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ABSTRACT 

Near-field amplitude and phase distributions from a high-peak- 

power, frequency converted Nd:glass laser  (A = 351nm) have been holo- 

graphical ly recorded on s i l  ver-ha1 ide emulsions. Conventionally , the 

absence of a suitable reference beam forces one t o  use some type of 

shearing interferometry to obtain phasefront information, while the 

near-fie1 d and far-fie1 d distributions are recorded as intensity pro- 

f i l e s .  In this  study, a spat ia l ly  f i l t e red ,  locally generated refer- 

ence beam was created to holographically store the complex amplitude 

distribution of the pulsed laser  beam, while reconstruction of the 

original wavefront was achieved with a continuous-wave 1 aser.  Recon- 

structed near-field and quasi-far-field intensity distributions closely 

resembled those obtained from conventional techniques, and accurate 

phasefront reconstruction was achieved. Furthermore, several two-beam 

interferometric techniques, not practicable with a high-peak-power 

laser,  have been successful ly implemented on a conti nuous-wave recon- 

struction of the pulsed laser  beam. 
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INTRODUCTION 

The high-peak-power neodymium, g l ass  l a s e r  has been e x t e n s i v e l y  de- 

veloped, p r i m a r i l y  f o r  use as a  l a s e r  d r i v e r  i n  I n e r t i a l  Confinement 

Fusion ( ICF)  research. Recent i n t e r e s t  i n  s h o r t e r  wavelength d r i v e r s  by 

t h e  ICF community has r e s u l t e d  i n  t h e  e f f i c i e n t  conversion o f  i n f r a r e d  

r a d i a t i o n  ( = 1.054pm) t o  t he  u l t r a v i o l e t ,  t h i r d  harmonic 

( A =351 nm), by means o f  non l i nea r  f requency convers ion w i t h  KDP c rys -  

t a l s .  1 

D i r e c t  d r i v e  ICF, where t he  conf inement t ime  i s  between 100 ps and 

1 ns, i s  achieved by  i r r a d i a t i n g  sphe r i ca l  f u e l  p e l l e t s  w i t h  a  symmetri- 

c a l  a r r a y  o f  over lapp ing  l a s e r  beams, and r e q u i r e s  a  h i g h l y  symmetric 
+ 

t a r g e t  implos ion.  A t a r g e t  i r r a d i a n c e  u n i f o r m i t y  o f  - 1% i s  be l ieved  

t o  be e s s e n t i a l  i n  o b t a i n i n g  a  s u f f i c i e n t l y  s p e t r i c  f u e l  compres- 

sion.'  The u n i f o r m i t y  of l a s e r  energy d e p o s i t i o n  on t a r g e t  has been 

analyzed us'ing a  sphe r i ca l  decomposi t ' ion o f  t he  mu1 t-i beam i n t e r f e r e n c e  

  at tern.^ The i r r a d i a t i o n  n o n u n i f o r m i t i e s  a re  understood i n  terms o f  

two c o n t r i b u t i n g  f a c t o r s  f rom t h e  l a s e r  d r i v e r .  The f i r s t  f a c t o r  i n -  

vo lves t h e  mult ibeam geometry, i .e., t h e  number o f  beams and t h e i r  

o r i e n t a t i o n ,  and t he  energy balance between beams. The second f a c t o r  

i nvo l ves  bo th  t h e  F-number o f  t he  focuss ing  lenses and t h e  energy deposi- 

t i o n  p a t t e r n  f rom a  s i n g l e  beam, which i s  determined by  t h e  i n t e n s i t y  

p r o f i l e  o f  each beam a t  i t ' s  area of con tac t  w i t h  t h e  t a r g e t  sur face.  

Therefore,  i n  a d d i t i o n  t o  h i g h  peak powers, d i r e c t  d r i v e  ICF requ'ires 



t h a t  each frequency converted l a s e r  beam have a  h igh  l e v e l  o f  u n i f o r m i t y  

a t  the t a r g e t  plane. 

Centra l  t o  the  un i fo rm i t y  i ssue i s  the  need t o  determine the  f a c t o r s  

which con t ro l  the q u a s i - f a r - f i e l d  i n t e n s i t y  d i s t r i b u t i o n  o f  the  i n d i -  

v idua l  beam, and the  ex ten t  t o  which they can be manipulated t o  opt imize 

o v e r a l l  i r r a d i a t i o n  un i fo rm i t y .  Wavefront measurement techniques, which 

generate n e a r - f i e l d  i n t e n s i t y  and phase d i s t r i b u t i o n s ,  as we l l  as quasi- 

f a r - f i e l d  i n t e n s i t y  d i s t r i b u t i o n s  o f  i n d i v i d u a l  l a s e r  beams, are essen- 

t i a l  i n  f u l f i  11 i n g  these ob jec t ives .  The two n e a r - f i e l d  p r o f i l e s ,  

together  w i t h  a  two-dimensional beam propagation code, would c o n s t i t u t e  a  

p r e d i c t i v e  t o o l  f o r  the  c a l c u l a t i o n  o f  the  i n t e n s i t y  d i s t r i b u t i o n  a t  any 

given t a r g e t  plane. Furthermore, experimental cor robora t ion  would be 

made poss ib le  by the  ex is tence o f  a  r e a l  t ime reproduct ion o f  the  pulsed 

beam. Figure 1-1 schemat ica l ly  i l l u s t r a t e s  the  r e l a t i o n s h i p  between the 

propagation code p r e d i c t i o n s  and a  holographi c a l l  y reconstructed f a r -  

f i e l d  i n t e n s i t y  d i s t r i b u t i o n .  

Near - f ie ld  and q u a s i - f a r - f i e l d  i n t e n s i t y  d i s t r i b u t i o n s ,  o f  an i n f r a -  

red ( x = 1.054 pm) h igh  peak power l a s e r  (HPPL) beam, have been photo- 

graphical  l y  recorded, wh i le  the  phase d i s t r i b u t i o n  has been measured w i t h  

shearing in te r fe romet ry .  2'4 However, photographical 1  y  recorded foca l  

plane p r o f i l e s  are  o f t e n  i n v a l i d  ( sec t i on  2.3), and l i m i t e d  success has 

been achieved i n  q u a n t i t a t i v e l y  u t i  1  i z i n g  shearing in ter ferograms.  Fur- 

thermore, no wavefront measurement techniques have been successful  l y  i m -  

plemented on the  frequency converted HPPL beam ( x = 351 nm). 
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This t h e s i s  i s  based on the  p ropos i t i on  t h a t  holographic methods can 

be implemented on an u l t r a v i o l e t ,  frequency converted, high-peak-power 

l ase r ,  i n  o rder  t o  ob ta in  a r e l i a b l e  continuous-wave reconst ruc t ion  f o r  

convent ional wavefront measurement. Chapter I 1  presents a desc r ip t i on  o f  

the  convent ional and a1 t e r n a t i  ve wavefront measurement techniques. Chap- 

t e r  I 1 1  conta ins a t h e o r e t i c a l  i n v e s t i g a t i o n  of the  f e a s i b i l i t y  o f  pro- 

ducing a l o c a l  l y  generated reference beam, f o r  use i n  holographical  l y  

record ing the wavefront of a HPPL. The demonstration o f  holographic 

techniques, and the a p p l i c a t i o n  o f  convent ional measurement techniques t o  

both the pulsed l a s e r  beam and the  continuous-wave reconst ruc t ion  o f  the  

pulsed beam are  contained i n  Chapter I V .  Conclusions and suggestions f o r  

f u t u r e  research compose the  f i n a l  chapter.  
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I I. NAVEFRONT MEASUREMENT ALTERNATIVES 

2.1 I n t r o d u c t i o n  

A rev iew o f  t he  p r e v i o u s l y  used methods t o  measure t he  complex ampl i -  

tude d i s t r i b u t i o n  i n  t h e  n e a r - f i e l d  and the  f a r - f i e l d  i n t e n s i t y  d i  s t r i  bu- 

t i o n  o f  a high-peak-power l a s e r  (HPPL) i s  use fu l  i n  e s t a b l i s h i n g  t he  many 

p r a c t i c a l  cons ide ra t i ons  which i n f l u e n c e  t he  f i n a l  choice o f  a p a r t i c u l a r  

technique. The s i m p l i c i t y  of design, opera t ion ,  and i n t e r p r e t a t i o n  as 

w e l l  as t he  v e r s a t i l i t y ,  accuracy and cos t  o f  t h e  technique must be con- 

s idered.  Th i s  rev iew begins w i t h  a general  i n q u i r y  i n t o  t he  pulsed l a s e r  

wavefront measurement a1 t e r n a t i v e s ,  which i nc l udes  use fu l  techniques 

which have n o t  y e t  been considered f o r  t he  s e t  o f  l a s e r  beam parameters 

(wavelength, pu lsewidth,  power, e t c .  ) under i n v e s t i g a t i o n .  

2.2 Phase Measurement 

The L a t e r a l  Shearing In te r fe rometer  ( LS I )  has been an impor tan t  t o o l  

i n  t he  phase f ron t  measurement of t he  HPPL. Th i s  method i n v o l v e s  t he  i n -  

te r fe rence  o f  two i d e n t i c a l  , b u t  d isp laced ,  wavefronts  which a re  der i ved  

from, and i d e n t i c a l  t o ,  t he  o r i g i n a l  wavefront.  The p r imary  advantage i s  

t he  f a c t  t h a t  t he  wavefront  i s  i n t e r f e r e d  w i t h  i t s e l f ,  thus  e l i m i n a t i n g  

t he  need f o r  a separate re fe rence  wavefront.  F i gu re  2.1 schematical l y  

i l l u s t r a t e s  t he  phys i ca l  shear t h a t  occurs.  The ampl i tude d i v i s i o n  o f  

the  i n c i d e n t  wavefront can be ob ta ined  by means o f  r e f l e c t i n g  surfaces, 

as u t i l i z e d  by the  Hur ty ,  Bates, and Jamin ~ n t e r f e r o m e t e r s , '  o r  by d i f -  
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f r a c t i o n ,  as u t i l i z e d  by the  double frequency g r a t i n g  l a t e r a l  shear i n -  

ter ferometer .  2 

Refer r ing  t o  F ig.  2.1, the  phasefront d i s t r i b u t i o n  can be expressed 

as W(x,y), where x,y a re  the  coordinates o f  p o i n t  P(x,y). A shear, S = 

A x, between the  two wavefronts in t roduces a path d i f f e rence  A W a t  po in t  

P(x,y) such t h a t  A W(x,y) = [W(x+S/2,y)-W(x-~/2,y)]. Neglect ing con- 

s tan t  phase s h i f t s  between the  two wavefronts, a b r i g h t  f r i n g e  i s  obta in-  

ed whenever A W i s  an i n t e g e r  m u l t i p l e  o f  x , where A W i s  the average of 

the wavefront slope ( a  W / a  x)  t imes the  shear d is tance 

The f r i n g e s  o f  the  l a t e r a l  shear in te r fe rogram represent l o c i  o f  con- 

a W(~,Y)  

ax 

s tan t  wavefront slope, averaged over the shear distance."he recovery 

6 )  = n x 

of W(x,y) i s  improved by a knowledge o f  the  wavefront slope i n  two or tho-  

averaged 
over S 

gonal d i r e c t i o n s ,  unless r o t a t i o n a l  symmetry i s  assumed. A second i n t e r -  

ferogram, where the shear d i r e c t i o n  i s  a long the  y ax is ,  must be obtained 

i n  t h i s  case. 

Given a nominal ly  c o l l  imated wavefront, t he  Murty plane para1 1el  

p l a t e  i n te r fe romete r  (see F ig .  2.2) i s  a r e l a t i v e l y  simple method of ac- 

qui r i n g  wavefront slope in fo rmat ion .  The two i n t e r f e r i n g  wavefronts are 

composed o f  f r o n t  and r e a r  sur face r e f l e c t i o n s  which are sheared accord- 

i n g  t o  the  f o l l o w i n g  equat ion, 





were t i s  t h e  p l a t e  th ickness ,  n  i s  t h e  r e f r a c t i v e  index and 8 i s  the 

angle of inc idence .  The corresponding o p t i c a l  pa th  d i f f e r e n c e  between 

t h e  two wavefronts  i s  g i ven  by, 

OPD = 2 t ( n 2  -s in2e) '  

For an uncoated p l a t e ,  t h e  magnitudes of  t h e  two r e f l e c t i o n s  a r e  equal,  

and determined by t h e  Fresnel r e f l e c t i o n  c o e f f i c i e n t s ,  thus  i n s u r i n g  h i gh  

f r i n g e  v i s i b i l i t y  f o r  a  s u f f i c i e n t l y  coherent  source. The s e n s i t i v i t y  i s  

dependent upon t h e  shear d i s t ance  and any t i lt in t roduced between t he  two 

r e f l e c t i n g  sur faces.  Genera l l y  t i  1  t i s  in t roduced i n  t he  d i r e c t i o n  

or thogonal  t o  t h a t  o f  t h e  l a t e r a l  shear. I n  t he  case o f  shear i n  the  x  

d i r e c t i o n ,  t h e  o p t i c a l  pa th  d i f f e r e n c e  assoc ia ted  w i t h  the  tilt may be 

represented as a l i n e a r  f u n c t i o n  o f  t h e  y  coord ina te ,  

where A i s  t he  t i l t  angle,  1 i s  t he  wavelength o f  l i g h t  and n  i s  the 

r e f r a c t i v e  index.  I n  the  absence of  any abe r ra t i ons ,  t h i s  equat ion 

represen ts  a  system o f  s t r a i g h t  f r i n g e s  p a r a l l e l  t o  t he  x a x i s .  

