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THE CREATION OF HOLOGRAMS UTILIZING FIBER OPTICS

Abdul Rahim Omar, M.A.

W estern M ichigan U n iv e rs ity , 1981

Holography in v o lv e s  th e  in te r f e r e n c e  o f two l i g h t  beams, namely 

a re fe re n c e  beam and an o b je c t beam. In s te ad  of th e  c o n v en tio n a l 

method using  beam s p l i t t e r s  and m ir ro rs  t o  d i r e c t  th e  l i g h t  p a th , 

f ib e r  o p tic  bundles a re  used and h igh  q u a l i ty  hologram s have been p ro ­

duced. When f ib e r  o p t ic  bund les a re  u sed , a  s p a t i a l  f i l t e r  i s  n o t 

needed to  produce a  " c le a n "  beam of l ig h t  fop th e  re fe re n c e  beam.

F iber o p tic  bundles a l s o  p ro v id e  g re a te r  f l e x i b i l i t y  of i l lu m in a tio n  

fo r  th e  o b jec t beam a n d /o r f o r  th e  re fe re n c e  beam. A lso , i t  i s  

e a s ie r  to  i l lu m in a te  th e  o b je c t from many d i r e c t io n s .  F in a l ly ,  th e  

d is ta n c e  from th e  e n tra n c e  to  e x i t  in  th e  f ib e r  o p t ic  bund le  i s  un­

changed. T h e re fo re , th e  o p t ic a l  path  of th e  bundle rem ains unchanged, 

p re serv in g  th e  coherency in h e re n t in  th e  l a s e r  beam.
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CHAPTER X

INTRODUCTION

The u se  o f a  le n s  to  image an o b je c t i s  one o f  th e  o ld e s t  p r in c ip le s  

in  o p tic s  and photography. In  th e  l a t e  1 9 4 0 's , a  new method of form ing 

o p t ic a l  images w ith o u t a  le n s  was developed and t h i s  new tech n iq u e  was 

c a l le d  ho lography.

Holography was in v en ted  w ith  a s p e c i f ic  a p p l ic a t io n  in  mind -  to  

improve th e  re so lv in g  power of e le c tro n  le n s e s .  The p o te n t ia l  o f h o lo ­

graphy, however, f a r  exceeds t h i s  o r ig in a l  u s e . W ith ho lography , we 

can rec o rd  a  r e a l i s t i c  th re e -d im e n sio n a l image on f ilm  and th en  s tudy  

i t s  d e t a i l s  l a t e r .

I t  i s  th e  in te n t io n  o f t h i s  re s e a rc h  to  in tro d u c e  a  new method fo r  

making a  hologram . P re s e n tly , to  make a  hologram , a h ig h ly  s ta b le  sy s­

tem f r e e  o f v ib r a t io n  i s  needed. In  a d d i t io n ,  coherency and p a th  

le n g th s  p la y  an im portan t r o le  in  th e  p ro d u c tio n  o f a  h ig h  q u a l i ty  h o lo ­

gram. One of th e  m ajor g o a ls  of t h i s  re s e a rc h  i s  to  reduce  th e  n o is e  

produced by th e  l a s e r  in  th e  re fe re n c e  beam, which e v e n tu a lly  w i l l  r e ­

s u l t  in  a  h ig h e r q u a l i ty  image being produced upon re c o n s tru c tio n  of 

th e  hologram . F urtherm ore , th e  p o s s i b i l i t y  w i l l  be in v e s t ig a te d  of 

u s in g  f ib e r  o p tic  bund les as a  rep lacem ent f o r  th e  b e a m - s p l i t te r ,  m ir ro rs  

and s p a t i a l  f i l t e r  which a re  cu sto m arily  used t o  g u id e  bo th  th e  o b je c t 

beam and th e  re fe re n c e  beam to  th e  f i lm . These f l e x i b l e  f ib e r  o p tic  

bundles have many advan tages over th e  t r a d i t i o n a l  o p t ic a l  components 

which a re  commonly used in  th e  p ro d u c tio n  o f hologram s.

1
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CHAPTER I I

HISTORICAL DEVELOPMENT OF HOLOGRAPHY

Photography b a s ic a l ly  p ro v id es  a  method of rec o rd in g  a  two-dimen­

s io n a l  i r r a d ia n c e  d i s t r ib u t io n  o f an image. Each "scene*' c o n s is ts  of 

a  la rg e  number of r a d ia t in g  and r e f l e c t i n g  p o in ts  of l i g h t .  The waves 

o f each of th e se  p o in ts  a l l  c o n tr ib u te  to  a com plete wave which i s  

tran sfo rm ed  by an o p t ic a l  le n s  in  such a  way th a t  i t  c o lla p se s  in to  an 

image of th e  r a d ia t in g  o b je c t .  T h is  image i s  th en  reco rded  onto  a 

ph o to g rap h ic  em ulsion. B a s ic a l ly ,  th e  le n s  cau ses  each p o in t in  th e  

scene to  c o n tr ib u te  l i g h t  to  on ly  one p o in t in  th e  f ilm .

In  ho lography , however, no le n s  i s  used and each p o in t in  th e  

scene c o n tr ib u te s  l ig h t  to  every  p o in t in  th e  f i lm . The o b je c t waves 

a re  reco rd ed  in  such a  way th a t  a  subsequen t i l lu m in a tio n  of t h i s  r e ­

cord  se rv es  to  re c o n s tru c t th e  o r ig in a l  waves, even in  th e  absence of 

th e  o r ig in a l  o b je c t .  The p h o tog raph ic  re c o rd , c a l le d  a hologram , b e a rs  

no resem blance to  th e  o r ig in a l  o b je c t  bu t c o n ta in s  in  th e  form of an 

o p t i c a l  code a l l  th e  in fo rm atio n  o f th e  o b je c t and looks l i k e  a  hodge­

podge o f sp ecks, b lo b s , and w horls upon th e  developed f i lm .

The p ro g ress  o f holography can be d iv id ed  in to  th re e  p e r io d s . In  

th e  f i r s t  s ta g e , th e  aim was to  rec o rd  w avefron ts  d i f f r a c te d  from c r y s t a l s  

t h a t  had been i r r a d ia te d  w ith  x - r a d ia t io n  o r e le c tro n  waves and, upon 

re c o n s tru c tio n  w ith  v i s ib l e  l i g h t ,  produce a h ig h ly  m agn ified  image of 

th e  c r y s t a l  l a t t i c e .  However, th e  d i f f i c u l t y  in  re co rd in g  th e  phase o f 

th e  r a d ia t io n  h indered  f u r th e r  p ro g re s s . The second s ta g e  began in  th e  

l a t e  1 9 4 0 's  when Dennis Gabor (1948) so lved  th e  b a s ic  problem of re c o rd in g

' 2 . ■

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3
th e  phase of th e  wave a s  w e ll as  i t s  am p litude . During th a t  p e r io d , 

th e  re so lv in g  power o f th e  e le c tro n  m icroscope f e l l  sh o rt of re s o lv in g  

atom ic l a t t i c e s ,  sim ply du§ to  th e  s p h e r ic a l  a b e r ra t io n  of th e  e le c tro n  

le n s e s . However, Gabor r e a l iz e d  th a t  an a b e rra te d  image formed w ith  

coheren t r a d ia t io n  s t i l l  co n ta in ed  a l l  of th e  in fo rm atio n  about th e  

s t r u c tu r e  of th e  o b je c ts ,  p rov ided  bo th  th e  am plitude and phase d i s ­

t r ib u t io n  in  th e  image could  be reco rd ed . U n fo rtu n a te ly , in  a " re g u la r  

pho tog raph ,"  th e  f ilm  re c o rd s  on ly  in te n s i ty  and th e  phase i s  l o s t .

Gabor argued th a t  th e  phase was l e f t  out because th e re  was n o th in g  to  

compare i t  w ith . Thus, he in tro d u ced  a known wave as  a  phase s ta n d a rd .

