 

- . Appl. Phys. L e t t . ,  Vol. 12, 1968, p. 295. 

Lin,  L. H. Appl. Opt., Vol. 7, 1968, p. 545. 

Gurevich, S. B. ,  G. A. Gavrilov, A. B. Konstantinov, V. B. Konstantinov, 
Yu. I. Ostrovskiy and D. F. Chemykh. ZhTF, V o l .  38, 1968, p. 513. 

Konstantinov, B. P . ,  S. B. Gurevich, G. A. Gavrilov, A. A. Kolesnikov, 
V. B. Konstantinov, A. B. Konstantinov, A. A. Rizkin and D. F. Chemykh. 
ZhTF, V o l .  39, 1969, p. 347. 

Komar, A. P. , M. B. Stabnikov and B. G. Turukhano. Doklad na  0b"yedinennom 
seminare PO metodike puzyr'kovykh kamer f i z i k o v  O I Y a I  i TsERNa. 
a ly  seminara (Report t o  t h e  Combined Seminar on Methodology of Bubble 
Chambers by P h y s i c i s t s  of t h e  J o i n t  I n s t i t u t e  of Nuclear Research and 
European Center of Nuclear Research. Seminar Mate r i a l s ) .  Dubna, 1965 , 

Materi- 

p. 7. 

Welford, W. T .  Appl. Opt. ,  Vol. 5, 1966, p. 872. 

King, M. C. Appl. Opt. , Vol. 7, 1968, p. 1641. 

Yoshinao, Aoki. Appl. Opt., Vol. 7, 1968, p. 1402. 

Methera l l ,  A. F. and S. Spinak. Appl. Phys. L e t t . ,  Vol. 13, 1968, p. 22. 

Metheral l ,  A. F. and H. M. A. E l  Sum. Appl. Phys. L e t t . ,  Vol. 11, 1967, 
p. 20. 

Greguss, P. Forschungsfilm, V o l .  5, 1965, p. 330. 

Mueller,  R. and N. Sheridan. Appl. Phys. L e t t . ,  V o l .  9, 1966, p. 328. 

Young, J. and J. Wolf. Appl. Phys. L e t t . ,  Vol. 11, 1967, p. 294. 

Dooley, R. Proc. IEEE,  Vol. 53, 1965, p. 1733. 

Yoshinao, Aoki. Appl. Opt., Vol. 6, 1967, p. 1943. 

Ostrovskiy,  Yu. I. Golograficheskaya in t e r f e romet r iya .  Lekts iya.  
Mater ia ly  shkoly PO g o l o g r a f i i  (Holographic In te r fe rometry .  Lecture.  
Materials from t h e  holography school ) .  MOSCOW, 1969. 

12 2 



95. Hef l inger ,  L., R. Wuerker and R. Brooks. J. Appl. Phys., Vol. 37, 1966, 
p. 642. 

96. Haines, K. and B. Hildebrand. Appl. Opt., Vol. 5, 1966, p. 595. 

97. Aleksandrov, Y e .  B. and A. M. Bonch-Bruyevich. ZhTF, Vol. 3 7 ,  1967, p .  360. 

98. Hilderbrand,  B. P . ,  K. A. Haines and R. Larkin. Appl. Opt., Vol. 6 ,  1967, 
p. 1268. 

99. Hilderbrand,  B. P. and K. A. Haines. JOSA, Vol. 57, 1967,  p. 155. 

100. Shiotake,  N . ,  T.  Tsuru ta ,  Y.  I t o n ,  J.  T s u j i c h i ,  N .  Takeya and K. Matsuda. 
Japan J. Appl. Phys., Vol. 7, 1968, p .  904. 

101. Powell, R. L. and K. A. S te t son .  JOSA, Vol. 55, 1965, p. 1593. 

102. Archbold, G. E. and A. E. Ennos. Nature, Vol. 217, 1968, p. 942. 

103. Zaydel' ,  A. N . ,  L. G. Malkhasyan, G. V. Markova and Yu. I. Ostrovskiy. 
P r e p r i n t  ET1 i m .  A.F. IOffe ,  No. 94,  1968. 

- . ZhTF, Vol. 38, 1968, p. 1824. 

104. Shajenko, P .  and C. Johnson. Appl Phys. L e t t . ,  Vol. 13,  1968, p. 44. 

105. Ashcheulov, Yu. V . ,  A. D. Dynmikov, Yu. I. Ostrovsky and A. N.  Za ide l .  
Phys. L e t t . ,  Vol. 25A, 1967, p. 61. 

106. Gabor, D . ,  G. S t roke ,  R. Res t r i ck ,  A. Funkhouser and D. Brumm. Phys. 
L e t t . ,  Vol. 18, 1965, p. 116. 

107 .  Halimov, I. P. Primeneniye g o l o g r a f i i  (Applicat ion of Holography). 
R e v i e w  i n  [ll] . 