I n  t h e  case of a  wavefront w i t h  l a rge ,  m u l t i p l e  abe r ra t i ons ,  any t i l t  

would f u r t h e r  compl i c a t e  ana l ys i s .  A wavefront  which i s  r ough l y  charac- 



t e r i z e d ,  and known t o  have smal l  abe r ra t i ons  o f  a  p a r t i c u l a r  type, re -  

q u i r e s  t i lt f r i n g e s  f o r  i n t e r f e r o m e t r i c  r educ t i on  s ince i t  i s  e a s i e r  t o  

eva lua te  t he  modulat ion o f  nom ina l l y  s t r a i g h t  f r i n g e s  than t o  eva lua te  an 

a lmost  complete absence o f  f r i n g e s .  

Several methods o f  o b t a i n i n g  two or thogonal  wavefront s lopes are 

a v a i l a b l e .  A s i n g l e  p l a t e  can be used i n  two d i f f e r e n t  o r i e n t a t i o n s  i f  

the  wavefront  i n  two consecut ive exper iments i s  reproduc ib le .  The use o f  

two p la tes ,  o r t h o g o n a l l y  o r i en ted ,  i s  a  more expensive s o l u t i o n  when sim- 

u l t a n e i t y  i s  a  requirement.  The double f requency g r a t i n g  i s  another  so l -  

u t i o n ;  two shears a re  ob ta ined  by one ho lographic ,  double frequency, 

crossed, d i f f r a c t i o n  g r a t i n g .  The amount o f  shear i s  determined by t he  

d i f f e r e n c e  between t he  two s p a t i a l  f requenc ies  which make up t h e  crossed 

g r a t i n g .  An impor tan t  advantage t o  t h i s  technique, as opposed t o  the  

Mur ty  i n te r f e rome te r ,  i s  t h a t  no o p t i c a l  pa th  d i f f e r e n c e  ( t i m e  d i f f e r e n -  

t i a l  ) between t he  sheared wavefronts  e x i s t s .  Therefore,  any temporal 

incoherence e f f e c t s  i n  a  pulsed beam w i l l  n o t  b l u r  t he  f r i n g e  pa t t e rn .  

F r inge  b l u r r i n g  would be a t t r i b u t a b l e  t o  t ime  dependent phase changes 

d u r i n g  t h e  pu lse,  s ince  a  photographic  r eco rd ing  dev ice  t ime - i n teg ra tes  

the i n t e r f e r e n c e  p a t t e r n .  

Shearing i n t e r f e r o m e t r y  has an i n h e r e n t  disadvantage over  conven- 

t i o n a l  wavefront  i n t e r f e r o m e t r y  because o f  t h e  amount o f  a n a l y s i s  re -  

qu i r ed  t o  o b t a i n  the  o r i g i n a l  wavefront .  The most common a n a l y t i c a l  pro- 

cedure assumes t h a t  t h e  unknown wavefront  W(x,y) i s  a  smooth f u n c t i o n  

t h a t  can be represented by a  two dimensional  po lynominal .  The polynomial  

c o e f f i c i e n t s  a r e  c a l c u l a t e d  us ing  a  l e a s t  squares f i t t i n g  o f  the  wave- 

f r o n t  s lope va lues ob ta ined  f rom the  measurement o f  t h e  f r i n g e  pos i -  

t i o n s .  Rimmer and Wyant s t a t e  t h a t  t h e  accuracy o f  t he  f i n a l  r e s u l t s  can 



be as good as t he  accuracy o f  t he  measured data.4 They p o i n t  o u t  t h a t  

t he  ma jo r  sources of e r r o r  i n  t h e i r  r e s u l t s  a r e  t he  measurement o f  t he  

shear va lue and t h e  polynomial  f i t  t o  t h e  data.  They c l a i m  an e r r o r  as 

small as .04 wavelength RMS has been ob ta ined  i n  t he  measurement o f  a  

wavefront w i t h  about one wavelength o f  abe r ra t i on .  However, an ac tua l  

a t tempt  a t  ana l yz i ng  t he  da ta  ob ta ined  from a  HPPL p o i n t s  ou t  t h e  prac- 

t i c a l  d i f f i c u l t i e s  and enormi ty  o f  t he  task .  5 

Figures  2.2 and 2.3 schema t i ca l l y  i l l u s t r a t e  t h e  t ype  o f  s e t  up t h a t  

each method r e q u i r e s  f o r  use on a  .HPPL. The Mur ty  des ign u t i l i z e s  a  com- 

b i n a t i o n  of wedged r e f l e c t o r s  and a t t e n u a t i n g  f i l t e r s  t o  i nsu re  proper  

exposure o f  t h e  photographic  record.  F igures  2.3 shows the  ac tua l  setup 

used t o  o b t a i n  g ra t i ng -shea r i ng  i n te r f e rog rams  on an i n f r a - r e d  HPPL. By 

p l a c i n g  t he  g r a t i n g  near  t h e  focus o f  t h e  l e n s  system, l a t e r a l  shear ing 

i n te r f e rog rams  a re  produced on e i t h e r  s i d e  o f  t h e  zero o r d e r  and i n  two 

or thogonal  d i r e c t i o n s .  An o b s t r u c t i o n  which blocked t he  zero o rde r  l i g h t  

was p laced ahead o f  t he  f i n a l  lens ,  t o  preserve t he  f r i n g e  v i s i b i l i t y  i n  

t he  - + 1 d i f f r a c t e d  o rders .  High v i s i b i l i t y  i n t e r f e r e n c e  f r i n g e s  were 

obta ined on one beam f rom a  twenty - four  beam l a s e r  system (OMEGA) on a  

r e g u l a r  bas is ,  b u t  h i gh  power d e n s i t i q s  on t h e  ho lograph ic  g r a t i n g  

r e s u l t e d  i n  occas ional  damage.6 A1 though t h e  r e s u l t s  o f f e r e d  i n -  

creased understanding o f  t h e  beam performance i n  t h e  f o c a l  spot  as a  

f u n c t i o n  o f  t he  a b e r r a t i o n s  i n  t he  beam, an accurate a n a l y s i s  o f  the 

f r i n g e s  was never  completed. 

The p o i n t  d i f f r a c t i o n  i n t e r f e r o m e t e r  (PDI)"~ i s  another  p o t e n t i a l  

t o o l  f o r  use on t h e  HPPL. The PDI i s  b a s i c a l l y  a  two-beam, common-path 

i n te r f e rome te r  i n  which t h e  reference beam i s  generated by  t h e  d i f f r a c -  

t i o n  from a  smal l  ape r tu re  i n  a  p a r t i a l l y  t r a n s m i t t i n g  m a t e r i a l .  The 
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mate r ia l ,  e i t h e r  a  t h i n  f i l m  deposited on a  substrate,  o r  a  bu lk  absorp- 

t i o n  p la te ,  i s  placed a t  the  Four ie r  transform plane o f  a  focussed wave- 

f r o n t  as shown i n  F ig .  2.4. The p inhole i s  pos i t ioned so t h a t  some por- 

t i o n  o f  the aberrated p o i n t  spread func t i on  of the wavefront i s  d i f -  

f r a c t e d  i n t o  a  p e r f e c t  spher ica l  wave reference beam. The a t tenuat ion  

c o e f f i c i e n t  of the  ma te r ia l  i s  chosen so t h a t  h igh  v i s i b i l i t y  f r i n g e s  

r e s u l t  from the  i n te r fe rence  o f  the two wavefronts. The f r i n g e  quan t i t y  

and shape can be chosen by adding o r  subs t rac t ing  tilt and defocus by 

l a t e r a l l y  and l o g i  t ud ina l  l y  d i sp lac ing  the PDI, respect ive ly .  The d i s -  

advantage o f  the PDI i s  t h a t  these adjustments a l so  a f f e c t  the f r i n g e  

v i  s i  b i  1  i t y  s ince the  reference beam depends upon the i n t e n s i t y  d i  s t r - i  bu- 

t i o n  o f  the aberrated p o i n t  spread funct ion.  Un l ike  l a t e r a l  shearing 

in te r fe romet ry ,  the  f r i n g e s  from a  PDI in te r fe rogram t race  out  contours 

of regions of equal o p t i c a l  path d i f f e rence .  A map o f  the  wavefront 

phase i s  obtained d i r e c t l y .  

An i n f r a - r e d  Smartt In te r fe rometer  has been success fu l l y  designed and 

used t o  measure the phase o f  a  C02 HPPL.' High power dens i t i es  ex- 

clude any type o f  i n te r fe romete r  which focusses the l i g h t  onto a  coated 

surface, s ince a  vapor iza t ion  o f  the t h i n  f i l m  coat ing, used t o  at tenuate 

the  wavefront, usua l l y  occurs. This  new design u t i l i z e d  a  substrate con- 

s i s t i n g  of a  13 micron t h i c k ,  e p i t a x i a l l y  grown, s i l i c o n  sec t ion  i n t o  

which a  h igh  c o n d u c t i v i t y  n-type dopant i s  d r i ven  i n  by means o f  a  d i f -  

fusion process. To avoid h igh  power d e n s i t i e s  on the surface, h igh F I #  

systems were used i n  con junc t ion  w i t h  a  40 micron d i f f r a c t i o n  aperture, 

along w i t h  an i n i t i a l  a t t enua t i on  o f  the f u l l  beam. The t rade o f f s  were 

found t o  be between the choice o f  aper tu re  s i ze  and wavefront a t tenuat ion  

versus the cont ras t  and accuracy of the f r i n g e s .  A peak t o  v a l l e y  e r r o r  

o f  1 /20 was obta ined ( 1 =10.6 urn). 

14- 
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A v a r i a t i o n  of t he  Mach-Zehnder I n te r f e rome te r  has been used t o  

measure t he  beam parameters o f  a  continous-wave HeNe gas l ase r .  lo 1n 

F ig .  2.5, a TENOO mode l a s e r  beam i s  used as a s i gna l  beam. A r e f e r -  

ence beam i s  obta ined by e n l a r g i n g  t he  s i gna l  beam s u f f i c i e n t l y  t o  pro- 

duce a plane wave w i t h  un i f o rm  ampl i tude. D i r e c t  measurements o f  t he  

r e s u l t i n g  i n t e r f e r o g r a m  and i n t e n s i t y  d i s t r i b u t i o n  were made t o  o b t a i n  

beam parameters. 

Holographic  techniques a1 low the  poss i  b i  1  i t y  o f  record ing  and sub- 

sequent ly  r e c o n s t r u c t i n g  t h e  ampl i tude and phase o f  a  wavefront.  Con- 

ven t iona l  ho lograph ic  i n te r f e rome t r y  i n v o l v e s  t he  s torage o f  two o r  more 

t empora l l y  separated wavefronts,  and an i n t e r f e r o m e t r i c  comparison 

between them i s  made d u r i n g  recons t ruc t i on .  A l t e r n a t e l y ,  t h e  wavefront 

recons t ruc ted  by  d i f f r a c t i o n  a t  t h e  hologram can be made t o  i n t e r f e r e  

w i t h  another  wavefront  t r a n s m i t t e d  through t h e  hologram. I n  t h i s  case, 

r e a l  t ime, two-beam type  f r i n g e s  a re  obta ined.  Genera l l y  t h i s  i s  app l i ed  

t o  v i b r a t i o n a l  a n a l y s i s  o r  mechanical s t r e s s  measurement, where t he  two 

i n t e r f e r i n g  wavefronts a re  bo th  o b j e c t  wavefronts  and t ime dependent 

phase changes a re  s tud ied .  When a p lane wave i s  used as t he  i n t e r f e r i n g  

wavefront t r a n s m i t t e d  through t he  p l a t e ,  then t h e  phase o f  t he  o b j e c t  

wavefront  i t s e l f  can be v i s u a l i z e d  i n  terms o f  two-beam i n t e r f e r e n c e  

f r i n g e s .  A hologram o f  a  pu lsed l a s e r  can be recorded w i t h  a  l o c a l l y  

generated re fe rence  beam f rom the  pu lse  i t s e l f .  l1*l2 The o b j e c t  wave- 

f r o n t  can be subsequent ly recons t ruc ted  w i t h  an app rop r i a te  c o n t i  nous 

wave l a s e r .  L i k e  t he  P D I ,  t h i s  i n t e r f e r o m e t r i c  technique d i r e c t l y  pro- 

duces wavefront  i n f o rma t i on .  





2.3 I n t e n s i t y  Measurement 

Many techniques are  a v a i l a b l e  i n  record ing the  n e a r - f i e l d  i n t e n s i t y  

d i s t r i b u t i o n  of a  HPPL. The major design parameters are  the  wavelength 

s e n s i t i v i t y ,  reso lu t i on ,  and dynamic range o f  the  record ing medium. 