I t  was t h i s  c o n s id e ra tio n  th a t  e v e n tu a lly  le d  him to  in v en t th e  te ch n iq u e  

of holography. His id e a  was to  reco rd  th e  a b e rra te d  image superim posed 

on a s tro n g  coheren t background of e le c tro n  waves. He then  a ttem p ted  

to  en la rg e  th e  image by a r e c o n s tru c tio n  p ro cess  w ith  lo n g e r w avelength  

v i s i b l e  l ig h t  in s te a d  o f th e  s h o r te r  w avelength e le c tro n  waves. Gabor 

d id  n o t succeed in  im proving th e  re so lv in g  power of th e  e le c t ro n  m ic ro ­

scope but h is  h o log raph ic  p ro ce ss  has re v e a le d  f a r  more p o te n t ia l  th an  

one would have imagined a t  t h a t  tim e . G abor’s concept of a re fe re n c e  

beam s tim u la ted  renewed i n t e r e s t  in  ho lography. Gordon Rogers (1950) 

developed th e  im age-form ing p r in c ip le  in  term s of F re sn e l z o n e -p la te  

th e o ry . H aine, Dyson and Mulvey (1952) in tro d u ced  th e  " tra n sm iss io n  

m ethod," whereby le n se s  were used between th e  o b je c t and th e  hologram  

to  m agnify th e  d i f f r a c t i o n .  T h is  in c reased  th e  e f f e c t iv e  r e s o lu t io n  

of th e  photographic  p la te  and a ls o  improved on th e  arrangem ents to  in ­

c re a se  i t s  s t a b i l i t y .  P a r a l le l in g  th e se  e a r ly  a tte m p ts , El-Sum (1952) 

produced an a r t i f i c a l  x - ra y  hologram  of a  th in  w ire  and managed to
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o b ta in  a  reaso n ab le  r e c o n s tr u c t io n ,  p rov ing  a t  l e a s t  th e  f e a s i b i l i t y  

o f x -ra y  holography. In  1956, in  Germany, Lohmann was th e  f i r s t  to  

apply  communication th e o ry  tech n iq u es  to  holography and suggested  a 

s in g le -s id eb an d  method f o r  removing th e  " tw in -im ag e ,"  one of th e  r e s id u a l  

d e fe c ts  of th e  p ro c e ss .

I n te r e s t  in  ho lography  waned in  th e  m idd le  1 9 5 0 's , a lth o u g h  a c t iv ­

i t i e s  never com pletely  c ea sed . Some o f th e  l im i t a t i o n s  to  e a r ly  h o lo ­

graphy were th e  la c k  o f an in te n s e ,  co h eren t so u rc e , long  exposure tim es 

of th e  o rd e r of h o u rs , and r e l a t i v e l y  poor im agery due m ain ly  to  th e  

p resence of a  " tw in -im ag e ,"  which occurs because  th e  re c o rd in g  p ro cess  

i s  s e n s i t iv e  only  t o  th e  i n t e n s i t y  of th e  in c id e n t  r a d ia t io n .  As a 

consequence, th e  re c o n s tru c t io n  p ro cess  n o t o n ly  r e c r e a te s  th e  o r ig in a l  

wave, i t  a lso  c r e a te s  a  co n ju g a te  wave th a t  under i l lu m in a tio n  form s 

an image in  m ir ro r  symmetry to  th e  " t ru e "  image w ith  r e s p e c t  to  th e  

p lane  of th e  hologram . E i th e r  image must be viewed a g a in s t  th e  o u t-o f ­

focus background o f th e  o th e r ,  and th e  r e s u l t  i s  a  n o isy  image.

The th i r d  s ta g e  of holography developm ent began in  th e  e a r ly  1960's  

when h igh  q u a li ty  h o lo g rap h ic  imagery was dem onstra ted  by L e ith  and 

U patnieks (1962, 1963, 1964). The beg in n in g s of t h i s  s ta g e  co incided  

in  tim e w ith  th e  developm ent of th e  f i r s t  l a s e r s .  L e ith  and U patn ieks, 

w ith  t h e i r  new s e t-u p  w hich used an o f f - a x i s  re fe re n c e  beam, were ab le  

to  com pletely  e l im in a te  th e  "tw in  image" problem . In  th e  re fe re n c e  

beam method a  b e a m - s p l i t te r  i s  used to  d iv id e  th e  o r ig in a l  l a s e r  beam 

in to  two p a r ts  c a l le d  th e  re fe re n c e  beam and th e  o b je c t beam. These 

two beams a re  th en  b rough t to g e th e r  a t  an an g le  to  form an in te r fe re n c e  

p a tte rn  on th e  hologram . The r e s u l t in g  hologram  behaves l i k e  a
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d i f f r a c t i o n 'g r a t i n g ,  producing s e v e ra l  n o n -o v e rlap p in g  d i f f r a c te d  

o rd e rs . The z e ro -o rd e r  wave produces th e  u s u a l in s e p a ra b le  " tw in - 

image" w hich, in  com bination w ith  o th e r d e f e c ts  of i n - l i n e  ho lography, 

r e s u l t s  in  poor im agery. But each  f i r s t - o r d e r  d i f f r a c te d  wave produces 

an image of h ig h -q u a l i ty .  L e ith  and U patn ieks f i r s t  d e a l t  w ith  o b je c ts  

which were d a rk  l e t t e r s  a g a in s t  a  t r a n s p a r e n t  background. They then  

extended th e  e f fe c t iv e n e s s  o f t h e i r  p ro cess  to  two ty p e s  o f  o b je c ts  

which a re  n o t s u i ta b le  fo r  th e  c o n v en tio n a l w avefront re c o n s tru c tio n  

te ch n iq u e . These a re  o b je c ts  which do n o t tra n s m it a s tro n g  back­

ground wave ( e . g . ,  t r a n s p a re n t  l e t t e r i n g  a g a in s t  a  d a rk  background) 

and co n tin u o u s -to n e  o b je c ts .  The s l i g h t e s t  speck o f  d u s t on th e  le n se s  

o r  m ir ro rs  gave r i s e  to  i t s  own hologram , red u c in g  th e  e f f e c t iv e  ap er­

tu r e  of th e  hologram  and re c o n s tru c tin g  i t s e l f  as n o is e .  The in v en tio n  

o f th e  l a s e r  w ith  i t s  g re a t  in t e n s i t y  p e rm itte d  enormous q u a n t i ta t iv e  

advances in  ho log raphy , namely la r g e r  hologram s and la r g e r  o b je c ts .

The most s t r ik in g  c o n tr ib u tio n  o f th e  l a s e r  i s  th e  fo rm atio n  of a 

t r u l y  th re e -d im e n s io n a l image. L e ith  and U p atn ieks a ls o  in troduced  

th e  concept of d i f f u s e  i l lu m in a tio n  ho log raphy . D iffu s in g  th e  l ig h t  

th a t  i l lu m in a te s  th e  o b je c t e f f e c t iv e ly  cau ses  each p o in t of th e  o b jec t 

to r a d ia te  a  s p h e r ic a l  w av efro n t, hence th e  in fo rm a tio n  concern ing  each 

p o in t of th e  o b je c t i s  sp read  ou t over th e  whole hologram . The s t r i k ­

ing f e a tu r e  of a  hologram made o f o b je c ts  so i l lu m in a te d  i s  th a t  th e  

r e c o n s tru c tio n  can be viewed w ith o u t o p t i c a l  a id  and i s  viewed through 

th e  hologram  a s  i f  i t  were a  window. The o b je c t ap p ears  behind th e  

window j u s t  a s  in  th e  o r ig in a l  scene  and one may v iew  th e  com plete 

scene from a w ide range o f p e r s p e c t iv e s .  W ith t h i s  new d if f u s e  -
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i l lu m in a tio n  hologram tech n iq u e , th e  s u p e rp o s it io n  of more th an  one h o lo ­

gram on a  s in g le  pho tograph ic  p la te  i s  p o s s ib le .  T h is  concept le d  to  

develop ing , a:m ethod of m u ltic o lo r  ho lography u s in g  coheren t l i g h t  in  .. 

each  of th e  th re e  prim ary  c o lo rs ,  each w ith  i t s  own re fe re n c e  beam.

About th e  same tim e , Denisyuk (1963) in tro d u ce d  a new concept in to  

ho log raphy , th e  "volume hologram ," which combines holography w ith  th e  

Lippman c o lo r  p ro c e ss . O bject beam and re fe re n c e  beam a re  in tro d u ced  

from o p p o s ite  s id e s  of th e  reco rd in g  p l a t e ,  which c o n ta in s  a  th ic k

la y e r  of h ig h - re s o lu t io n  em ulsion. The hologram , because of i t s  wave­

le n g th  s e l e c t i v i t y ,  can be viewed in  w h ite  l i g h t .  There a re  some

m ajor draw backs. F i r s t l y ,  th e  dep th  o f any scene i s  l im ite d  s in c e  a

" th ic k "  em ulsion i s  on ly  about 15 m icrom eters  th ic k  and can form only 

a  l im ite d  number of in te r fe re n c e  p o in ts .  S econd ly , i t  can be viewed 

o n ly  w ith  a  b r ig h t-p o in t  source o f l i g h t ,  such as  a sm all h ig h - in te n -  

s i t y  lamp. R ela ted  work was done by van Heerden (1963) concern ing  

th re e -d im e n s io n a l o p t ic a l  s to ra g e . L arge amounts of in fo rm atio n  can 

be s to re d  in  "bu lk" as i f  every  l i t t l e  cube w ith  s id e s  eq u a l to  th e  

w avelength  of T ig h t a c ts  a s  an independent in fo rm a tio n  s to ra g e  c e l l ;  

i t  i s  p a r t i c u la r ly  s u i ta b le  fo r  a s s o c ia t iv e  m em ories, in  which a f a s t  

s e a rc h  f o r  -a s p e c if ic  p ie ce  o f in fo rm a tio n  i s  p o s s ib le .  Then P a rren t 

and Thompson (1964) used G abor's method in  com bination w ith  a  pu lsed  

l a s e r  f o r  p a r t i c l e - s i z in g  work. G ab o r's  te ch n iq u e  i s  id e a l ly  s u ite d  

f o r  t h i s  c o n fig u ra tio n  because th e  o b je c ts  a re  ex trem ely  sim ple  and 

a  n o is e - f r e e  image i s  n o t needed.