108. Kogelnik, H. B e l l  System Techn. J . ,  Vol. 44, 1965, p .  2451. 

109. Kogelnik, H. and K. Pennington. JOSA, Vol. 58, 1968, p .  273. 

110. Upatnieks, J . ,  A. V.  Lugt and E .  Le i th .  Appl. Opt., V o l .  5 ,  1966, p. 589. 

111. Groh, G. Appl. Opt., V o l .  7 ,  1968, p. 1642. 

112. Shankoff, T. A. and R. K.  Curran. Appl. Phys. L e t t . ,  Vol. 13, 1968, 
p. 239. 

113. Kustanovich, I. M. Materialy X Vsesoyuznogo soveshchaniya PO spekt roskopi i  , 
(Materials from Tenth All-Union Conference 
Vol. 11, 1958, p .  452. 

on Spectroscopy). 

123 

I 



I I I I I  1l11ll11l IIIIIIIII II I 1  II Ill1 II 111 Ill II I 

114. Mareshal' , A. and M. Franson. S t ruk tu ra  opt icheskogo izobrazheniya 
(S t ruc tu re  of an Opt i ca l  Image). " M i r "  P re s s  , Moscow, 1964. 

115. O ' N e i l l ,  E. I n t roduc t ion  t o  S t a t i s t i c a l  Optics .  "Mir" Press  , Moscow, 
1966. 

116. Cutrona, L . ,  E. L e i t h ,  C. Palermo, L. Porce l lo .  I R E  Trans. ,  Vol. IT-6, 
1960, p. 386. 

- . Russian t r a n s l a t i o n :  Zarubezhnaya r ad ioe lek t ron ika ,  No. 10 , 1962, 
p. 3. 

117. Van de r  Lugt, A. V. IEEE Trans. , IT-10, 1964, p. 139. 

118. P e m i c k ,  B . ,  C.  B a r t o l o t t a  and D. Yustein. Appl. Opt., Vol. 6,  1967, 
p. 1421. 

119. Horvath, V . ,  J. Holeman and C. Lemmond. Laser FOCUS, Vol. 3, 1967, 
p. 18. 

120. Gabor, D. Nature, Vol. 208, 1965, p. 422. 

121. C o l l i e r ,  R. and K. Pennington. Appl. Phys. L e t t . ,  Vol. 8, 1966, p. 41. 

122. Rosen, L. and W.  Clark.  Appl. Phys. L e t t . ,  Vol. 10 ,  1967, p. 140. 

123. Soroko, L. M. Uspekhi Fizicheskikh Nauk, Vol. 90, 1966, p. 1. 

124. Nalimov, I. P. Zarubezhnaya rad ioe lek t ronika ,  No. 2,  1966, p. 3. 

125. Chambers, R. and J. Courtney-Pratt. J.  SOC. Motion P i c t u r e  and Telev. 
Engrs., Vol. 75, 1966, pp. 373, 759. 

- . J. SOC. Motion P i c u t r e  and Telev. Engrs., Vol. 76, 1967, p. 392. 

126. Bib l iograf  icheskiy  ukaza te l '  P O  g o l o g r a f i i  (Bib l iographica l  Index t o  
Holography). OIYaI ( Jo in t  I n s t i t u t e  f o r  Nuclear Research) , Dubna, 
196 8. 

Trans la ted  f o r  Nat iona l  Aeronautics and Space Adminis t ra t ion under Contract  
N M w  2035 by SCITRAN, P. 0. Box 5456, Santa  Barbara, Ca l i fo rn ia  93108. 

124 F-706 - 6  



N A T I O N A L  AERONAUTICS A N D  SPACE A D M I S T R A T I O N  
WASHINGTON.  D.C. 20546 

POSTAGE AND FEES PAID 
NATIONAL AERONAUTICS AND 

SPACE ADMINISTRATION 

FIRST CLASS MAIL USMAlL 

O F F I C I A L  BUSINESS 
PENALTY FOR PRIVATE USE S3GO 

019 001 C1 U 16 720310 S00903DS 
DEPT OF THE A I R  FORCE 
AF WEAPONS LAB ( A F S C )  
TECH LTBRARY/WLDL/ 

KIRTLAND A F R  NM 87117 
ATTN: E LOU BOWMAN, C H I E F  

. :. , 
POSTMASTER: If Undeliverable ( Section 158 

Porn1 Manual ) Do Nor Return 

“The aeronautical and space activities of the United Stntes shall be 
conducted so as to  contribute . . . to  the expansion of hunzan knowl- 
edge of phenoiiiena in the atmosphere and space. The Administration 
shall provide for the widest prncticable and appropriate dissemination 
of inforviation concerning its activities and the results thereof.” 

-NATIONAL AERONAUTICS AND SPACE ACT OF 1958 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: ‘Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. 

TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include conference proceedings, 
monographs, data compilations, handbooks, 
sourcebooks, and special bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization R~~~~~~ and 
Technology Surveys. 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 

Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Wishington, D.C. PO546 