Uodak Linagraph d i r e c t  p r i n t  paper, Po laro id  h igh  speed b lack and white 

f i l m ,  and Dupont Dylux I n s t a n t  Image Proof paper13 are commonly used t o  

diagnose e r r o r s  i n  beam alignment, bu t  t h e i r  low reso lu t i on  and low dy- 

namic range preclude accurate sensi tometr ic  analys is .  Sol i d  impressions 

of the  i n t e n s i t y  p r o f i l e ,  formed i n  thermal ly  deformable p l a s t i c s ,  are 

used as d iagnost ic  t o o l s  f o r  h igh  average power lasers .  When the  demag- 

n i f i c a t i o n  of a  l a r g e  diameter beam i s  possib le,  image tubes and detec tor  

arrays are ava i l ab le  record ing devices. 

The photographic method i s  poss ib l y  the best  n e a r - f i e l d  i n t e n s i t y  

record ing technique. The wavelength s e n s i t i v i t y  ranges from being ade- 

quate i n  the near i n f r a r e d  t o  o v e r l y  responsive a t  u l t r a v i o l e t  wave- 

lengths. The dynamic range can vary from l e s s  than two orders of magni- 

tude t o  more than th ree  orders of magnitude, depending on the  type o f  

emulsion and the selected slope (gamma) o f  the  dens i t y  verses logar i thm 

of the  exposure (D-logE) curve. Lack o f  r e s o l u t i o n  r a r e l y  presents a 

problem f o r  l a rge  diameter HPPL beams. Accurate i n t e n s i t y  values are 

obtained by generat ing D-log(E) curves f o r  each combination o f  wave- 

length,  pul  sewidth, and development procedure. 

Photographic methods are  a l so  a v a i l a b l e  f o r  the  record ing  o f  f a r -  

f i e l d  and equivalent- target-p lane (ETP) i n t e n s i t y  d i s t r i b u t i o n s .  The 

equivalent  plane camera produces a  two-dimensional a r r a y  o f  successive 

q u a s i - f a r - f i e l d  images, each w i t h  a  se t  o f  decreasing exposure 

l eve l s .  l4 Figure 2.6 i l l u s t r a t e s  the  set-up necessary t o  ob ta in  the 
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a r ray .  An energy r e d u c t i o n  i n  t h e  beam, a long  w i t h  t he  use o f  a  long  

foca l  l e n g t h  lens,  d e l i v e r s  t h e  c o r r e c t  energy d e n s i t y  t o  t he  f i l m  

plane. A t t e n u a t i n g  and narrow pass b l o c k i n g  f i l t e r s  a r e  p laced j u s t  

be fo re  t h e  f i l m  p lane.  A l l  o p t i c s  p r i o r  t o  t h e  camera must be 

d i f f r a c t i o n  l i m i t e d  i n  q u a l i t y ,  w h i l e  t h e  f i l t e r s  need o n l y  be l o c a l l y  

homogeneous and u n i f o r m l y  t r a n s m i t t i n g .  

It i s  g e n e r a l l y  accepted t h a t  ETP photographic  methods a r e  accurate 

when t he  p lane i s  s u f f i c i e n t l y  removed f rom t h e  f o c a l  plane. However, 

these methods can g i v e  mis lead ing  r e s u l t s  and e r r o r s  i n  energy d e n s i t y  

de te rmina t ions  when used near  t he  f o c a l  p lane o f  t he  lens .  l5 I f  t h e  

i n t e n s i t y  d i s t r i b u t i o n  has a  sp ike  i n  t he  cen te r  w i t h  broad wings o f  i n -  

t e n s i t y  below t h e  f i l m  th resho ld ,  then t h i s  method y i e l d s  a  sma l le r  than 

t r u e  image s i ze .  T h i s  i s  a c t u a l l y  a  problem o f  l i m i t e d  dynamic range and 

can app l y  t o  e l e c t r o n i c  d e t e c t i o n  as w e l l .  The a r r a y  camera can o f f e r  a  

way t o  determine t h e  e x t e n t  o f  t h i s  problem f o r  a  g iven  wavefront.  By 

a l l o w i n g  t h e  f i r s t  few row elements o f  each f o c a l  column t o  be 

overexposed, l a r g e  changes i n  image s i z e  due t o  t h i s  e f f e c t  cou ld  be 

observed, and would i n d i c a t e  t h a t  t h e  reco rd ing  p lane i s  t o o  near  focus 

f o r  an accurate energy d e n s i t y  c a l c u l a t i o n .  

P inho le  methods were developed as a  means o f  more a c c u r a t e l y  de te r -  

m in ing  f o c a l  p lane i n t e n s i t ]  d i s t r i b u t i o n s .  
16 A  s i n g l e  aper tu re  i s  

t r a n s l a t e d  through a  m a t r i x  o f  p o s i t i o n s  w i t h i n  t h e  f o c a l  p lane.  A 

d e t e c t o r  behind t he  ape r tu re  measures t he  energy o f  each l a s e r  pu lse,  one 

pu lse pe r  m a t r i x  element. The requirement o f  s imultaneous measurements 

l e d  t o  t h e  development o f  p i n h o l e  methods t h a t  u t i l i z e  t he  m u l t i p l e  s ide 

o rders  o f  a  d i f f r a c t i o n  g r a t i n g .  17 



Image tubes and detec tor  a r rays  are a v a i l a b l e  f o r  s ing le  shot 

measurement o f  f a r - f i e l d  i n t e n s i t y  d i s t r i b u t i o n s .  The v id i con  tube has 

been used t o  image a  C02 HPPL o f f  d i f f us ing  surfaces. l8 The low 

reso lu t i on  of 15 l ines/mn and a  dynamic range o f  l e s s  than two orders o f  

magnitude make the  v id i con  tube inadequate f o r  accurate measurements. 

Other image tubes w i t h  b e t t e r  performance are  ava i l ab le  bu t  have no t  been 

tes ted  on a  HPPL. 19 

Pyroe lec t r i c  a r rays  o f fe r  many advantages t o  wavefront measurement. 

( P y r o e l e c t r i c i  t y  i s  the  phenomenon by which c r y s t a l s  convert  changes i n  

temperature t o  e l e c t r i c i t y . " )  The i r  f l a t  spec t ra l  response and wide 

dynamic range make them an exce l l en t  choice o f  detector .  The disadvan- 

tages inc lude both a  l i m i t e d  r e s o l u t i o n  and r e l a t i v e l y  h igh  expense. 

The C I D  (Charge I n j e c t i o n  Device) imaging a r r a y  o f f e r s  super ior  

r e s o l u t i o n  as we l l  as a  dynamic range o f  g rea ter  than f i v e  orders o f  mag- 

n i  tude. '' The two-dimensional a r r a y  cons is ts  of coupled metal-oxide 

s i  1  i con (MOS) capac i to rs  which c o l l e c t  and s to re  the photogenerated 

charge. Coincident X - Y  se lec t i on  i s  used t o  i n j e c t  t he  stored charge 

i n t o  the  bu l k  s i l i c o n .  The output  s igna l  i s  r e l a t e d  t o  the t ime i n t e -  

grated charging cu r ren t  t o  the  MOS capac i to r  p la tes .  The major disadvan- 

tage i s  system expense and, l i k e  the p y r o e l e c t r i c  array,  an accidenta l  

excess o f  energy, beyond the  damage th resho ld  o f  the ma te r ia l ,  r e s u l t s  i n  

c o s t l y  repa i r s .  



2.4 Conclusions 

A technique which i n h e r e n t l y  can produce t he  f a r - f i e l d  and near- 

f i e l d  i n t e n s i t y  d i s t r i b u t i o n s ,  as n e l l  as t h e  n e a r - f i e l d  phase d i s -  

t r i b u t i o n  o f  a  HPPL most deserves i n v e s t i g a t i o n .  The bas ic  des ign o f  a  

system t h a t  has t h i s  c a p a b i l i t y  i s  shown i n  F ig .  2.7. 

The h e a r t  o f  t h i s  system i s  a  ho lograph ic  i n te r f e rome te r .  The i n c i -  

dent  wavefront  i s  s p l i t  i n t o  an o b j e c t  beam and a  newly created re fe rence  

beam. Several  techniques can be employed t o  c rea te  a  s u i t a b l e  re fe rence  

beam, which a r e  discussed i n  Chapter Three. The two beams recombine a t  

t he  ho lograph ic  p l a t e  t o  fo rm an i n t e r f e r e n c e  p a t t e r n  t h a t  i s  charac- 

t e r i s t i c  o f  bo th  t h e  o b j e c t  and t h e  re fe rence  beams. A CW l a s e r ,  operat -  

i n g  a t  t he  same wavelength, can be used w i t h  t h e  same set-up t o  recon- 

s t r u c t  t h e  o b j e c t  wavefront.  Th i s  des ign takes  advantage o f  t he  f a c t  

t h a t  ho lograph ic  i n t e r f e r o m e t r y  i s  capable o f  r eco rd ing  a l l  o f  t he  i n f o r -  

mat ion necessary f o r  t he  complete recovery  o f  t he  o r i g i n a l  complex ampl i -  

tude d i s t r i b u t i o n .  

Various wavefront measurement techniques, considered i m p r a c t i c a l  f o r  

use on t he  HPPL, a r e  p o s s i b l e  w i t h  a  CW r e c o n s t r u c t i o n  o f  t he  same HPPL 

wavef r on t .  A n e a r - f i e l d  i n t e n s i t y  p a t t e r n  cou ld  be a p p r o p r i a t e l y  

demagnif ied and observed w i t h  a  d e t e c t o r  a r r a y  w i t hou t  t he  r i s k  of c o s t l y  

damages. The propagat ion o f  a  CW p lane  wave a long  t he  pa th  o f  t he  i n i -  

t i a l  o b j e c t  beam would produce two beam i n t e f e r o m e t r i c  f r i n g e s ,  char- 

a c t e r i s t i c  of t he  o r i g i n a l  phasef ront .  Furthermore, a  t y p i c a l  PDI, 

designed f o r  use w i t h  a  CW l a s e r ,  cou ld  be used i n  p lace  o f  t h e  separate- 

plane-wave reference scheme t o  a1 1 ow t h e  phasef r o n t  measurement t o  i n -  . 

c lude t h e  performance o f  t h e  f i n a l  focuss ing  lens .  While the  recon- 

s t r u c t e d  wavefront i s  s t i l l  focussed th rough t h e  lens ,  t h e  PDI cou ld  be 

removed t o  observe a  continuum of ETP images, and t h e  f a r - f i e l d  i n t e n s i t y  





p a t t e r n  cou ld  be mapped o u t  over  a  curved sur face  corresponding t o  a  

sphe r i ca l  t a r g e t .  A d d i t i o n a l l y ,  t h i s  technique cou ld  reduce t he  d i f f i -  

c u l t y  assoc ia ted  w i t h  measuring t he  i n t e n s i t y  d i s t r i b u t i o n  r i g h t  a t  t he  

f o c a l  plane. 

A l t e r n a t i v e l y ,  phase measurements cou ld  be obta ined w i t hou t  t he  use 

of an i n te r f e rome te r .  A  technique which u t i  1  i z e s  acousto-opt ic  modula- 

t i on ,  heterodyne de tec t i on ,  and two-dimensional r a s t e r  scanning has been 

developed t o  cha rac te r i ze  l a s e r  beam quai i ty.22 This  technique o f f e r s  

the  a b i l i t y  t o  s imu l taneous ly  measure t he  two dimensional  phase and i n -  

t e n s i t y  d i s t r i b u t i o n s  o f  t he  CW r e c o n s t r u c t i o n  o f  t he  pulsed beam. 

I n  summary, t he  ho lograph ic  i n t e r f e r o m e t e r  i n h e r e n t l y  o f f e r s  t o t a l  

wavefront s torage.  Var ious wavefront  measurement techniques a re  b e t t e r  

s u i t e d  t o  a  CW r e c o n s t r u c t i o n  o f  t he  HPPL. T h i s  des ign m e r i t s  i nves t i ga -  

t i o n  s ince  i t  o f f e r s  bo th  i n t e r f e r o m e t r i c  and i n t e n s i t y  measurement cap- 

a b i l i t i e s  n o t  p r e s e n t l y  a v a i l a b l e  f o r  HPPL beam a n a l y s i s .  
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I I I. THEORETICAL CONSIDERATIONS 

3.1 I n t r o d u c t i o n  

Holography i s  a  method o f  r eco rd ing  and r e c o n s t r u c t i n g  t he  complex 

ampl i tude o f  a  wavefront.  The i n t e r f e r e n c e  p a t t e r n  between an o b j e c t  

wavefront and a  coherent re fe rence  beam i s  recorded. The use o f  a  s i l v e r  

ha1 i d e  emu1 s i o n  as an energy reco rd ing  medi um r e q u i r e s  chemical process- 

i n g  i n  o rde r  t o  man i f es t  t h e  wavefront modulat ion.  Wavefront reconst ruc-  

t i o n  takes  p lace,  i n  a  t h i r d  step, when t h e  hologram i s  i l l u m i n a t e d  w i t h  

a second re fe rence  wave. Under c e r t a i n  cond i t i ons ,  t h e  recons t ruc ted  

wavefront i s  i d e n t i c a l  i n  form t o  t h e  o r i g i n a l  wavefront,  and may be 

operated upon as i f  i t  were t h e  o r i g i n a l .  Other r a d i a t i o n  cha rac te r i s -  

t i c s ,  such as spec t ra l  bandwidth, pu lsewidth,  and p o l a r i z a t i o n  a re  n o t  

preserved. Th i s  chap te r  dea l s  w i t h  t h e  t h e o r e t i c a l  concepts which out -  

l i n e  t he  requi rements f o r  an accurate wavefront r eco rd ing  o f  a  High Peak 

Power Laser (HPPL), and an accurate,  cont inuous wave recons t ruc t i on  o f  

t he  same wavef r o n t  . 