By l a t e  1964, holography became th e  most a c t iv e  f i e l d .o f  re s e a rc h  

in  o p t ic s .  S ev e ra l tech n iq u es  o f c o lo r  h o log raphy , in te r fe ro m e tr ic
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holography, h o lo g rap h ic  Imagery and many o th e r  b a s ic  concep ts were 

developed. By 1967, however, th e  d is c o v e r ie s  began to  d im in ish  and 

In v en tio n s  to o k  an in c re a s in g ly  r e s t r i c t i v e  a sp e c t m ainly due to  p re s ­

su re  from management; th u s  a p p l ic a t io n s  re c e iv e d  g re a te r  a t t e n t io n .

In th e  l a t e  1 9 6 0 's , s e r io u s  e f f o r t s  were made to  com m ercialize h o l o - . 

graphy. The b a s ic  re s e a rc h  program s were re o r ie n te d  tow ards p roduct 

developm ent. V arious ty p e s  of equipm ent were designed  f o r  b r in g in g  

h o lo g rap h ic  m easuring and t e s t i n g  te ch n iq u es  in to  th e  f a c to r y ,  b u t 

some d e fe c ts  were p re se n t and th e  h o p ed -fo r commercial p ro d u c ts  e i th e r  

f a i l e d  to  m a te r ia l iz e  o r  were n o t co m p e titiv e  w ith  co n v en tio n a l p ro d u c ts

S teve Benton (1969) p io n eered  a new k ind  of ho lography , "a  r a i n ­

bow ho logram ," a  k ind  th a t  le d  to  th e  h o lo g rap h ic  moving sce n e s . White 

l ig h t  was used in  th e  r e c o n s t r u c t io n ,  and th e  image was e x t r a o r d in a r i ly  

b r ig h t .  However, th e  p ro cess  o f  c o n s tru c tin g  a t ru e  c o lo r  hologram  i s  

a  v e ry  cumbersome p ro cess  and tim e  consuming. F i r s t ,  th r e e  m a ste r  

holograms have to  be c o n s tru c te d  w ith  l a s e r  l i g h t s  o f d i f f e r e n t  c o lo r s .  

Then th e  p ro je c te d  r e a l  images of th e s e  th r e e  m aster hologram s a re  

m u ltip lex ed  on to  a  fo u r th  hologram  s e q u e n t ia l ly ,  ag ain  w ith  th r e e  d i f f e r  

en t c o lo rs  of l a s e r  l i g h t .  These th re e  m a ste r  holograms must be a lig n ed  

very  c a r e f u l ly  to  a s s u re  th a t  t h e i r  re c o n s tru c tio n s  a re  e x a c tly  su p er­

imposed.

O ther te ch n iq u es  in v o lv in g  co h eren t l i g h t  have been developed which 

can do many jo b s  f o r  which ho lography  i s  s u i te d ,  such as  d e te c t io n  of 

v ib ra t io n  and measurement o f defo rm ation  w ith  h igh  p re c is io n  and 

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

Holography was found u s e f u l  f o r  an a s to n is h in g ly  wide v a r i e ty  of
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ta s k s  th a t  were done norm ally  in  o th e r  ways. O p tic a l  memories u sing  

ho lo g rap h ic  te ch n iq u es  are.m aking t h e i r  way in to  th e  huge com puter- 

memory f i e l d .  W ith hologram in te rfe ro m e try *  n o n -d e s tru c t iv e  te s t in g  

tech n iq u es  became a v a i la b le .  Holography i s  now used  to  d e te c t  and 

examine a tm ospheric  p o l lu ta n ts .

B leach ing  te c h n iq u e s , in  which th e  s i l v e r  d e p o s its  in  th e  developed 

n e g a tiv e  a r e  changed in to  a  tra n s p a re n t m a te r ia l  w ith  an index o f r e ­

f r a c t io n  d i f f e r e n t  from th e  surrounding  em ulsion , have le d  to  a  d ram atic  

in c re a se  in  d i f f r a c t i o n  e f f ic ie n c y . A hologram formed from a d i f f u s e ly  

s c a t te re d  o b je c t g e n e ra l ly  has a  d i f f r a c t io n  e f f ic ie n c y  of about 0.5% 

to  1.0%. B leaching  under c o n tro lle d  c o n d itio n s  can in c re a s e  th e  f r a c ­

t io n  o f th e  in c id e n t l i g h t  which i s  tra n s m itte d  in to  a  f  i r s t  o rd e r 

(h o lo g rap h ic ) image w h ile  p re se rv in g  good image q u a l i ty .  T h is " d i f f r a c t ­

ion e f f ic ie n c y "  f o r  a  b leached hologram i s  about 15% to  20%. H igher 

d i f f r a c t io n  e f f i c i e n c ie s  could be achieved b u t a t  an expense o f in c reased  

n o is e .
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CHAPTER I I I

HOLOGRAPHIC APPARATUS AND TECHNIQUES

BS LASER '

FILM

F ig u re  1 . Arrangement of h o lo g rap h ic  apparatus*

A ty p ic a l  experim en ta l arrangem ent f o r  making a hologram i s  shown 

in  F igu re  1 . L igh t from th e  la s e r  i s  s p l i t  in to  two p a r t s  by th e  beam 

s p l i t t e r  (BS). The o b je c t beam u s u a lly  p a sse s  th rough  a  m icroscope 

le n s  ( L ') ,  s t r i k e s  a m ir ro r  (M1) , s t r i k e s  th e  o b je c t (0) and then  f a l l s  

upon th e  f i lm . The re fe re n c e  beam from th e  beam s p l i t t e r ,  p asses  

th rough a  m icroscope le n s  (L ) , s t r i k e s  a  m ir ro r  (M) and then  f a l l s  upon 

th e  f i lm  where i t  in te r f e r e s  w ith  th e  o b je c t  beam. S ep a ra tio n  of th e  

re fe re n c e  beam and th e  o b je c t beam p e rm its  th e  ad justm ent of t h e i r  

r e s p e c tiv e  i n t e n s i t i e s  to  p ro v id e  th e  p ro p e r r a t i o s  a t  th e  f ilm  p lane.

9
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To m ain ta in  p ro p er b a lan c e , h ig h ly  r e f l e c t i v e  o b je c ts  were used  when 

making a  hologram .

The p la tfo rm  used f o r  t h i s  re s e a rc h  i s  made of heavy s t e e l  and 

supported w ith  p ie r s  in s id e  a  box f i l l e d  w ith  s i f t e d  s i l i c a  sand . T his 

u n i t  i s  th en  p laced  on two n o t f u l l y  in f l a te d  in n e r tu b e s  which a c t  a s  

a v ib r a t io n  damper. The tu b e s , in  tu r n ,  r e s t  on a  t a b le  which i s  i s o ­

la te d  from th e  f lo o r  w ith  ru b b er f e e t .

The l a s e r  employed was a  S p ec tra  P hysics  Model 134 Helium -  Neon, 

gas l a s e r  o f th r e e  m i l l iw a t t s  power. The o u tp u t i s  a  m onochrom atic, 

coheren t beam of red  l i g h t  w ith  a  w avelength of 642.8 nanom eters. In  

o rder to  maximize th e  s t a b i l i t y  o f o p e ra tio n  of th e  l a s e r  o u tp u t, th e  

l a s e r  i s  n o t tu rn ed  on and o f f  f o r  each  exposure . In s te a d ,  th e  l a s e r  

i s  tu rned  on to  warm up f o r  f iv e  m inu tes b e fo re  th e  hologram  exposure 

i s  made..