3.2 Wavef r o n t  Recording 

Communication t heo ry  o f f e r s  i n s i g h t  i n t o  t he  r e l a t i o n s h i p  between 

heterodyne techniques and general  ho lograph ic  methods. Expressions 

d e s c r i b i n g  t he  i n te r f e rence  and modulat ion between t he  o b j e c t  wave and 

t he  re fe rence  wave ( l o c a l  o s c i l l a t o r )  o f f e r  a  c l e a r  understanding o f  t he  

e f f ec t s  due t o  temporal v a r i a t i o n s ,  and show the  means by which t he  amp- 

l i t u d e  and r e l a t i v e  phase i n f o r m a t i o n  a re  preserved. The f o l l o w i n g  

n o t a t i o n  f o l l o w s  c l o s e l y  t o  cathey.' Le t  t he  o b j e c t  wave and l o c a l  

o s c i l l a t o r  (LO) wave be represented, r e s p e c t i v e l y ,  by 

where O(x,y), 9 (x,y)  and R(x,Y), + (x,y)  represen t  the  ampl i tude and 

phase d i s t r i b u t i o n  p a i r s  of the  o b j e c t  and LO waves, r e s p e c t i v e l y .  Plane 

p o l a r i z a t i o n  a long  t h e  y a x i s  i s  t a c i t l y  assumed. The r e l a t i o n s h i p s  be- 

tween t he  i n c i d e n t  angles,  x and 0 , and t h e  p a i r s  o f  propagat ion con- 

s tan t s ,  a , u , and s , v, o f  t he  o b j e c t  wave and LO, r e s p e c t i v e l y ,  a re  

i l l u s t r a t e d  i n  F ig .  3-1. The l i n e s  represen t  sur faces o f  cons tan t  phase, 

ca l  l e d  phasef ronts .  The temporal f requencies,  u and o f  the  

o b j e c t  and LO waves, r e s p e c t i v e l y ,  have u n i t s  o f  radians/second. Square 

law d e t e c t i o n  of  the  i n t e r f e r e n c e  s i g n a l  between these two waves would 

produce a  s i g n a l  descr ibed  by : 
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The double frequency and sum frequency components vary too rapidly,  

f o r  a detector w i t h  l imited resolution and time response t o  record, 

leaving only the zero frequency and difference frequency terms, 

The original  amplitudes and phases are  l i nea r l y  preserved i n  the cross 

terms. Heterodyning techniques u t i l i z e  the intermediate frequency 

I F  = "1- O2 t o  reconstruct the object wave. Off-axis holo- 

graphic methods u t i l i z e  a spa t i a l  c a r r i e r  frequency, and a re  referred t o  

a s  Leith-Upatnieks holograms. Letting " = 2 and r e s t r i c t i ng  the 

recording geometry t o  symmetrical i l l  umination, e = -x , the expression 

becomes, 



Equation 3-5 shows t h a t  the  ampli tude d i s t r i b u t i o n  i s  recorded as an 

ampli tude modulat ion of the  s p a t i a l  c a r r i e r  frequency. The phase d i s t r i -  

bu t i on  i s  recorded as a phase modulation of the  same c a r r i e r .  A holo- 

graphic record ing of two nominal ly  plane waves can be considered a modu- 

l a t e d  d i f f r a c t i o n  g ra t i ng .  The ampli tude of the  g r a t i n g  i s  in f luenced by 

the  o b j e c t  ampl i tude, and the  p o s i t i o n s  o f  the  g r a t i n g  l i n e s  by the  

phase. F igure 3-2 i l l u s t r a t e s  each case, w i t h  3-2a showing the  sinu- 

so ida l  v a r i a t i o n  of f r i n g e s  due t o  the  i n te r fe rence  between two p e r f e c t l y  

plane waves. I f  the  o b j e c t  wave has o n l y  ampl i tude va r ia t i ons ,  such t h a t  

O(x,y)#constant and $ (x,y)=constant, then o n l y  the  i n t e n s i t y  of the 

f r inges  va r ies  (F ig .  3-2b). A phase modulat ion o f  a wave, such as 

O(x,y)=constant and $(x,y)#O causes a s h i f t  of the  f r i n g e s  and a change 

i n  t h e i r  spacing (F ig .  3-2c). 

Many ma te r ia l s  are a v a i l a b l e  t o  record and preserve the  modulated 

wavefronts; dichromated ge la t i ns ,  f e r r o e l e c t r i c  c r y s t a l s ,  thermoplast ics, 

photores is ts ,  photochromic mater ia ls ,  and o thers  are  described i n  the  

l i t e r a t u r e .  The most comnon medium, the  s i l v e r  h a l i d e  emulsion, i s  d i s -  

cussed i n  most holographic references, and i s  we l l  character ized by both 

the  manufacturers and the  s c i e n t i f i c  comnunity. I n  the  f i r s t  phase of 

the  holographic process, the  wavefront in format ion i s  recorded and pre- 

served i n  the  form o f  a l a t e n t  image. The m a t e r i a l i z a t i o n  o f  the  wave- 

f ron t  modulat ion occurs du r ing  subsequent processing of the  emulsion. 

Development o f  the  s i l v e r  h a l i d e  emulsion conver ts  the  l a t e n t  image 

d i s t r i b u t i o n  t o  a metal 1 i c  s i l v e r  d i s t r i b u t i o n ,  such t h a t  the  macroscopic 

number d e n s i t y  i s  p ropo r t i ona l  t o  the i n c i d e n t  e l e c t r i c  f i e l d  squared. 

Refer r ing  t o  equat ion 3-5, we can descr ibe the  d e n s i t y  d i s t r i b u t i o n  w i th  

the  f o l  lowing equat ion, 
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I d e a l l y ,  bo th  t he  o b j e c t  and re fe rence  wavefronts a re  n e a r l y  p lane waves, 

such t h a t  the  d i f f e r e n c e  between t h e i r  phase d i s t r i b u t i o n s  i s  a constant,  

i .e., $(x,y) - +(x,y) = C.  For two p lane waves we have, 

where 2x i s  t h e  f u l l  angle between t he  p lane waves. Planes o f  m e t a l l i c  

s i l v e r  appear a f t e r  development as shown i n  F ig .  3-3. The equiphase 

planes s a t i s f y  t he  vec to r  equat ion,  

The planes a re  separated by a d i s tance  d, where d i s  g iven  by t he  Bragg 

cond i t i on :  

As an example, l e t  A =351 nanometers and 2x = 15". The s p a t i a l  f r e -  

quency, v = I / d ,  of t he  p lanes a long  t he  x -ax i s  i s  744 cyc les  per  m i l l i -  

meter. 
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As the  th ickness  o f  t he  photographic emulsion decreases, t he  planes 

o f  m e t a l l i c  s i l v e r  approach r u l i n g s  l i k e  t h a t  o f  a  d i f f r a c t i o n  g ra t i ng .  

A Q f a c t o r  i s  de f i ned  t o  determine whether a  c e r t a i n  combinat ion o f  wave- 

length,  emu1 s i on  t h i ckness  ( t ) ,  and g ra t i ng /p l ane  separa t ion  wi 11 exhi  b i t  

p lane d i f f r a c t i o n  o r  volume d i f f r a c t i o n  c h a r a c t e r i s t i c s .  

Genera l ly ,  a  Q > 10 i n d i c a t e s  a t h i c k  hologram, bu t  volume e f f e c t s  a re  

observed f o r  1 < Q < 10.) Consider a  c o n t i n u a t i o n  o f  t he  above example 

( A = 351 nm, Zx = 15'1, where t he  emulsion th ickness  i s  seven microns, 

corresponding t o  an Agfa-Gevaert 10E56 ho lograph ic  p l a t e .  S u b s t i t u t i n g  

t h e  express ion f o r  t he  p lane spacing, d, i n t o  equat ion 3-10 y i e l d s  a 

c a l c u l a t e d  Q f a c t o r  o f ,  

A1 though p lane d i f f r a c t i o n  t heo ry  s u f f i c i e n t l y  descr ibes  t he  reconst ruc-  

t i o n  process, volume e f f e c t s  a re  a n t i c i p a t e d  d u r i n g  ho lographic  expe r i -  

ments which u t i l i z e  t he  A-G 10E56 p l a t e .  

The m a t e r i a l  i z a t i o n  of  t h e  wavefront  modulat ion occurs d u r i n g  de- 

velopment o f  t he  s i l v e r  ha1 i d e  emulsion, and con t inues  throughout  subse- 

quent process ing.  The amp1 i tude t ransmi t tance  o f  a  photographic  nega t i ve  

t h a t  i s  i l l u m i n a t e d  by a p lane wave o f  ampl i tude Co(x),  i s  g iven  by 



where a ( x )  = absorp t ion  constant  
t ( x )  = emulsion th ickness 
n ( x )  = r e f r a c t i v e  index 

I f  the  exposure and development cause a s p a t i a l  v a r i a t i o n  o f  the  absorp- 

t i o n  constant,  then the  t ransmi t t ed  ampl i tude i s  modulated i n  accordance 

w i t h  the  exposure and an ampl i tude hologram i s  sa id  t o  e x i s t .  Further- 

more, i f  the  exposure and development cause a s p a t i a l  v a r i a t i o n  i n  the 

emulsion th ickness,  o r  the  r e f r a c t i v e  index, then a phase hologram a l so  

e x i s t s .  

The m e t a l l i c  s i l v e r  r u l i n g s  g i ve  r i s e  t o  an ampl i tude hologram, bu t  a 

complex t ransmi t tance,  due t o  a phase modulation, from a sur face r e l i e f  

and from index v a r i a t i o n s  i n  t he  emulsion, i s  u s u a l l y  observed. we 

w i  11 concentrate on the  ampl i tude hologram and consider  phase modulat ion 

as a source o f  coherent noise.  

F r i e s e r ' s  two s tep  model (F ig .  3-4) i l l u s t r a t e s  the  t r a n s f e r  from 

exposure t o  dens i ty .4  Step one shows the lowered modulat ion o f  the 

s igna l ,  c h a r a c t e r i s t i c  o f  a modulat ion t r a n s f e r  f u n c t i o n  (MTF) l ess  than 

one, f o r  a g iven s p a t i a l  frequency. For the  case o f  two plane wave i n -  

te r fe rence,  o n l y  a narrow range o f  s p a t i a l  f requencies need t o  be record- 

ed, and the  MTF i s  approximately constant  over t h i s  range. Step two 

shows the  t r a n s f e r  from e f f e c t i v e  exposure ( E )  t o  d e n s i t y  ( D ) .  Since the 

ampl i tude t ransmiss ion i s  r e l a t e d  t o  t he  d e n s i t y  i n  the  f o l l o w i n g  way, 





where T  i s  the i n t e n s i t y  t ransmi t tance,  t h i s  step a l s o  shows the  t r a n s f e r  

t o  ampl i tude t ransmi t tance.  A TA - log(E)  curve i s  use fu l  s ince a  

hlog(E) range can be s h i f t e d  a long the  log(E)  abscissa t o  determine d i f -  

f r a c t i o n  e f f i c i e n c y  as a  f u n c t i o n  o f  the  mean exposure. A TA - E curve 

i s  more appropr ia te  i n  showing the  range o f  exposures, o r  the  modulation, 

f o r  which the  exposure and amp1 i tude t ransmi t tance are 1  i n e a r l y  re la ted .  

The modulat ion i s  de f ined  i n  the  f o l l o w i n g  way, 

where K(x,y) = ~ ~ ( x , ~ ) / ~ ~ ( x , y ) ,  and 0  - < M(x,y) 5 1. 

3.3 Wavefront Reconstruct ion 

I n  general ,  t he  ampl i tude t ransmi t tance i s  r e l a t e d  t o  the  i nc iden t  

exposure as f o l  lows: 



where To i s  the  zero exposure transmittance. The second term repre- 

sents the l i n e a r  r e l a t i o n s h i p  t h a t  would i d e a l l y  e x i s t .  Each higher 

o rder  term represents a n o n l i n e a r i t y  which produces extraneous images and 

d i s t o r t i o n s  i n  the f i r s t  o rder  image. L inear  record ing and processing 

are assumed such t h a t  a l l  orders greater  than one are suppressed. 