The h o lo g rap h ic  f i lm  used f o r  t h i s  work i s  AGFA GEVAERT 10E75 which 

i s  a  f in e  g ra in ,  v e ry  slow f ilm  w ith  a  h ig h  r e s o lu t io n  in  ex cess  o f 

3000 l in e s  p e r  mm. The r e l a t i v e  s p e c t r a l  resp o n se  of t h i s  f i lm  i s  

in d ic a te d  a s  in  F ig u re  2.

co  a

500 600
W avelength (nanom eters)

800400 700 
(nanom eters)

F igure  2. R e la tiv e  s p e c tra l  ^response of A gfa-G evaert 10E75 f i lm .
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The re sp o n se  o f t h i s  f i lm  i s  good a t  th e  642.8 nanom eter (nm) wave­

le n g th  o f th e  l a s e r  l i g h t .  The f a c t  th a t  t h i s  f i lm  i s  n o t s e n s i t iv e  

in  th e  500 nm to  550 nm re g io n , p e rm its  th e  u se  of a d a rk  room "sa fe  

l i g h t , "  which r a d ia te s  in  th e  500 nm -  550 nm (g reen ) re g io n . The 

" sa fe  l i g h t "  which was used was a  Kodak Type 3 (Green) f i l t e r ,  suggested  

by Rogers (1978).

To make a  hologram , th e  system  i s  allow ed to  r e s t  f o r  one m inute 

to  damp o u t v ib r a t io n s  and a i r  c u r r e n ts .  A b la ck  ca rd b o ard , p laced  in  

f ro n t of th e  l a s e r  beam, i s  c a r e f u l ly  r a is e d  to  a llo w  th e  beam to  e n te r  

th e  system . A fte r  th e  p ro p er exposure tim e , th e  b la c k  cardboard  i s  then  

lowered to  b lo ck  th e  l a s e r  beam. The hologram i s  th e n  p rocessed  Immedi­

a te ly .

The chem icals which a re  commonly used in  th e  p ro c e ss in g  of ho lo ­

g raph ic  f i lm  a re  Kodak D-19 d e v e lo p e r, Kodak S to p -B a th , and Kodak R apid- 

F ix e r. The f i lm  i s  p ro cessed  in  th e  dev elo p er f o r  f i v e  m in u te s , s to p -  

ba th  fo r  t h i r t y  seconds, and f ix e d  f o r  th re e  m in u tes . F in a l ly ,  th e  

f ilm  i s  r in s e d  under runn ing  w a ter f o r  an o th er f iv e  m in u te s .

The in t e n s i ty  and c l a r i t y  o f  th e  h o lo g rap h ic  image observed i s  

dependent upon th e  r e l a t i v e  in t e n s i ty  o f th e  re fe re n c e  beam compared 

to  th e  o b je c t  beam. S u c c ess fu l hologram s a re  most l i k e l y  when th e  in ­

te n s i ty  of th e  re fe re n c e  i s  eq u a l to  o r g r e a te r  th an  th e  in te n s i ty  of 

th e  o b je c t beam. S u ccess fu l re fe re n c e  beam to  o b je c t  beam in te n s i ty  

r a t i o s  ran g e  from 1 :1  to  10 :1  w ith  1 :1  to  3 :1  b e in g  more common. For 

t h i s  in v e s t ig a t io n ,  a Pasco S c ie n t i f i c  Model 8020 l i g h t  photom eter was 

used to  m easure th e  r e l a t i v e  i n t e n s i t i e s  of th e  re fe re n c e  beam and th e  

o b je c t beam. The b e s t  h o lo g rap h ic  image r e s o lu t io n  was produced when
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th e  I n te n s i ty  o f th e  re fe re n c e  beam was equal to  th a t  o f th e  o b je c t 

beam. A djustm ent of th e  re fe re n c e  beam /object beam r a t i o  w ith  some 

d e c rea se  in  energy  can be accom plished w ith  n e u t r a l - d e n s i ty  g la s s  

f i l t e r s ,  a v a i la b le  in  p l a s t i c  squares o r g la s s  p l a t e s .  These f i l t e r s  

have d i f f e r e n t  amounts of aluminum d ep o sited  a long  th e  s u r fa c e , and 

a re  graded f o r  a t te n u a t io n  in  te n th s  of d e c ib e ls .

-Good h o lo g rap h ic  images re q u ire  th a t  th e  in te r f e r e n c e  of th e  

r e fe re n c e  beam and th e  o b je c t beam occur in  a v e ry  sm all d is ta n c e  along 

th e  p h o to g rap h ic  f i lm . A v ib ra t io n  of any of th e  o p t ic a l  components 

nay cause a change in  th e  p o s i t io n  o f e i t h e r  th e  re fe re n c e  beam o r 

th e  o b je c t beam. T h is change in  r e l a t iv e  p o s i t io n  r e s u l t s  in  an i n t e r ­

fe re n ce  p a t te r n  which i s  b lu rre d  o r n o n -e x is te n t .  Even v e ry  sm all 

v ib r a t io n s  may p rev en t th e  high  re s o lu tio n  in te r f e r e n c e  needed fo r  

c re a t in g  hologram s.

None o f th e  e a r ly  a ttem p ts  to  c o n s tru c t hologram s in  t h i s  re s e a rc h  
*

were s u c c e s s fu l  because of v ib ra t io n s  and a i r  c u r r e n t s .  Having a  more 

r i g i d  su p p o rt f o r  th e  components brought some improvements but th e  

hologram q u a l i ty  was s t i l l  low. The v ib ra t io n  problem  was s ig n i f ic a n t ly  

reduced by moving th e  ho lo g rap h ic  ta b le  to  a  p a r t  of th e  b u ild in g  where 

-the f lo o r  v ib r a t io n s  were le s s  pronounced. In  a d d i t io n ,  more m assive 

■supports f o r  th e  m ir ro r s ,  th e  b e a m -s p l i t te r ,  th e  o b je c t  su p p o rt and th e  

f i lm  h o ld e r  were designed  and b u i l t .  These su p p o rts  s ig n i f i c a n t ly  

"reduced th e  movements of th e  v a rio u s  components. The mass o f each 

su p p o rt i s  app ro x im ate ly  two k ilog ram s. F in a l ly ,  th e  problem of a i r  

-c u r re n ts  was overcome by b lock ing  o ff a l l  th e  a i r  v e n ts  in  th e .ro o m . . ..
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LASER
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CARDBOARD

SCREEN
77777777

M2
F igu re  3. M ichelson in te rfe ro m e te r  f o r  v ib r a t io n  t e s t i n g .

A sim ple M ichelson In te rfe ro m e te r  i s  commonly used  to  t e s t  th e  

deg ree  of v ib r a t io n  in  a  ho log raph ic  system  and to  e v a lu a te  w hether 

th e  v ib r a t io n  has been reduced to  a l e v e l  w hich may lead  to  su c c e ss fu l 

hologram s. In  F ig u re  3 i s  shown a  ty p i c a l  M ichelson In te rfe ro m e te r  

f o r  t e s t in g  v ib r a t io n  le v e l .  In  t h i s  d e v ic e , th e  l a s e r  beam i s  d iv id ed  

by th e  beam s p l i t t e r  (BS) in to  two p a r t s .  The p a r t  of th e  o r ig in a l  

beam which i s  r e f le c te d  by th e  beam s p l i t t e r  toward f r o n t  su rfa c e  

m ir ro r  M  ̂ i s  th en  r e f le c te d  back by M  ̂ th ro u g h  th e  beam s p l i t t e r  and 

on to  th e  w h ite  v iew ing sc reen . The p a r t  o f th e  o r ig in a l  beam which 

p a sse s  s t r a ig h t  th rough  th e  beam s p l i t t e r  to  s t r i k e  f ro n t  su rfa c e  m ir ro r  

M2 i s  th en  r e f le c te d  back by M2 tow ards th e  beam s p l i t t e r  where i t  i s  

th en  r e f l e c te d  tow ards th e  w hite  v iew ing s c re e n . U su a lly , a converging 

le n s ,  L, i s  used between th e  beam s p l i t t e r  and th e  w h ite  view ing screen
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to  e n la rg e  th e  zone o f in te r f e re n c e  f o r  b e t t e r  v iew in g . The p a t te r n  

one observes in  s im ila r  to  F igu re  4 . The c o n s tru c tiv e  in te r f e r e n c e  

p rov ides th e  b r ig h t  f r in g e s  and d e s tr u c t iv e  in te r f e re n c e  p ro v id e s  th e  

d a rk  bands. The q u a l i ty  of th e  hologram c o n s tru c tio n  p o s s ib le  can be 

judged from th e  l a t e r a l  movement of th e  f r in g e s  which a re  o b served . I f  

th e  b r ig h t f r in g e s  move back and f o r th  l e s s  th an  o n e - te n th  of th e  

f r in g e - to - f r in g e  d is ta n c e ,  good holograms a re  p o s s ib le .  I f  v ib r a t io n s  

o r a i r  c u r re n ts  cause th e  f r in g e  movement to  exceed h a l f  o f th e  f r in g e -  

to - f r in g e  d is ta n c e ,  hologram  images a re  v e ry  poor o r  n o n - e x is te n t .

Any success  a t  reducing  th e  f r in g e  movement w i l l  le ad  to  h ig h e r  q u a l i ty  

holograms.