Complex no ta t i on  compactly describes a1 1 o f  the  reconst ruc t ing  wave- 

f ron ts .  Rewr i t ing  equat ion 3-5 i n  complex n o t a t i o n  we obta in,  

S u b s t i t u t i n g  the above expression f o r  the  exposure, E, i n t o  the  l i n e a r  

term o f  equat ion 3-15 y i e l d s  an expression f o r  the ampli tude t ransmit -  

tance funct ion,  TA'  , o f  the photographic negat ive. 

Wavefront recons t ruc t i on  i s  achieved by propagating a second re fer -  

ence wave through the  holographic p l a t e .  Le t  the new reference wave be 

represented by W(x ,y) , 



where E i s  t he  p ropaga t ion  cons tan t ,  E =ks i n  B , and B i s  t he  i n c i d e n t  

angle  of t h e  r e fe rence  beam. The t r a n s m i t t e d  ampl i tude,  E(x ,y) ,  i s  g i ven  

by 9 

The p ropaga t ion  cons tan ts  o f  t h e  t h r e e  recons t ruc ted  components show 

t h a t  t h e y  a r e  s p a t i a l l y  separated f rom one another .  The f i r s t  te rm 

represen ts  t h e  ze ro  o r d e r  wave, which passes th rough  t h e  emulsion i n  t he  

same d i r e c t i o n  as t h e  r e c o n s t r u c t i n g  wave, W(x,y). The second term 

represen ts  t h e  secondary wave r e l a t e d  t o  t h e  con juga te  o f  t he  o r i g i n a l  

wave. The t h i r d  term, Eobject, i s  the  p r i m a r y  r econs t ruc ted  wave, 

which i s  r e l a t e d  t o  t he  o r i g i n a l  o b j e c t  wave: 



I f  the reconst ruc t ing  wave propagates along the  same path as the o r i g i n a l  

reference wave, i.e., 8 = - x ,  then E: = - a ,  (see Fig. 3-1) and the 

ob jec t  ampl i tude i s  g iven by, 

The propgat ion constant,  a = ks in  x , shows t h a t  the reconstructed ob jec t  

wave t r a v e l s  along the same path as the o r i g i n a l  ob jec t  wave. Dropping 

the phase term, and suppressing the  t ime dependence, we ob ta in  the  f o l -  

lowing expression f o r  the  reconstructed f i e l d .  

E = R '  (x,y)R(x,y) e i [ sohy )  - +(x ,y ) l  O(x,y) i+(x,y) 
o b j .  

I d e a l l y ,  the  reference wave d i s t r i b u t i o n s  R1(x,y) and R(x,y) a re  con- 

s tan t ,  wh i le  t h e i r  corresponding phase d i s t r i b u t i o n s  are  equal t o  w i t h i n  

a constant phase f a c t o r .  The r e s u l t i n g  ampli tude i s  then given by 

which i s  the  o r i g i n a l  ob jec t  wave, d i f f e r i n g  o n l y  by a m u l t i p l i c a t i v e  

constant. 

Although plane reference waves are  advantageous, s ince they can be 

reproduc ib ly  a l igned,  we see from equat ion 3-22 t h a t  d i f f r a c t i o n  l i m i t e d  

plane reference waves a re  n o t  necessary. Nominal ly plane waves, con- 



t a i n i n g  s low ly  vary ing  phase e r r o r s ,  a re  s u f f i c i e n t  as long as the  condi- 

t i o n  t h a t  Q (x,y) - 4 (x,y) = constant i s  s a t i s f i e d .  Di f ferences,  between 

the  two phase d i s t r i b u t i o n s ,  t r a n s l a t e  d i r e c t l y  t o  t he  phase d i s t r i b u t i o n  

o f  t he  reconstructed o b j e c t  wave. Equation 3-22 shows t h a t  any ampl i tude 

nonuniformi t i e s ,  i n  t he  record ing  reference wave, t r a n s l a t e  d i r e c t l y  t o  

nonuniformi t i e s  i n  the  reconstructed o b j e c t  amp1 i tude. Large nonuniform- 

i t i e s  would change the  b ias  exposure, and l i n e a r  record ing  would be chal-  

lenged. S i m i l a r l y ,  the  recons t ruc t i ng  reference wave t r a n s l a t e s  i t s  non- 

u n i f o r m i t i e s  t o  the  reconstructed o b j e c t  ampl i tude. 

L inear  record ing  i s  a r e s u l t  o f  keeping the  exposure, E, w i t h i n  the 

l i n e a r  reg ion  o f  the  TA - E curve, such t h a t  

where the  a l lowab le  modulat ion (m) i s  bounded somewhere between zero and 

one, depending on the  shape o f  the  TA - E curve. Eo i s  the b ias  ex- 

2 2 posure, and i s  equal t o  R (x,y) + 0 (x,Y). This  c o n d i t i o n  on E i s  

2 2 
obtained through c o r r e c t  b ias ing ,  and a K = 0 (x,y)/R (x,y) value 

somewhat l e s s  than one. 

It i s  n o t  c l ea r ,  f rom a TA - E curve, t h a t  reg ions o f  lower i n ten -  

s i t y  w i t h i n  t he  o b j e c t  wave, w i l l  recons t ruc t  as regions o f  p ropo r t i ona l -  

l y  lower i n t e n s i t y .  The zero o rde r  reconstructed wave i s  t ransmi t ted  as 

though i t  passes through a photographic negat ive,  bu t  t o  understand how 



AMPLITUDE TRANSFER FUNCTION 

FIGURE 3-5 



the  r e l a t i v e  ampl i tude r a t i o  throughout a reconstructed wavefront, can be 

preserved, we need t o  examine the  d i f f r a c t i o n  e f f i c i e n c y  ( n  ). The d i f -  

f r a c t i o n  e f f i c i e n c y  of t h i n  amplitude holograms, as wel l  as volume ampli- 

tude and volume phase holograms, a re  discussed i n  the l i t e r a t u r e .  395 

The funct ion desc r ib ing  the reconstructed amp1 i tude, as a func t i on  o f  fi 

and the  reference wave amplitude, i s  c a l l e d  the  Amplitude Transfer  Func- 

1 t i o n  (ATF). Figure 3.5 shows a t y p i c a l  se r i es  o f  6 -a curves, 

where the  reference wave i n t e n s i t y ,  Er, i s  the  var ied  parameter. The 

ATF i l l u s t r a t i o n  o f  T, i s  most appropr iate here because we are p r i m a r i l y  

i n te res ted  i n  the r e s u l t s  o f  record ing a uni form reference beam, w i t h  a 

vary ing  ob jec t  beam. The range o f  beam r a t i o s  &, f o r  which the amplitude 

i s  l i n e a r l y  recorded, i s  i nd i ca ted  by the  s t r a i g h t - l i n e  p o r t i o n  o f  the 

& -a curve a t  constant reference beam i n t e n s i t y ,  Er. A f a m i l y  of 

curves o f  t h i s  type are  inva luab le  as a method t o  determine the best 

compromise between 1 i n e a r i  t y  and d i f f r a c t i o n  e f f i c i e n c y .  For our 

purposes, the compromise w i l l  be inf luenced by the  range o f  ob jec t  beam 

amplitude f l uc tua t i ons  t h a t  need t o  be recorded and the  amount o f  l a s e r  

energy a v a i l a b l e  f o r  cont inous wave reconst ruc t ion .  

3.4 Sources o f  Noise 

The main sources of no ise  i nvo l ve  l i g h t  t h a t  i s  d i f f r a c t e d  o r  scat- 

te red  i n t o ,  o r  ou t  o f ,  the reconstructed ob jec t  wave. A l l  no ise mechan- 

isms are  s igna l  dependent and combine coherent ly  w i t h  the  reconstructed 

wave. Nonl inear  record ing  i s  p o t e n t i a l l y  the  l a r g e s t  source o f  noise. 

I n  a d d i t i o n  t o  a n o n l i n e a r l y  reconstructed o b j e c t  wave, a non l inear  



TA - E r e l a t i o n s h i p  can cause h igher  o rder  images and f a l s e  images sur- 

rounding the  ob jec t  wave. 1 

The granu lar  nature of the  AgBr i n  the photographic emulsion, and the 

m e t a l l i c  s i l v e r  a f t e r  development, causes random s c a t t e r i n g  o f  the ob jec t  

and reference beams du r ing  exposure, and the  reference beam dur ing  recon- 

s t r u c t i o n .  The scat te red  l i g h t  forms a v e i l i n g  g la re  around the recon- 

s t ruc ted  ob jec t  wave. Scat te r ing  can a l so  a r i s e  from the inhomogeneities 

and surface deformations o f  the  support and b ind ing  mater ia ls .  These 

o p t i c a l  imperfect ions can be in t roduced dur ing  the f a b r i c a t i o n  and/or the 

processing stages. 

Some phase modulat ion i s  inherent  i n  ampl i tude holograms. The pre- 

dominant e f f e c t  i s  a sur face r e l i e f  i n  the g e l a t i n ,  caused by tanning 

( increased cross-1 i n k i n g  between molecules) o r  hardening due t o  the re-  

a c t i o n  products o f  c e r t a i n  developers.3 This can be elminated by means 

o f  a l i q u i d  gate. A l i q u i d  gate cons is ts  o f  a leak  proof  chamber t h a t  i s  

sandwiched between two i n t e r f e r o m e t r i c a l l y  f l a t  windows. The outer  two 

surfaces are  coated w i t h  a n t i - r e f l e c t i o n  t h i n  f i l m s .  The chamber i s  

f i l l e d  w i t h  an index matching f l u i d ,  and conta ins a mechanism t o  fas ten  

the glass p la te .  This  device can e lminate h a l a t i o n  e f f e c t s ,  m u l t i p l e  

r e f l e c t i o n s ,  some types o f  sca t te r i ng ,  and phase v a r i a t i o n s  i n  the emul- 

s ion and g lass p l a t e .  



3.5 Coherence 

Spa t i a l  and temporal  coherence, two cha rac te r f  s t i c s  o f  l a s e r  rad ia -  

t i o n ,  a r e  necessary f o r  t h e  ho lograph ic  r eco rd ing  o f  a  wavefront.  Spa- 

t i a l  coherence i s  de f i ned  by  cons ider ing  two d i f f e r e n t  po in t s ,  

Pl(xl,yl) and P2(x2,y2) which, a t  tin. t = to, l i e  on t he  

same wavefront.  E1(xl,yl,t) and E2(x2.y2,t) a r e  t h e  cor-  

responding e l e c t r i c  f i e l d s  a t  these p o i n t s .  By d e f i n i t i o n ,  t he  d i f f e r -  

ences between t he  phases o f  t h e  two f i e l d s  a t  t ime t = to i s  zero. A 

coherent r e l a t i o n s h i p  between p o i n t s  P1 and P2 means t h a t  t he  d i f f e r -  

ence between t he  phases o f  t h e  two f i e l d s  remains zero f o r  any t ime 

A hologram can be recorded w i t h  a  re fe rence  beam which has poor spa- 

t i a l  coherence, b u t  accurate r e c o n s t r u c t i o n  becomes a d i f f i c u l t  a1 ignment 

task.  Reference beams hav ing good s p a t i a l  coherence (p lane,  sphe r i ca l  ) 

a re  des i r ed  f o r  t hey  can be e a s i l y  d u p l i c a t e d  d u r i n g  t he  recons t ruc t i on  

process. A ho lograph ic  technique which u t i l i z e s  a re ference beam t h a t  i s  

generated f rom a smal l  r eg ion  o f  t he  o b j e c t  wave r e q u i r e s  a h i g h  degree 

of s p a t i a l  coherence, s i nce  many o b j e c t  p o i n t s  i n t e r f e r e  w i t h  t h e  same 

reference p o i n t .  I d e a l l y ,  a  l a s e r  system, based on a l a s e r  o s c i l l a t o r  

t h a t  operates on a s i n g l e  t ransverse  mode, should have s u f f i c i e n t  s p a t i a l  

coherence. 5 

Temporal coherence i s  def ined by cons ide r i ng  a genera l  p o i n t  P(x,y) 

a t  two d i f f e r e n t  t imes t and t + to. I f ,  f o r  a  g iven  elapsed t ime 

to, t he  phase d i f f e r e n c e  between t he  e l e c t r i c  f i e l d s  E(x,y,t) and 

E(x,y,t ) remains t he  same f o r  any t ime  t, then temporal coherence i s  
0 



s a i d  t o  e x i s t  f o r  t h a t  t ime  i n t e r v a l  to.6 The t ime  d u r i n g  which t he  

wave i s  coherent,  m u l t i p l i e d  t imes t h e  propagat ion v e l o c i t y  of t h e  wave, 

i s  c a l l e d  t h e  coherence leng th .  D e f i n i n g  t he  coherence leng th ,  LC, as 

t h e  pa th l eng th  d i f f e r e n c e  which reduces t h e  recons t ruc ted  i n t e n s i t y  by 

50%, then f o r  an i d e a l  s i n g l e  f requency gaussian pulse, i t  i s  g iven by 7 

where n f  = 2 l n (Z ) / n  r o  i s  t h e  l i n e  w id th  (FYHM), and r o i s  t he  

pu lsewid th  (FYHM). I d e a l l y ,  a gaussian shaped l a s e r  pulse, o f  one nano- 

second pulsewidth,  has a coherence l e n g t h  o f  approx imate ly  LC = 21 cen- 

t ime te rs .  Genera l ly ,  e f fec ts  due t o  temporal incoherence can be m i n i -  

mized by s e t t i n g  t he  t ime d i f f e r e n t i a l  t o  zero, bu t  a f requency swept 

l a s e r  o s c i l l a t o r  o r  a frequency s h i f t  i n  a l a s e r  a m p l i f i e r  can cause t h e  

optimum pa th  d i f fe rence  t o  be o t h e r  than zero. 