DARK
■BRIGHT

F igure  4. D e s tru c tiv e  and c o n s tru c tiv e  in te r fe re n c e  p a t te r n .

In  th e  re s e a rc h , a  com parison of th e  o u tpu t l i g h t  w ith  and w ith ­

out th e  a id  o f a  s p a t i a l  f i l t e r  was made. A s p a t i a l  f i l t e r  i s  an 

instrum ent which tra n s fo rm s  a  "no isy" l a s e r  beam in to  an expanding 

beam, to  produce a "c le a n "  d iv e rg in g  s p h e r ic a l  w av efro n t.
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NOISE
a

LASER BEAM

F igure 5. S p a t ia l  f i l t e r .

The s p a t i a l  f i l t e r  Instrum ent c o n s is ts  of a  p in h o le  S , and a 

sh o rt fo c a l  le n g th  converging le n s -L , a s . i n  F ig u re  5 . The p in h o le  and 

th e  le n s  a r e  c o a x ia l  so th a t  th e  l a s e r  beam p a sse s  f i r s t  th rough th e  

le n s  and th e n  th ro u g h  th e  p in h o le . The power of th e  le n s  c o n tro ls  the  

convergence o f  th e  beam and th e  d iam eter of th e  p in h o le  determ ines th e  

degree of f i l t e r i n g .  The le n s  fo cu ses  th e  l a s e r  beam a t  th e  p in h o le  

and only  th e  u n d is tu rb e d  p o rtio n  of th e  l a s e r  beam p a sse s  through th e  

p in h o le . The m e ta l su rrounding  th e  h o le ,  f i l t e r s  o f f  th e  s c a tte re d  

beam which r e s u l t s  from th e  v a r io u s  im p e rfe c tio n s  c re a te d  by th e  la s e r  

and th e  beam s p l i t t e r .  The sm a lle r  th e  p in h o le , th e  c le a n e r  th e  beam 

w i l l  be w ith  re g a rd  to  u n ifo rm ity  of th e  r a d ia t io n .  An alignm ent pro­

cedure i s  g iv en  in  Appendix I .

A m inor in v e s t ig a t io n  was undertaken  to  s tu d y  th e  p h y s ic a l appear­

ance of th e  developed h o lo g rap h ic  f ilm  when th r e e  d i f f e r e n t  ty p es  of 

re fe re n c e  beams were u sed . (The o b je c t beam rem ained th e  same f o r  a l l  

th re e  c a s e s .)  The o p t ic a l  components in  th e  re fe re n c e  beam pa th  in  

th e se  th r e e  c a se s  w ere:
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a) a  sim ple le n s  to  d iv e rg e  th e  beam

b) a  s p a t i a l  f i l t e r

c) a  f i b e r  o p tic  bundle

F i r s t ,  a le n s  was p laced  in  th e  re fe re n c e  beam and th e  hologram 

exposure was made. The r e s u l t in g  hologram c o n ta in s  b lo b s  and w horls 

upon th e  developed pho tograph ic  f ilm  a s  in  F ig u re  6. On t h i s  f i lm , 

r e l a t i v e ly  wide zones o f b lack n ess  a re  se p a ra te d  by r e l a t i v e l y  wide 

zones o f c le a r  f i lm . T h is  c o n d itio n  i s  n o t s u i t a b le  f o r  th e  p ro d u c tio n  

of h ig h  q u a l i ty  hologram s.

N ext, th e  le n s  was removed and a  s p a t i a l  f i l t e r  was p laced  in  th e  

p a th  o f th e  re fe re n c e  beam. Again, an exposure was made. The r e s u l t in g  

hologram ( i l l u s t r a t e d  in  F igu re  7) has b la ck  a re a s  more even ly  d i s t r i ­

buted  w ith o u t th e  b lo b s  and w horls , which o ccu rred  w ith  th e  le n s .  

E s s e n t ia l ly ,  th e  s p a t i a l  f i l t e r  expands th e  c e n te r  .po rtion  o f th e  l a s e r  

beam so th a t  only  th e  c e n t r a l  reg io n  f a l l s  upon th e  p h o tog raph ic  f ilm  

producing a  more uniform  il lu m in a tio n . T hus, more o f th e  in fo rm a tio n  

from th e  o b je c t beam may be recorded  a s  an in te r f e r e n c e  p a t te r n  on th e  

p ho tograph ic  f i lm . The p roper re fe re n c e  beam /ob jec t beam il lu m in a tio n  

r a t i o  may occur over a  w ider a re a  of th e  f i lm  i f  th e  re fe re n c e  beam 

in te n s i ty  i s  more un ifo rm ly  d is t r ib u te d  on th e  f i lm .

F in a l ly ,  a  f i b e r  o p tic  bundle was used  in s te a d  o f th e  s p a t i a l  

• f i l t e r .  The hologram o b ta in ed  w ith  th e  f i b e r  o p t ic  bundle had specks 

d is t r ib u te d  u n ifo rm ly  a l l  over th e  developed p h o tog raph ic  f i lm  w ith  an 

absence of th e  b lo b s  and th e  w horls as in  F ig u re  8 . The u n ifo rm ity  

of th e  f i lm  b lacken ing  u s in g  th e  f ib e r  o p t ic s  bundle i s  a s  good as 

th a t  made w ith  a s p a t i a l  f i l t e r .  F u rtherm ore , th e  h o lo g rap h ic  image

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



F ig u re  6. Hologram Vhen th e  re fe re n c e  beam p a sse s  th rough  a, le n s*

F ig u re  7. Hologram when ‘th e  re fe re n c e  beam p asse s  th rough  a s p a t i a l  
f i l t e r .

F igure  8. Hologram when th e  re fe re n c e  beam passes  th rough a  f i b e r  
O ptic b und le .
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q u a lity  was as  good fo r  th e  f i b e r  o p tic  bundle as  f o r  th e  s p a t i a l  

f i l t e r  f i lm .

The o u tp u t end of an o p t ic a l  f ib e r  can be tho u g h t o f a s  a 

r a d ia t in g  a p e r tu re .  Each f ib e r  a c ts  a s  a s e p a ra te  so u rce  producing 

a  cone of l i g h t  i l lu m in a tin g  th e  f i lm . By having a  bundle  o f f ib e r  

o p tic s  a c tin g  a s  a  re fe re n c e  so u rce , an even ly  d i s t r ib u te d  hologram 

i s  produced, p ro v id in g  more in te r f e r e n c e  p o in ts  f o r  th e  o b je c t beam.

From th e  d i f f r a c t i o n  p a t te rn s  produced, i t  may be concluded th a t  

in  s t a t e - o f - th e - a r t ;  6 f . f i b e r  o p t ic s ,  coheren t l i g h t  p ro p ag a tes  down 

each f i b e r . i n  th e  system  and emerges r e ta in in g  p ro p e r phase and am pli­

tude r e la t io n s h ip .  Such r e s u l t s  suggest th e  p o s s i b i l i t y  o f u s in g  

la rg e r  f i b e r  a r ra y s  in  w avefront re c o n s tru c t io n .
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CHAPTER IV

FIBER OPTICS THEORY

O p tic a l d ev ice s  such a s  p e r is c o p e s , te le s c o p e s  and m ir ro rs  convey 

l i g h t  from p la c e  to  p la ce  to  form " p ic tu r e s ."  E x ten s iv e  re se a rc h  In 

t h i s  f i e l d  o f l ig h t  tra n sm iss io n  has r e s u l te d  in  th e  developm ent of a ;• 

p r a c t i c a l  and inexpensive  system  o f l i g h t  gu idance  c a l le d  f ib e r  o p t ic s .  

F ib e r o p t ic s  c o n s is t  of f i n e ly  drawn s tra n d s  of f l e x i b l e  g la s s  f ib e r s  

which convey l i g h t  by t o t a l  in te r n a l  r e f l e c t i o n .  L ig h t e n te rs  one end 

o f  each f i b e r  and bounces back and f o r th  u n t i l  i t  e x i t s  a t  th e  o th e r  

end of th e  f i b e r .  A p a r a l l e l  a r ra y  of th e se  f i b e r s  w i l l  c a r ry  an image 

from one end of th e  f i b e r  bundle to  th e  o th e r .  They can tra n sm it 

p ic tu r e s  whose r e s o lu t io n  depends upon th e  number of f i b e r s .  More 

f ib e r s  g iv e  a  c le a r e r  im age. Recent developm ents in  p l a s t i c  have p e r­

m itte d  th e  c o n s tru c tio n  o f f ib e r  o p tic s  from p l a s t i c  in s te a d  of g la s s .  