When t h e  phase f l u c t u a t i o n s  o f  t he  waves a re  random, t h e  concepts o f  

s p a t i a l  and temporal incoherence can be combined by means o f  t he  f i r s t  

o r d e r  Mutual Coherence Funct ion (MCF), d e f i n e d  as 6 

here ~ ( ' ) ( r , t )  i s  c a l l e d  t he  complex a n a l y t i c  s i gna l .  The MCF can be 

normal ized t o  become t h e  complex degree o f  coherence 



We can incorporate the complex degree o f  coherence i n t o  the wavefront 

modulation. Since we are i n t e r e s t e d  i n  a reference wave which i s  gen- 

erated from a small reg ion  of the ob jec t  wave, a change o f  s p a t i a l  co- 

ord inates i s  necessary. For a s u f f i c i e n t l y  small region, an average co- 

o rd ina te  (xR, yR) i s  assigned t o  the reference wave and equat ion 3-14 

becomes 

Deviat ions from p e r f e c t  s p a t i a l  o r  temporal coherence r e s u l t  i n  a complex 

degree of coherence l ess  than one, which t r a n s l a t e s  t o  a decrease i n  mod- 

u l a t i o n  and a corresponding decrease i n  d i f f r a c t i o n  e f f i c i e n c y .  These 

dev ia t i ons  can be t o l e r a t e d  i f  the complex degree o f  coherence, between 

the small reg ion  selected t o  be the  reference beam and each ob jec t  beam 

region, i s  approximately constant,  otherwise, unwanted ampli tude var ia -  

t i o n s  w i  1 1 be recorded. 



The modulat ion i s  a  t ime  averaged q u a n t i t y  such t h a t ,  

Therefore,  one o r  more s h o r t  term coherence r e l a t i o n s h i p s ,  as we l l  as one 

l ong  term coherent r e l a t i o n s h i p  can e x i s t .  The i n fo rma t i on  s torage 

c a p a c i t y  o f  a  hologram a l l o w s  f o r  t h e  reco rd ing  o f  more than one phase- 

f r on t ,  i f  severa l  s h o r t  te rm coherence i n t e r v a l s  e x i s t  i n  t h e  mids t  o f  

t ime dependent phase on t h e  l a s e r  beam. 

3.6 Local  Reference Beam 

Several  a l t e r n a t i v e s  a r e  a v a i l a b l e  t o  generate a re fe rence  beam f rom 

the  o r i g i n a l  wavefront. The p r imary  requi rements on each scheme have 

a l r eady  been mentioned i n  t h i s  chap te r .  F i r s t l y ,  i t  must be ab le  t o  take  

a p o r t i o n  o f  t h e  o r i g i n a l  wave, and produce f rom i t ,  a un i fo rm ampl i tude 

d i s t r i b u t i o n .  Secondly, i t  must c rea te  a phase d i s t r i b u t i o n  t h a t  i s  i n -  

t e r f e r o m e t r i c a l  l y  r ep roduc ib l e  between t h e  reco rd ing  and r e c o n s t r u c t i n g  

stages. T h i r d l y ,  t h e  system must be ab le  t o  handle t he  h i g h  power den- 

s i  t i e s  c h a r a c t e r i s t i c  of t h e  HPPL. 

A ho lograph ic  system t h a t  i nco rpo ra tes  a d i f f u s e r  i n  t he  re ference 

beam i s  shown i n  F ig .  3-6. A d i f f u s e r  p laced a t  t h e  f r o n t  f o c a l  plane of 

a  l e n s  produces a uni form ampl i tude  d i s t r i b u t i o n  i n  reg ions  near  t he  back 

foca l  p lane o f  t h e  same lens .  A d i r e c t  consequence o f  t h i s  ampl i tude 





un i fo rmi ty ,  i s  a s p a t i a l l y  modulated phase d i s t r i b u t i o n .  This char- 

a c t e r i s t i c  pu ts  a t i g h t  to lerance on the  angular and l i n e a r  s h i f t s  of 

e i t h e r  the d i f f u s e r ,  the  hologram, o r  both dur ing  the  reconst ruc t ion  

process. Furthermore, a considerable amount o f  l a s e r  energy i s  l o s t  a t  

the d i f f u s e r ,  du r ing  the  continuous wave reconstruct ion,  r e s u l t i n g  i n  

very low d i f f r a c t e d  energies. 

Another technique invo lves  the  reverse Ga l i lean telescope. A nega- 

t i v e  lens  i s  place a t  the  center  o f  a l a r g e  obs t ruc t ion ,  and used t o  ex- 

pand a small p o r t i o n  o f  the  o r i g i n a l  wave. The r e c o l l i m a t i o n  o f  t h i s  

beam would produce a plane wave reference, which i s  a r e l a t i v e l y  simple 

phase d i s t r i b u t i o n  t o  reproduce. For a wavefront w i t h  several wave- 

lengths  o f  aber ra t ion ,  a small p o r t i o n  (5% i n  diameter) o f  the  wavefront 

would possess a small f r a c t i o n  o f  a wavelength i n  phase v a r i a t i o n .  This 

method does no t  conta in  a way t o  manipulate the  i n c i d e n t  amplitude d i s -  

tri but ion,  therefore, the  m a j o r i t y  of the  s p a t i a l  frequency spectrum, 

contained i n  the  o r i g i n a l  wave, i s  c a r r i e d  through t o  the  record ing plane. 

A system which i s  capable of making the  s p a t i a l  frequency spectrum 

p h y s i c a l l y  accessib le,  f o r  accurate f i l t e r i n g ,  i s  shown i n  F ig .  3-7. G 

p o s i t i v e  entrance lens, w i t h  an i n t e r n a l  focus, i s  u t i l i z e d  i n  place o f  

the  negat ive lens. The hear t  o f  t h i s  system, expanded i n  F ig.  3-8, i s  

genera l l y  r e f e r r e d  t o  as a coherent o p t i c a l  processor. Sect ions o f  i t  

1 8 5 
are discussed i n  the l i t e r a t u r e ,  (Cathey, Goodman , and C o l l i e r  ), 

bu t  a concise mathematical d e s c r i p t i o n  i s  found i n  s tark. '  An aper ture 

i s  placed a t  the  i n p u t  plane (xl, yl) t o  s e l e c t  a small p o r t i o n  o f  

the  o r i g i n a l  wavefront. The complex amp1 i tude t ransmit tance i n  the  f r o n t  

f o c a l  plane o f  the  f i r s t  lens  i s  rl(x1,yl), whi le  the  corresponding 

ampli tude d i s t r i b u t i o n  i n  the  back f o c a l  plane i s  represented by the 
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Four ie r  t ransform. Rl(u,v) o f  the inpu t .  Neglect ing constant phase and 

p r o p o r t i o n a l i t y  f ac to rs ,  

where A i s  the  wavelength and (u,v) a re  the  s p a t i a l  f requencies such 

t h a t  u = x f /  hfl and v = y f /  hfl. 

When a s p a t i a l  f i l t e r  i s  placed i n  the  back foca l  plane of t he  f i r s t  

lens,  the  ampl i tude d i s t r i b u t i o n ,  j u s t  a f t e r  the  Fou r ie r  plane, i s  given 

U,(x,,y,) = R ( x  ,Y . I f f  

where T(xf,yf) i s  t he  f i l t e r  ampl i tude t ransmi t tance.  The same 

Fou r ie r  t rans form r e l a t i o n s h i p  e x i s t s  f o r  t he  f r o n t  and back f o c a l  planes 

o f  the  second lens.  Therefore, the  ou tpu t  spectrum equals the  product of 

the  i n p u t  spectrum t imes and frequency t r a n s f e r  f u n c t i o n  H(u,v) = 

T( ~ f ~ u ,  A ~ ~ v ) ,  

The f i l t e r  operates d i r e c t l y  on the  s p a t i a l  frequency spectrum of the  

i n c i d e n t  wave. By Fou r ie r  t rans forming  bo th  s ides  o f  3-27, we f i n d  t h a t  



t he  o u t p u t  ampl i tude can be represented by t h e  convo lu t i on  of t h e  i n p u t  

ampl i tude, sca led by a magn i f i ca t i on ,  M = -f2/fl, w i t h  t h e  impulse 

response f u n c t i o n  h(x2,y2) = f [H(u,v)]. 

A p i nho le  i s  a  low-pass, b lock ing ,  s p a t i a l  f i l t e r  w i t h  an ampl i tude 

t ransmi t tance ,  

t 0 elsewhere 

where ro i s  t h e  p i nho le  r a d i u s  which detennines t h e  c u t - o f f  frequency, 

= ro/ hfl. 
C 

lo As t h e  f requency t r a n s f e r  f u n c t i o n  approaches a 

narrow c i r c  func t ion ,  i .e .  smal l  p inho le ,  t h e  impluse response f u n c t i o n  

becomes a broad, f i r s t  o rde r  Bessel f u n c t i o n  o f  t h e  f i r s t  k ind.  Concep- 

t u a l l y ,  i t  i s  t h e  convo lu t i on  o f  t h i s  Bessel f u n c t i o n  w i t h  t h e  i n p u t  

f u n c t i o n  t h a t  causes a smoothing o f  t h e  ampl i tude d i s t r i b u t i o n .  Phys- 

i c a l l y ,  i t  i s  s t i l l  t h e  b l o c k i n g  o f  t h e  h i gh  f requency F o u r i e r  components 

t h a t  r e s u l t s  i n  increased ampl i tude u n i f o r m i t y .  

Al though i t  appears t h a t  t h e  p i n h o l e  d iameter  should be chosen 

s t r i c t l y  based on t h e  lowes t  s p a t i a l  f requency t h a t  needs t o  be f i l t e r e d  

out ,  t he  ampl i tude modulat ion, caused by  t h e  s i z e  o f  t he  p inhole,  must be 

considered. F igure  3-9 shows t h e  amp1 i t u d e  d i s t r i b u t i o n s  t h a t  r e s u l t  



IMAGES OF FILTERED PLANE WAVE 

FIGURE 3-9  



f rom the  s p a t i a l  f i l t e r i n g  o f  an i n c i d e n t  p lane wave. l1 The p inho le  

r a d i i  were chosen t o  be t h e  f i r s t ,  second, and t h i r d  zeros o f  t he  A i r y  

p a t t e r n ,  

A i r y  I n t e n s i t y  = 

where t h e  zeros a r e  g iven  by ( 2 ' ~ ) ~ ~ ~ ~ ~  = 1.220, 2.233, 3.238 respec- 

t i v e l y .  Since = r O f l  and 2a = d, where d  i s  t he  ent rance p u p i l  

d iameter,  t he  r a d i a l  p o s i t i o n s  o f  t he  minima a r e  g iven  by, 

The image o f  t he  i n p u t  aper ture,  when t h e  p i nho le  surrounds o n l y  t he  

f i r s t  zero,  con ta ins  a  mono ton i ca l l y  decreas ing ampl i tude.  A  sma l l e r  

p i nho le  would broaden t h e  image and beg in  t o  decrease t h e  t o t a l  energy. 

As t he  p i nho le  r a d i u s  v a r i e s  between t h e  f i r s t  and second zeros, t h e  

ampl i tude d i s t r i b u t i o n  changes f rom a  cen te r  peaked p r o f i l e  t o  an edge 

peaked p r o f i l e .  For  t h e  case of r o > >  r3, a modulated ampl i tude d i s -  

t r i b u t i o n  a t  t he  reco rd ing  p lane i s  a  magn i f ied  ve rs i on  o f  t he  i n p u t  

ape r tu re  t ransmiss ion  func t ion .  Therefore,  f o r  an i n p u t  p lane wave, the  

ampl i tude modulat ion,  caused by t h e  presence o f  a  c i r c u l a r  ape r tu re  a t  

t he  F o u r i e r  t ransform p lane o f  a  lens,  i s  a  minimum i f  e i t h e r  o f  t he  f o l -  

l ow ing  c o n d i t i o n s  i s  s a t i f i e d :  



r p inho le  >> 3AF# (3-37b) 

The r e s u l t s  o f  s p a t i a l l y  f i l t e r i n g  a  gaussian i n t e n s i t y  d i s t r i b u t i o n ,  

such as a  CW argon laser ,  would be d i f f e ren t ,  and would depend on where 

the i n p u t  aper ture cu t  i n t o  the edge o f  the gaussian p r o f i l e .  11912 

The l e v e l  of s p a t i a l  f i l t e r i n g  needed t o  ob ta in  an op t ima l l y  uniform 

ampl i t u d e  i s  in f luenced by the s p a t i a l  frequency content o f  the wavefront 

and the above cond i t ions  f o r  minimum induced amplitude modulation. To 

i l l u s t r a t e  t h i s ,  i f  the region o f  the o r i g i n a l  wavefront se lected t o  be 

the reference beam i s  character ized by several h igh  frequency components 

superimposed onto a  f l a t - t o p  ampl i t u d e  d i s t r i b u t i o n ,  then a  p inhole rad- 

i u s  which s a t i s i f i e s  cond i t i on  3-37b would produce the optimum amplitude 

d i s t r i b u t i o n .  On the o the r  hand, i f  the o r i g i n a l  wavefront has a  l a rge  

range of s p a t i a l  f requencies, then cond i t i on  3-37a should be s a t i s f i e d ,  

and the system magn i f i ca t ion ,  M = -f2/fl, should be adjusted t o  u t i l -  

i z e  o n l y  the cen t ra l  reg ion  o f  the  co l l imated output .  I n  e i t h e r  s i t ua -  

t i o n ,  s p a t i a l  f requencies t h a t  a re  smal ler  than the  c u t - o f f  frequency, 

v should no t  be present i n  the p o r t i o n  o f  the o r i g i n a l  amplitude c ' 
d i s t r i b u t i o n  t h a t  i s  selected t o  become the reference beam. 