T h is c o n s tru c tio n  i s  d e sc rib e d  in  Appendix I I .  The p l a s t i c  f ib e r  o p tic  

bundles te n d  to  be more f l e x i b l e  and more econom ical w h ile  possessing  

e x c e lle n t  l i g h t  tra n sm iss io n  c h a r a c t e r i s t i c s .  In  g e n e ra l ,  th e  amount of 

tra n s m itte d  l i g h t  in  a f i b e r  bundle i s  dependent upon th e  fo llow ing  

f a c to r s :

a) l i g h t  i n t e n s i ty  .a t th e  in p u t,

b) l i g h t  lo s s  a t  t h e  in p u t a i r - f i b e r  i n t e r f a c e ,

c) c r o s s - s e c t io n a l  a re a  of l ig h t - t r a n s m i t t in g  f i b e r s ,  »

d) l i g h t  lo s s  along  th e  le n g th  o f th e  l i g h t  g u id e , and

e) l i g h t  lo s s  a t  th e  ou tpu t a i r - f i b e r  i n t e r f a c e .

W ithin th e  l i g h t  g u id e , l ig h t  energy i s  l o s t  by a b so rp tio n . S ince th e

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

ab so rp tio n  lo s s  i s  an e x p o n en tia l fu n c tio n  of le n g th , i t s  le n g th  should  

be a s  sh o rt as p o s s ib le . The m u lt ip le  r e f l e c t io n  of a  l i g h t  ra y  from 

v a i l  to  w a ll a long th e  le n g th  o f th e  f i b e r  o p tic  depends on th e  t o t a l  

in te r n a l  r e f l e c t io n  o f th e  l i g h t  ra y  a t  each  w a ll. The c o n d itio n  

re q u ire d  fo r  t o t a l  in te r n a l  r e f l e c t io n  i s  i l l u s t r a t e d  in  F ig u re  9.

NORMAL

AIR RAY

GLASS RAY 2
RAY 2 16 /

'  / r a y  1 (f) = CRITICAL ANGLE

F igure  9. R e la tio n sh ip  between t o t a l  i n t e r n a l  r e f le c t io n  and th e  
c r i t i c a l  an g le

Ray 1 re p re s e n ts  a  l i g h t  ra y  w hich s t r i k e s  th e  a i r - g l a s s  i n t e r ­

fa c e  in s id e  th e  c r i t i c a l  an g le  and "escap es"  from th e  g la s s  re g io n .

Ray 2 re p re s e n ts  a  l i g h t  ra y  which s t r i k e s  th e  a i r - g la s s  in te r f a c e  

o u ts id e  th e  c r i t i c a l  an g le  and i s  th e r e f o r e  t o t a l l y  r e f l e c t e d .  The 

ang le  which forms th e  d iv id in g  l i n e  between th e se  two c o n d itio n s  i s

c a lle d  th e  c r i t i c a l  an g le  (<J> ) and may be c a lc u la te d  from th e  eq u a tio n  
V

s in  d> = -— where u i s  th e  index  o f r e f r a c t io n  of g la s s ,  y . th e  c yg g a
index o f r e f r a c t io n  o f a i r ,  has an accep ted  v a lu e  o f yQ « 1.000276 

fo r  red  l i g h t  bu t y = 1 i s  s a t i s f a c to r y  f o r  most c a lc u la t io n s .  The 

c r i t i c a l  an g le  f o r  a  g iven  g la s s  m a te r ia l  i s  ty p ic a l ly  c a lc u la te d  th en

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

from s in  <J> = — . S ince  a  nom inal index of r e f r a c t io n  i s  about 1 .5 5 .Tc u
8a ty p ic a l  c r i t i c a l  an g le  would be approxim ately  40 .

One of th e  s p e c i f ic a t io n s  of a f ib e r  o p tic  i s  a  q u a n t i ty  c a lle d

th e  num erical a p e r tu re  (N .A .) The num erical a p e r tu re  i s  a m easure of

th e  l ig h t - c o l l e c t in g  a b i l i t y  o f th e  f ib e r  o p tic  and i s  r e l a t e d  to  th e

maximum en tra n ce  an g le  a  l i g h t  ra y  may have and s t i l l  ex p erien ce  t o t a l  

in te rn a l  r e f l e c t i o n .  T h is  e n tra n c e  an g le  0 i s  i l l u s t r a t e d  in  F ig u re  10.

SHEATH '

AIR GLASS

F igure 10. The r e la t io n s h ip  o.f th e  maximum e n tra n c e  a n g le  6 to  th e  
c r i t i c a l  a n g le  6 .

According to  S n e l l 's  Law,

Vasin 0  = Vg s in e r .

but sin0  -  costb ,r  c
V

so s in 0  = —“cos<j>c . (1)
^a

2 2a lso  s in  A + cos A = 1 , c c
2 1 /2th e re fo re  cos(()c = (1 -  s in  <f>c )

Rew riting th e  c o s in e  in  t e r n s  o f th e  s in e  fu n c tio n  f o r  E quation (1) ,
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sinG = ^ ( 1  -  s in 2* )  1 /2 . (2 ) .
ya  c

I f  th e  g la s s  f ib e r  i s  surrounded by a  th in  g la s s  sh ea th  w ith  

index of r e f r a c t io n  y , we can use th e  c r i t i c a l  an g le  d e f in i t io n  to
X

g ive
Wx

sin<j> = —  .Tc 11
g

S u b s ti tu tio n  in to  Equation (2) y ie ld s
^x2 1 /2s in e  = - ^ ( 1  -  —  ) '  .

ya  V

F in a lly ,

= < V -
"a

Thus an in t e r e s t i n g  r e s u l t  i s  o b ta in ed  in  t h a t  th e  maximum 

accep tance an g le  of th e  f i b e r  o p tic  system  depends on ly  on th e  in d ic e s  

o f r e f r a c t io n  o f th e  system . The accep tance  a n g le  o f a  co n v en tio n a l 

o p t ic a l  systejn depends on th e  p h y s ic a l d im ensions o f  th e  system .

Since we a re  no rm ally  d e a lin g  w ith  an o p t ic a l  f i b e r  in  a i r

where y O? 1 ,O
1/2

s in 0  (.Pg2 -  ux 2) »
1 /2and th e  q u a n ti ty  (y 2 — y 2) i s  d e fin e d  as  th e  "num erical a p e r tu re "g x

1/2and ab b re v ia te d  a s  N.A. Thus N.A. = (y 2 - y  2) where i t  i s
g  x

n e ce ssa ry , of c o u rse , t h a t  th e  sheath  y„ be l e s s  th an  th e  g la s s  y .
X  g

T ypical v a lu e s  m ight be y = 1 .61  and y = 1 .53  g iv in g  a num erical
■ g x

a p e r tu re  o f 0 .5 5 . For t h i s  num erical a p e r tu re  o f 0 .5 5 , th e  maximum 

en tran ce  an g le  0 would be 33°. That i s ,  a l l  l i g h t  w ith in  a cone w ith  

an apex an g le  of approx im ate ly  66° would be t r a n s m it te d  by t h i s  f ib e r  

o p tic  system .
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CHAPTER V

FIBER OPTIC EXPERIMENTS

The fo llow ing  experim ents have r e s u l te d  in  th e  f i r s t  known h o l o - . 

grams ever c o n stru c te d  u s in g  f ib e r  o p t ic s  f o r  il lu m in a tio n  in  t h i s  

manner.

BEAM
SPLITTER LASER
■rarr-—

SPATIAL FILTER

MIRROR

MICROSCOPIC 
" ' LENS

OBJECTS

iFIBER OPTIC

BUNDLE

FILM

F ig u re  11. Depth o f f i e l d  s e t-u p  where o b je c ts  (d ic e )  a r e  I llu m in a te d  
using  f i b e r  o p t ic s .

The f i r s t  f i b e r  o p t ic  experim ent concerned th e  p o s s ib i l i t y  of 

u s in g  f ib e r  o p tic s  to  c a r ry  th e  o b je c t beam. One advantage o f u s in g  

f ib e r  o p tic s  i s  th a t  a  f i b e r  o p tic  bundle  has more f l e x i b i l i t y  th a n  a 

m ir ro r  to  d i r e c t  th e  beam in  any d i r e c t io n  tow ards th e  o b je c t .  The 

f i b e r  o p tic  bundles used in  t h i s  experim ent a re  1 /8  in ch  in  d iam e ter 

and c o n ta in  1470 f ib e r s .

Before ta k in g , a;.hologram , th e  i n t e n s i t i e s  of th e  re fe re n c e  beam
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and obj ec t beam were m easured w ith  a photom eter (PASCO Model 8020).