I n  a  coherent o p t i c a l  system, any displacement o f  a  s p a t i a l  f i l t e r  

from i t s  optimum p o s i t i o n  degrades the performance o f  the system and 

causes a  modulation o f  the  amp1 i t u d e  d i s t r i b u t i o n .  l3 Vander Lugt stud- 

i e d  the e f f e c t s  o f  l a t e r a l l y  and l o n g i t u d i n a l l y  d i sp lac ing  a  s p a t i a l  f i l -  

t e r  i n  an o p t i c a l  data processing system. He determined t h a t  the s igna l -  

to-noise r a t i o ,  normalized t o  one a t  zero displacement, degraded t o  



SNR = 0.5 f o r  a  l a t e r a l  d isplacement o f  5  w, f o r  FI = 10. A s i m i l a r  

displacement i n  t he  l o n g i t u d i n a l  d i r e c t i o n  produced much l e s s  o f  an 

e f f e c t .  

The s p a t i a l  f i l t e r i n g  of a  HPPL i s  poss ib l e  o n l y  i f  t h e  power d e n s i t y  

assoc ia ted  w i t h  t he  focussed spo t  i s  l e s s  than t h a t  r equ i red  f o r  t he  

breakdown o f  a i r .  If a vacuum s p a t i a l  f i l t e r  i s  used, then a h igher  

power d e n s i t y  can be propagated through t h e  p inho le ,  u n t i l  a  p o i n t  where 

a p i nho le  c l osu re  phenomenon occurs.  Approximate energy d e n s i t y  values, 

f o r  a  one nanosecond, 351 nm pulse, needed t o  observe a i r  breakdown o r  

p i nho le  c losure ,  a r e  n o t  r e a d i l y  a v a i l a b l e .  

An exper imenta l  s tudy14 o f  gas breakdown induced by  t he  u l t r a -  

v i o l e t ,  second harmonic r a d i a t i o n  o f  a  r uby  l a s e r  (347 nm), a t  a  pulse- 

w id th  of e i g h t  nanoseconds, g i ves  evidence t h a t  t h e  breakdown o f  a i r ,  a t  

2  atmospheric pressure, i s  approx imate ly  4x101° Y/cm . Th i s  work a l s o  

showed t h a t  t h e  breakdown o f  Argon t r acked  p a r a l l e l  w i t h  t h a t  o f  a i r ,  

where t h e  atmospheric breakdown o f  Argon was determined t o  be about 

2  2x101° Y/cm . I n  ano ther  exper imenta l  study,15 t h e  l a s e r  induced 

breakdown o f  Argon was determined f o r  t he  r e l e v a n t  wavelength, x = 351 

nm, a t  atmospheric pressure, and a t  t he  pu l sew id th  o f  500 ps. Ext rapola-  

t i o n  o f  model c a l c u l a t i o n s  which f i t  t h e  data,  p r e d i c t  a  power d e n s i t y  

2  t h resho ld  o f  approx imate ly  2 x 1 0 ' ~  Y/cm , f o r  Argon gas. These two 

exper imenta l  s tud ies ,  a1 though performed on s l  i g h t l y  d i f f e r e n t  wave- 

lengths,  and d i f f e r e n t  pu l  sewidths, do n o t  agree. Pul sewidth d i f f e r e n c e s  

do n o t  e x p l a i n  t he  f a c t o r  o f  100 d i f f e r e n c e  between t he  two s tud ies .  The 

improved q u a l i t y  o f  frequency conver ted beams ove r  t h e  l a s t  t e n  years 

migh t  e x p l a i n  these d i f f e r e n c e s .  I f  we accept  t h e  r e s u l t  t h a t  Argon and 

a i r  t r a c k  i n  p a r a l l e l ,  as a f u n c t i o n  o f  pressure, f rom t h e  f i r s t  study, 



and we accept the  power dens i t y  th resho ld  f o r  Argon s ta ted  i n  the  second 

study, then an est imated upper l i m i t  f o r  t he  power dens i t y  threshold f o r  

2 a i r  i s  4 x 1 0 ~ ~  W/cm . 
The power dens i t y  a t  t he  foca l  plane o f  the  l ens  i s  ca lcu la ted  w i th  

the  f o l  lowing expression: 

where r i s  the  pulsewidth (FYHM), Eo i s  the  energy requ i red  t o  expose 

a given holographic p l a t e  t o  the  c o r r e c t  b ias  l e v e l ,  and A = 

~ ( 1 . 2 2  1 F#)' i s  t he  area o f  the A i r y  d isc .  The requ i red  energy, 

Eo, i s  est imated from the  product o f  t h e  p l a t e  s e n s i t i v i t y ,  i n  j ou les  

per square cent imeter  t imes the  area o f  the  reference beam. Operating a t  

F# = 7, w i t h  an e i g h t  cent imeter  reference beam diameter, an 850 ps 

pul sewidth, and an Agfa-Gevaert 10E56 holographic p l a t e  as the  record ing 

medium, the  requ i red  energy i s  approximately one m i l l i  j ou le ,  and the  

power dens i t y  would be approximately 4 te rawat ts  per  square cent imeter .  

The f e a s i b i l i t y  o f  s p a t i a l  f i l t e r i n g  the  reference beam under these con- 

d i  t i o n s  w i  11 be determined exper imenta l ly .  

A study o f  the p inhole-c losure phenomena was completed on the rad ia-  

t i o n  from a Nd:glass l a s e r  ( A  = 1.054 pm).16 It was determined t h a t  

the power dens i t y  threshold,  f o r  s i g n i f i c a n t  plasma format ion i s  approxi-  

2  mately 10'' W/cm , f o r  a low pressure environment. The r a t e  of 

7 c losure  was est imated t o  be 2-5x10 cm/sec. Th is  r a t e  suggests t h a t  if 

a plasma i s  fonned due t o  excessive power dens i t i es ,  then a p inhole 

smal ler  than 200 pm w i l l  c lose  f o r  more than 50% o f  t h e  du ra t i on  o f  the 



pulse, f o r  a  pu lsewid th  of one nanosecond. An i n d i c a t i o n  o f  p inho le  

c l osu re  would be t h e  b l o c k i n g  o f  c e r t a i n  Fou r i e r  components f o r  power 

d e n s i t i e s  near th resho ld ,  and a complete b l o c k i n g  o f  t he  l i g h t  f o r  i n -  

creased power d e n s i t i e s .  

The recons t ruc ted  energy dens i ty ,  v , can be est imated w i t h  t he  f o l -  

l ow ing  equat ion:  

where a i s  t he  d i f f r a c t i o n  e f f i c i e n c y  o f  t he  hologram, E i s  t he  ou tpu t  

energy o f  t h e  CW l a s e r ,  R i s  t h e  un i fo rm f r a c t i o n  o f  t he  gaussian CW 

l a s e r  beam, S i s  t h e  f r a c t i o n  o f  i n c i d e n t  energy t h a t  passes through a 

p i nho le  o f  t h e  s i z e  o f  t he  A i r y  d i s c ,  T i s  t h e  ho lograph ic  p l a t e  t r ans -  

m i t tance ,  and A i s  t h e  area o f  t he  recons t ruc ted  wavefront.  The f o l l o w -  

i n g  va lues f o r  these parameters a re  reasonable f o r  p r e l i m i n a r y  ca l cu la -  

t i o n s :  



2 
The r e s u l t i n g  energy dens i t y  o f  Y = 1 vj/cm suggests t h a t  long 

exposure t imes w i  11 be necessary f o r  t he  photographic record ing o f  shear- 

i n g  interferograrns o f  t he  reconstructed phasefront.  

3.7 Concl us ion 

Holographic theory  supports t h e  t h e s i s  t h a t  t he  wavefront o f  a high- 

peak-power l a s e r  can be l i n e a r l y  recorded and processed, and t h a t  a 

continuous wave l a s e r  can reconst ruc t  t h i s  wavefront f o r  rea l - t ime  analy- 

s i s .  Coherence e f f e c t s ,  non l inear  mechanisms, and s p a t i a l  f i l t e r i n g  i m -  

p r a c t i c a l i t i e s  chal lenge the  success o f  t h i s  technique, bu t  a1 te rna te  

methods and reasonable compromi ses are  avai  l a b l e  t o  make experimentat ion 

a t t r a c t i v e .  
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I V .  EXPERIHENTAL RESEARCH 

4.1 I n t r o d u c t i o n  

The m a j o r i t y  o f  exper imenta l  work cons is ted  o f  demonstrat ing conven- 

t i o n a l  wavefront  measurement techniques, and i n v e s t i g a t i n g  a1 t e r n a t e  

methods o f  c r e a t i n g  a  s u i t a b l e  reference beam f o r  ho lograph ic  app l i ca -  

t i o n s .  Together w i t h  p r e l i m i n a r y  ho lograph ic  experiments, t h i s  work 

revealed problems unique t o  t he  h igh-peak-  power l ase r ,  and guided an 

e v o l u t i o n  o f  system designs. Wavefront r eco rd ing  and recons t ruc t i on  were 

performed on t h e  same f i n a l  design. The system performance was evaluated 

by means o f  comparison w i t h  r e s u l t s  f rom convent ional  methods. 

4.2 6DL Laser System 

The Glass Development Laser (GDL) i s  a  one-beam p ro to t ype  o f  a  

twenty-four-beam l a s e r  system (OMEGA) l o c a t e d  a t  t h e  Labora to ry  f o r  Laser 

Energe t i cs  (LLE) o f  t he  U n i v e r s i t y  o f  Rochester. The system i s  based on 

a  frequency t r i p l e d  neodymium:phosphate g l ass  l a s e r ,  ill u s t r a t e d  i n  F ig .  

4-1. An ac t i ve -pass i ve  mode-locked o s c i  1  l a t o r ,  genera t ing  pu l  ses between 

750 picoseconds and one nanosecond f u l l  w i d t h  a t  h a l f  maximum (FWHM) , and 

ope ra t i ng  a t  a  wavelength o f  1.054 Mm, d r i v e s  a  s ix -s tage  a m p l i f i e r  

chain.' An i n t r a c a v i t y  a p e r t u r e  i s  l o c a t e d  c l ose  t o  t h e  o s c i l l a t o r  rod  

t o  op t im i ze  o u t p u t  u n i f o r m i t y  and r e s t r i c t  o s c i  1 l a t i o n s  t o  one t ransverse  





mode (TEMOO). The pulse t r a i n s  emi t ted  from the o s c i l l a t o r  conta in 

between 18 and 25 pulses (FWHM), spaced a t  20 ns i n t e r v a l s .  I nd i v idua l  

pulsewidths o f  about 850 2 50 ps were measured, p r i o r  t o  our  experiments, 

w i th  a  Hadland Imacon s t reak  camera and an EGIG o p t i c a l  mult ichannel 

analyzer.  S a t e l l i t e  f r e e  pulses are switched o u t  from the pulse t r a i n  by 

means of a  sequence o f  p o l a r i z e r s  and k r y t r o n  dr iven Pockel 's c e l l s .  The 

k r y t r o n  h igh  vol tage swi tch  i s  t r i g g e r e d  by a  time-delayed s ignal  from a  

vacuum photodiode t h a t  senses the pulse t r a i n  energy. 

The switched-out pulse, w i t h  a  nominal energy o f  200 MJ, i s  t runcated 

by a  c i r c u l a r  i n p u t  aper ture,  and i s  subsequently amp l i f i ed  by the  f i r s t  

th ree  amp l i f i e r s .  The flashlamp pumped c y l i n d r i c a l  rods (16, 30, 40mm 

diameter) amp l i f y  the  beam by approximately 100, 40, and 20 times, 

respect ive ly .  The two 64 nun diameter a m p l i f i e r s  have t y p i c a l  gains of 

between 10 and 16. The f i n a l  a m p l i f i c a t i o n  stage (90 imn diameter) pro- 

duces a  ga in  of between 5  and 8.' Vacuum s p a t i a l  f i l t e r s  a re  s i t u a t e d  

between each a m p l i f i e r  t o  f i l t e r  ou t  the  h igh  frequency components and t o  

permi t  complete image r e l a y i n g  o f  the  i n p u t  aper tu re  throughout t he  l a s e r  

system. Spa t i a l  f i l t e r  losses, o p t i c a l  component i n s e r t i o n  losses, and 

6 
m i r r o r  losses d imin ish  the 5x10 gain as i nd i ca ted  by a  se t  of t y p i c a l  

energies f o r  var ious l o c a t i o n s  i n  the  system, shown i n  F ig.  4-1. 