I t  was found th a t - th e y  were In  th e  r a t i o  of 1 :1 , which was th e  c o r re c t  

r a t i o  needed in  t h i s  experim en t, w ithou t th e  a id  of any f i l t e r s .  An 

exposure tim e  o f t h i r t y  seconds was used to  make th e  hologram . The 

r e s u l ta n t  hologram  y ie ld e d  a  h ig h -q u a li ty  image of th e  o b je c t upon 

re c o n s tru c tio n . Both o b je c ts  were c le a r ly  v i s i b l e  and th e  p a ra l la x  

p ro p e rty  of th e  hologram  was e a s i ly  observed . The f r o n t  d ie  was f iv e  

cen tim e te rs  c lo s e r  to  th e  f ilm  th an  th e  d ie  in  th e  back , dem onstra ting  

th e  d e p th -o f - f ie ld  phenomenon,'.

In  th e  n ex t in v e s t ig a t io n ,  th e  arrangem ent o f F ig u re  11 was 

used . In  t h i s  s e t - u p ,  th e  f ib e r  o p tic  b u n d le : re p la c e s  th e  s p a t i a l  

f i l t e r  and m ir ro r  in  p ro v id in g  th e  re fe re n c e  beam i l lu m in a t io n .  The 

o b je c t was i l lu m in a te d  by fo u r f i b e r  o p tic  bund les. A hologram  was 

made, making su re  th e  i n t e n s i ty  r a t i o  was ag a in  in  th e  r i g h t  p ro p o r­

tio n  (1 :1 ) .  The p h y s ic a l appearance of hologram s i s  a good in d ic a t io n  

of th e  p o te n t ia l  q u a l i ty  of th e  h o lo g rap h ic  images. W idely spaced 

very  dark  re g io n s  on th e  f i lm , sep a ra te d  by v e ry  l ig h t  d e n s i ty  re g io n s , 

a re  n o t l i k e ly  to  y ie ld  good hologram s. The fo llo w in g  i s  a  l i s t  o f 

re fe re n c e  beam elem ents and th e  c h a ra c te r  of th e  r e s u l ta n t  hologram 

film .

1 . M irro rs , no s p a t i a l  f i l t e r  -  wide bands, r in g s ,  w horls -  
low q u a l i ty  hologram .

2. M irro rs  w ith  s p a t i a l  f i l t e r  -  sm all bands, c lo s e ly  spaced 
sp eck le  p a t te r n  -  good q u a l i ty  hologram.

3. F ib e r  o p t ic s  -  sm all bands, c lo s e ly  spaced sp ec k le  p a t te rn  -  
good q u a l i ty  hologram .

The images o f th e  hologram  made w ith  a  f ib e r  o p tic  re fe re n c e  beam were
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of q u a l i ty  eq u a l to  th o se  made w ith  a s p a t i a l  f i l t e r .  No d i s t in c t io n  

in  image q u a l i ty  could  be observed . One in te r e s t in g  o b se rv a tio n  could 

be made, how ever, in  th e  f i b e r  o p tic  hologram. T h is  was th e  o b se rv a tio n  

o f th e  end o f th e  f i b e r  o p t ic  bundle appearing  a s  a sm all "honeycomb" 

image in  th e  hologram . The overlapp ing  of th e  l i g h t  ra y s  from th e  . 

bundle p rov ided  b o th  as  o b je c t beam and re fe re n c e  beam on th e  f ilm  

fo r  th e  bundle and th e  image could be observed from any p o s i t io n .

G. L. Rogers and M argaret Benyon (1973) were th e  f i r s t  to  produce 

a  h o lo g rap h ic  rec o rd in g  of a  complete c lo sed  s u r fa c e .  An o rd in a ry  h o lo ­

gram p ro v id es  a  com plete th re e -d im e n sio n a l re c o rd  o f th e  f r o n t  su rfa c e  

of th e  body o n ly . For some pu rposes, i t  would be u s e f u l  to  re c o rd  th e  

back su rfa c e  a s  w e ll ;  th u s  a  complex m echanical p a r t  can be more r e a d i ly  

v is u a l iz e d .  A th re e -d im e n s io n a l copy of th e  r e a r  s u r fa c e  of th e  body 

in  th e  form of a  p l a s t i c  c a s t  was produced. The f i r s t  p a r t  of th e  ex­

posure was to  re c o rd  th e  f r o n t  su rfa c e  of th e  body. The second p a r t  

of th e  exposure was th en  to  reco rd  th e  back. The two exposures taken  

were n o t of eq u a l d u ra t io n . To compensate f o r  th e  phenomenon of 

photographic  i n e r t i a ,  th e  second exposure i s  s h o r te r  in  t h i s  te ch n iq u e .

F ig u re  12 r e p re s e n ts  th e  exp erim en ta l arrangem ent f o r  c o n s tru c tin g  

a  r a th e r  complex hologram of th e  f r o n t  and back s id e s  of a  d ie  u s ing  

f i b e r  o p t ic s  f o r  bo th  th e  o b je c t beam and th e  re fe re n c e  beam. T h is 

h o lograph ic  arrangem ent i l l u s t r a t e s  th e  v e r s a t i l i t y  of f i b e r  o p tic  

i l lu m in a tio n .
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Figure  12. H olographic il lu m in a tio n  u s in g  f ib e r  o p tic  b u n d les.

The F igu re  12 s e t-u p  u ses  f iv e  f ib e r  o p t ic s  bundles (FO). Four of 

th e  f ib e r  o p t ic  bundles were used to  i l lu m in a te  th e  o b je c t .  Two f ib e r  

o p tic  bundles were used to  i l lu m in a te  th e  f r o n t  su rfa c e  o f th e  d ie  and 

th e  o th e r  two bund les were used to  i l lu m in a te  th e  back su r fa c e  of th e  

d ie .  Two m ir ro rs  were used to  r e f l e c t  th e  image o f th e  back su rfa c e  

onto th e  h o lo g rap h ic  f i lm . The f i f t h  f i b e r  o p tic  bundle was used  a s  

a re fe re n c e  beam il lu m in a tio n . Again th e  re fe re n c e  o b je c t i n t e n s i ty  

r a t i o  was a d ju s te d  to  be 1 :1  by moving th e  re fe re n c e  beam i l lu m in a tio n  

c lo se r  o r f u r th e r  from th e  f i lm . An exposure tim e o f t h i r t y  seconds 

was used f o r  t h i s  hologram .

The r e s u l t in g  hologram , upon re c o n s tru c tio n  w ith  a  l a s e r ,  gave 

a v e ry  h ig h  q u a l i ty  image fo rm atio n . S ix  images ( th r e e  v i r t u a l  and 

th re e  r e a l )  were c le a r ly  v i s i b l e .  I t  i s  n o t n e c e ssa ry  th a t  f i b e r  o p t ic
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bundles be used In  th e  l a s e r  beam which re c o n s tr u c ts  t h i s  h o lo g rap h ic  

image. P a ra lla x  was v e ry  ev id en t w ith  changes in  v iew er p o s i t io n  along 

th e  f ilm . The r e f l e c te d  images were as  c le a r  as  th e  d i r e c t  images 

and th e  r e a l  images w ere d i s t i n c t  enough to  p ro je c t  on to  a  v iew ing 

screen . The v e ry  h ig h  q u a l i ty  o f t h i s  d e ta i le d  hologram  i s  s tro n g  

evidence of th e  prom ise o f  t h i s  new tech n iq u e  o f u sin g  f i b e r  o p t ic  

bundles to  convey i l lu m in a tio n  f o r  b o th  th e  o b je c t beam and th e  r e f e r ­

ence beam.
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CHAPTER VI

CONCLUSION

T his th e s i s  h as  re p o r te d  on s e v e ra l tech n iq u es  f o r  making h o lo ­

grams and on th e  b eh av io r of v a r io u s  components of th e  h o lo g rap h ic  

ap p ara tu s . Unique to  t h i s  th e s i s  i s  th e  u se  o f f ib e r  o p t ic  bund les 

to  convey il lu m in a tio n  from th e  source fo r  th e  o b je c t beam and f o r  th e  

re fe re n ce  beams. T hree m ajor advantages acc ru e  when u s in g  f i b e r  o p tic  

bundles. These a r e :

1. By u s in g  a  f i b e r  o p tic  bundle f o r  th e  re fe re n c e  beam, th e re  

i s  no need f o r  a  s p a t i a l  f i l t e r .  B esides being  ex p en siv e , s p a t i a l  

f i l t e r s  a re  d i f f i c u l t  t o  a d ju s t  and re q u ire  much p a tie n c e  to  ach iev e  

optimum i l lu m in a t io n .  The beam s p l i t t e r  may a ls o  be o m itted  i f  one 

choses.

2. There i s  a  v e ry  d i s t i n c t  advantage (over m ir ro rs )  in  th e  

f l e x i b i l i t y  p rov ided  f o r  p la c in g  th e  f ib e r  o p tic  bundle i l lu m in a t io n  

where i t  i s  w anted, e i t h e r  as  th e  o b je c t beam o r  th e  r e fe re n c e  beam. 

Furtherm ore, i t  i s  n o t o n ly  p o s s ib le ,  bu t e a sy , to  i l lu m in a te  th e  ob­

j e c t  from many d i r e c t io n s  by u s in g  f i b e r  o p tic  bu n d les.

3. One p r e r e q u is i t e  to  making good q u a l i ty  hologram s i s  f o r  th e  

o p tic a l  d is ta n c e  t r a v e le d  by th e  re fe re n c e  beam to  be e q u a l to  th e  

o p t ic a l  d is ta n c e  t r a v e le d  by th e  o b je c t beam. T his c o n d itio n  te n d s  to  

p reserv e  th e  coherence  in h e re n t in  th e  o r ig in a l  l a s e r  beam. Making 

ad justm ents o f a lignm en t w ith  t r a d i t i o n a l  m ir ro r  system s u s u a l ly  

involve changes in  th e  o p t ic a l  p a th  le n g th  and so a com pensating 

change must be made in  th e  re fe re n c e  beam p a th . In  c o n tr a s t  to  t h i s ,

28
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th e  d is ta n c e  from e n tra n c e  to  e x i t  in  a  f i b e r  o p t ic  bundle  i s  unchanged 

by r e o r ie n ta t io n  o f th e  bundle d i r e c t io n ,  so th e  o p t ic a l  p a th  rem ains 

e s s e n t ia l ly  unchanged.

. I n  summary, th e  u se  o f f ib e r  o p tic s  f o r  making hologram s p rov ide  

g re a t  v e r s a t i l i t y  to  th e  o b je c t i l lu m in a tio n , w h ile  a t  th e  same tim e 

removing th e  need f o r  a s p a t i a l  f i l t e r  to  p ro v id e  h ig h  q u a l i ty  h o lo ­

g rap h ic  im ages. T h is  tech n iq u e  i s  c e r ta in  to  be adopted  by o th e rs  in  

th e  f i e l d .
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APPENDIX I

Alignment P rocedure f o r  th e  S p a t ia l  F i l t e r

1) Set up t h e  l a s e r  and i t s  c a r r i e r  on th e  o p t ic a l  bench.

2) The p in h o le  p o s it io n  m ust be c a r e fu l ly  a d ju s te d  so th a t  th e

p in h o le  i s  lo c a te d  e x a c tly  a t  th e  fo c a l  p o in t of th e  le n s .

3) By re p e a te d  v e r t i c a l  and l a t e r a l  ad ju stm en t, th e  p in h o le  can 

be lo c a te d  over th e  fo c a l  p o in t so a s  to  a llow  th e  maximum amount of 

th e  l a s e r  beam t o  go th rough  th e  p in h o le  and d iv e rg e  on to  th e  o th e r 

s id e .

V isu a l Alignment

1) P la c e  a  sh ee t o f  w h ite  p aper behind th e  s p a t i a l  f i l t e r  f o r  a

view ing sc reen  to  observe l i g h t  coming from th e  p in h o le .

2) S im u ltan eo u sly , a d ju s t  th e  two p in h o le  a d ju s t in g  screws 

u n t i l  a sp o t appears  on th e  v iew ing s c re e n . When th e  spo t ap p ea rs , 

a d ju s t each p in h o le  screw  a l t e r n a t e ly  u n t i l  th e  spo t i s  of maximum 

b rig h tn e s s  and roundness.
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APPENDIX I I  .

F ib e r  O ptics Made From P la s t i c

Du Pont*s chem ical re s e a rc h  w ith  p l a s t i c  has made p o s s ib le  th e  

p roduction  of p l a s t i c  f i b e r  o p t ic s  th a t  a re  econom ical, more f l e x i b l e  

and possess  e x c e lle n t l i g h t  tra n sm is s io n  c h a r a c t e r i s t i c s .  T h is  new 

p la s t i c  l ig h t - t r a n s m i t t in g  medium, c a l le d  C rofon , i s  based on th e  

same p r in c ip le  as  g la s s  f i b e r  o p t ic s .

FIBERS
JACKET'

SHEATH

CORE

F ig u re  13. Cross s e c t io n  of a  p l a s t i c  f i b e r  o p t ic  l i g h t  g u id e .

Crofon l i g h t  gu ides c o n s is t  of a  number of 10-*nil d iam eter p l a s t i c  

f ib e r s  th a t  a re  randomly bundled in  a  common j a c k e t .  Each f i b e r  h as  

a  L u c ite  polym ethyl m e th a c ry la te  co re  w ith  a  t ra n s p a re n t  polym er sh ea th  

o f low er r e f r a c t iv e  index . The ja c k e t  i s  made from Du Pont A lathon 

p o ly e th y len e  r e s in .  Crofon l i g h t  g u id es  ty p ic a l ly  co n ta in  16, 3 2 , 48 , 

o r 64 f ib e r s .  The p a th  of a  l i g h t  ra y  in  a  s in g le  Crofon f i b e r  i s  

shown in  F ig u re  14. The r o le  of th e  low index  of r e f r a c t io n  sh e a th  i s  

to  m a in ta in  t o t a l  in te r n a l  r e f le c io n  w ith in  th e  f i b e r  (F ig u re  1 4 ).

Note th a t  a  l i g h t  ra y  e n te r in g  th e  Crofon f i b e r  a t  an in c id e n t  an g le  

of 35° i s  r e f r a c te d  a t  an an g le  o f  23°. T h is  r a y  approaches th e  f ib e r
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w all w ith  an in c id e n t a n g le  of 67°. S ince th e  Crofon co re  has an index 

o f r e f r a c t io n  of 1.489 and th e  sh ea th  has an index of r e f r a c t io n  of 

1 .370 , th e  c r i t i c a l  an g le  i s  67° and t o t a l  i n t e r n a l  r e f l e c t i o n  w i l l  

ta k e  p la c e .

■ACCEPTANCE 
ANGLE 35° CORE

CRITICAL
ANGLE

SHEATH

F ig u re  14. P ath  of l i g h t  ra y  e n te r in g  Crofon f i b e r  o p tic .

/

Thus, l ig h t  ra y s  w hich s t r i k e  th e  co re  sh ea th  medium a t  an g les  

g r e a te r  than  th e  c r i t i c a l  a n g le , a re  r e f le c te d  back in to  th e  co re  and 

t r a v e l  to  th e  o th e r  end of th e  f ib e r  by a  z ig zag  p a th  o f  su c c e ss iv e  

r e f l e c t io n s .  Crofon l ig h t ,  gu ides th e re fo re  accep t l i g h t  from a cone 

w ith  an apex ang le  o f 70° and em it a s im i la r  cone a t  th e  o u tp u t end.

Shown in  F ig u re  15 i s  a l i g h t  ra y  in  a  f i b e r  which i s  s t r ik in g  

th e  low index of r e f r a c t io n  sh ea th  a t  an an g le  which i s  in s id e  th e  

Crofon c r i t i c a l  a n g le . T h is  l i g h t  w hich escap es  th e  co re  in to  th e  

sh ea th  i s  r e f le c te d  from th e  sh ea th  w a ll back in to  th e  f i b e r .
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SHEATH
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F igure  15. R e f le c tio n  o f l ig h t  ra y  from th e  sh e a th .
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APPENDIX I I I

Photographing Holograms

When a ho lo g rap h ic  f ilm  i s  viewed w ith  o rd in a ry  room l i g h t ,  a l l  th a t  

can be seen  i s  th e  sp eck le  and whorl p a t t e r n s  o f  F ig u res  6 , 7 , and 8. 

When th e  hologram i s  viewed w ith  p ro p e r m onochromatic r a d ia t io n ,  i t  i s  

p o s s ib le  to  observe b o th  th e  r e a l  images and th e  v i r t u a l  im ages. The 

r e a l  images o f cou rse  can be p ro je c te d  o n to  a  view ing sc reen  w h ile  th e  

v i r t u a l  images canno t. I t  i s  p o s s ib le ,  how ever, by means of a  camera 

p o in ted  a t  th e  hologram , to  reco rd  th e  v i r t u a l  images on f i lm . Shown 

in  F ig u re  16 i s  a  rep ro d u c tio n  of a cam era v iew  of a hologram made w ith  

f i b e r  o p tic  i l lu m in a tio n . The o b je c ts  f o r  th e  ho lo g rap h ic  scene were 

two ch ess  p ie c e s . In  th e  c e n te r  i s  th e  d i r e c t  view  of th e  c a s t l e  and 

k n ig h t. At th e  r i g h t  and l e f t  a re  m ir ro r  r e f l e c te d  views of th e  back 

s id e s  o f th e  o b je c ts .  The exposure tim e  f o r  t h i s  p ic tu re  was 10 

m inu tes a t  f /1 1  on 35 m ill im e te r  p lu s -x  f i lm .

F ig u re  16. Camera view of a h o lo g ra p h ic  scen e .
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