A Pockel ' s  c e l l / p o l a r i z e r  i s o l a t i o n  system i s  placed between the  

f i r s t  and second and between the t h i r d  and f o u r t h  amp1 i f i c a t i o n  stages t o  

p r o t e c t  t he  f r o n t  end of t he  system from p o t e n t i a l l y  damaging back 

r e f l e c t i o n s ,  and t o  increase the  con t ras t  r a t i o  between the  t ransmi t ted  

and re jec ted  p a r t s  of t he  pulse. Furthermore, a  Faraday r o t a t o r / p o l a r -  

i z e r  system, loca ted between the  two 64 m a m p l i f i e r s ,  i s o l a t e s  the 

smal le r -aper tu re  d r i v e r - 1  i n e  from h igh  i rrad iance back r e f l e c t i o n s .  



The GDL f requency convers ion system u t i l i z e s  two KDP type  11 c r y s t a l s  

as shown i n  F ig .  4 - ~ . ~  Each c r y s t a l  i s  mounted between two 

u l  t r a v i o l e t - g r a d e  fused s i  1  i c a  windows; an index matching f l u i d  c a l l e d  

~ o o l a s e ~  f i l l s  t he  gaps between surfaces. The f i r s t  c r y s t a l  conver ts  

t he  i n c i d e n t  i n f r a r e d  r a d i a t i o n  t o  t he  second harmonic ( A  = 527 nm), 

y i e l d i n g  an approximate green t o  i n f r a r e d  energy r a t i o  o f  two t o  one. 

A f t e r  doubl ing,  t h e  f i r s t  (Iw ) and second (2w ) harmonics a re  combined 

i n  t he  second c r y s t a l  t o  generate t h i r d  harmonic (3w ) r a d i a t i o n .  

Al though t he  GDL f a c i l i t y  i s  capable o f  produc ing h i ghe r  energ ies and 

g r e a t e r  e f f i c i e n c i e s ,  a  t y p i c a l  maximum l a s e r  ou tpu t  o f  130 j o u l e s  a t  

A =  1.054 i s  conver ted a t  50 t o  55% e f f i c i e n c y  t o  produce about 70 

j o u l e s  o f  t h e  t h i r d  harmonic. The u l t r a v i o l e t  energy i s  measured w i t h  a  

one inch ,  surface absorbing, Sc ientech ca lo r ime te r .  Lower conversion 

e f f i c i e n c i e s  a r e  ob ta ined  by  l owe r i ng  t he  i n f r a r e d  i n p u t  energy t o  t he  

frequency convers ion system. The 1 w , 2  LO , and 30  components a re  separ- 

a ted  by means o f  a  s e r i e s  o f  wavelength s e l e c t i v e  m i r r o r  coa t ings .  

I n  s u m a r y ,  t h e  f o l l o w i n g  parameters cha rac te r i ze  t he  frequency con- 

ve r t ed  l a s e r  beam under i n v e s t i g a t i o n :  

Wavelength 351 nanometers 
Energy 0-70 j o u l e s  
Pul sewidth 850 picoseconds (FWHM) 
Di ame t e  r 12.5 cen t imete rs  
P o l a r i z a t i o n  "S" w r t  h o r i z .  pa th  





4.3 Prel im ina ry  Experiments 

Pre l im inary  experiments were conducted t o  generate boundary condi- 

t i o n s  f o r  the  design o f  a wavefront measuring system. F igure 4.3 shows 

the  basic  l a y o u t  used f o r  several experiments performed on a non in ter fe r -  

i n g  bas is  w i t h  the  pr imary l a s e r  user. The lower arm o f  the  i n t e r f e r o -  

meter was blocked t o  prov ide a uni form beam t o  an i n t e n s i t y  s tep t a b l e t  

dur ing  f i l m  ca l  i bra t ions .  Photographic f i l m  and holographic p l a t e  sensi- 

t i v i t i e s ,  as we1 1 as r e c i p r o c i t y  e f f e c t s ,  were determined. When i n v e s t i -  

ga t i ng  coherence e f f e c t s ,  the  double d i f f u s e r  i n  the  upper arm was 

replaced w i t h  a negat ive l e n s  f o r  beam expansion and co l l ima t ion .  The 

path lengths  o f  the  two arms were var ied  t o  produce t ime delays o f  50 and 

500 picoseconds. 

Aerographic f i l m  (Kodak 4421) was found t o  have a s e n s i t i v i t y  o f  

2 approximately 5 ergs/cm , f o r  a d e n s i t y  o f  between 1.5 and 2.0 above 

gross fog. Th is  corresponds t o  a r e c i p r o c i t y  f a c t o r  o f  about three.  An 

Aerographic f i l m  c a l i b r a t i o n  i s  contained i n  Appendix A. Agfa-Gevaert 

p l a t e  10E56 exh ib i t ed  a d e n s i t y  o f  between 0.5 and 0.6 when exposed w i t h  

2 an i r rad iance  o f  about 200 ergs/cm , i n d i c a t i n g  a r e c i p r o c i t y  f a c t o r  o f  

between f o u r  and f i v e .  Kodak p l a t e  649-0 was s u f f i c i e n t l y  exposed a t  an 

2 i r r ad iance  o f  about 100 t o  150 microjoules/cm , and exh ib i t ed  rec ip ro-  

c i t y  e f f e c t s  g rea te r  than t h a t  o f  the  Agfa-Gevaert p la te .  These rec ip ro-  

c i t y  f a c t o r s  a re  o n l y  est imates, s ince  the  spec t ra l  s e n s i t i v i t i e s  pro- 

vided by the  manufacturers do n o t  inc lude x = 351 nm. 

S i m i l a r  reconst ruc t ions  were obtained f o r  the  two d i f f e r e n t  t ime 

delays, w i t h  a decreased d i f f r a c t i o n  e f f i c i e n c y  f o r  the  l a r g e r  path- 

l eng th  d i f f e rence .  Since the  two arms of an in te r fe rometer  can e a s i l y  be 
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a l i gned  t o  w i t h i n  a few cen t imete rs  o f  o p t i c a l  pa th  d i f f e r e n c e  (OPD), we 

conclude t h a t  t he  l a s e r  coherence was s u f f i c i e n t l y  l o n g  f o r  phasef ront  

measurements. 

These exper iments demonstrated t h a t  an uncoated beamsp l i t te r ,  w i t h  

the  back s i de  a n t i - r e f l e c t i o n  coated, i s  n o t  s u i t a b l e  f o r  use i n  an 

i n te r f e rome te r .  H i g h l y  modulated f r i n g e s  were recorded, even when t h e  

coa t i ng  approached a r e f l e c t i v i t y  o f  0.20%; e i t h e r  a wedged o r  an index 

matched beamspl i t t e r  i s  requ i red .  Ambient room 1 i g h t ,  due t o  unconverted 

2 L~ r a d i a t i o n  presented a problem, s ince  b l o c k i n g  f i l t e r s  cou ld  n o t  be 

employed, and ex tens ive  s h i e l d i n g  o f  t h e  record ing  apparatus was 

necessary. 

4.4 Convent ional  Techniques 

Wavefront measurement techniques, p r e v i o u s l y  used on an i n f r a - r e d  

HPPL, were redesigned f o r  use on t h e  frequency converted l a s e r  beam. 

F igure 4.4 i 11 u s t r a t e s  t he  bas i c  exper imenta l  set-up. (The NRC magnetic 

t a b l e  i n  t he  lower r i g h t  i s  3 '  x 7 '  i n  s i ze . )  The u l t r a - v i o l e t  beam was 

i n t e r c e p t e d  by an uncoated, 3 O  wedged, Dynas i l  6000 beamsp l i t te r ,  near 

normal inc idence.  The t r a n s m i t t e d  and secondary r e f l e c t e d  beams were 

blocked w i t h  L inagraph thermal paper, which was conta ined i n  a p l a s t i c  

packet t o  p reven t  b l ow-o f f  d e b r i s  f rom reach ing  t h e  o p t i c a l  components. 

The two m i r r o r s  between t he  c r y s t a l s  and t he  wedge were coated f o r  h i gh  

r e f l e c t i v i t y  a t  A = 351 nm, and f o r  low r e f l e c t i v i t y  a t  t h e  f i r s t  and 





second harmonics. Therefore, the  f o u r  percent f r a c t i o n  o f  i nc iden t  

energy which reached the  lower tab les  had greater  than 100 t o  1 contrast ,  

i .e .  E(30 )/E(2w ), E(3u ) / E ( l u  ) > 100/1. 

Beamspli t t e r s  o f  s u f f i c i e n t  q u a l i t y  w r e  no t  ava i l ab le  f o r  simul tan- 

eous use of the  th ree  d iagnost ics.  One path was operated f o r  each l a s e r  

pulse. The f i r s t  path, conta in ing  a Ga l i lean telescope (no t  shown, 

M = 1/2), t ransported the  beam through a focussing lens  ( f  .l . = 10 m, 

fused s i l i c a  substrate,  dual AR @ 351 nm), and i n t o  an equivalent-  

target-p lane (ETP) camera. The beam encountered three f r o n t  surface 

r e f l e c t i o n s ;  one 3" wedged beamspl i t t e r  and two uncoated beamspl i t t e r s .  

The second surface r e f l e c t i o n s  were removed by a t tach ing  a c e l l ,  contain- 

i n g  an index matching l i q u i d  c a l l e d  Koolase (n = 1.44) t o  the  back o f  the  

beamspl i t t e r ,  r e s u l t i n g  i n  a Fresnel r e f l e c t i o n  c o e f f i c i e n t  o f  0.019%. 

The t h i r d  beamspl i t te r  i n j e c t e d  the  focussing beam i n t o  a 1" e ta lon  

( r e f l e c t i v i t y  = 70% - both surfaces),  thus producing both a t ransmi t ted  

and a r e f l e c t e d  one-dimensional a r r a y  i n  exposure. The r e f l e c t e d  a r r r a y  

contained N elements; R = 0.7, .09(0.7), .09(0.7)0.5, .09(0.7)(0.5)' 

.... , .09(0.7)(0.5)~-2,  where N = 2, 3, 4, .. . d i f f e r  i n  i n t e n s i t y  by 

one-half .  The i n t e n s i t y  o f  the  f i r s t  element was much h igher  than the 

others t o  check f o r  h igh  i n t e n s i t y  photographic e r r o r s .  The ETP camera 

contained a Schot t  f i l t e r  (1.0 N.D. - NG4), index matched t o  a Schott 

(UG-11) u l t r a - v i o l e t  pass f i l t e r .  The ETP ar rays  were photographed w i th  

Kodak Aerographic Dup l i ca t i ng  (4421) f i l m .  The equivalent- target-p lane 

was chosen t o  represent t angen t ia l  focussing f o r  a 0.60 meter lens  and a 

400 t a r g e t  diameter. 

The second path d i r e c t e d  the  beam, through a long beam tube, i n t o  a 

n e a r - f i e l d  camera. The same photographic techniques used f o r  the  ETP 



ar ray  were employed, except t h a t  the  Schot t  NG4 was replaced by 3.0 and 

0.6 neu t ra l  d e n s i t y  (ND) (Kodak Wratten Y96) f i l t e r s .  

The t h i r d  path was used f o r  l a t e r a l  shearing in te r fe romet ry .  A 50% 

beamspl i t t e r  separated the beam i n t o  two components, each d i  rected 

towards a  fused s i l i c a  shear p la te ,  o r i en ted  a t  45". The shear p la tes ,  

each w i t h  a  3.7 microradian wedge, were mounted i n  Aerotech (AOMll0) gim- 

ba l l ed  mounts. The "S" po la r i zed  beam remained "S" po lar ized w i t h  

respect t o  the  h o r i z o n t a l l y  o r i en ted  shear p la te ,  bu t  became "P" 

po la r ized w i t h  respect  t o  the  v e r t i c a l l y  o r i en ted  shear p la te .  The 

Fresnel r e f l e c t i o n  c o e f f i c i e n t s ,  f o r  "S" and "P" po la r ized l i g h t  a t  45O, 

determined the  f i  1  t e r  a t tenua t i on  needed i n  the  camera. Aerographi c  

(4421) f i l m  was used t o  photograph the  i n te r fe rence  pat te rn .  

A1 1  m i r ro rs ,  beamspl i t t e r s ,  and p l a t e s  were i n t e r f e r o m e t r i c a l  l y  t e s t -  

ed on a  l a r g e  aper tu re  Fizeau, a t  a  wavelength o f  632.8 nanometers. Sur- 

face f i g u r e s  o f  A /10 t o  A/20, which t r a n s l a t e  t o  approxiamtely A/6 t o  

~/ll a t  a  wavelength o f  351 nanometers, were measured over the  c l e a r  

aper ture o f  the  o p t i c a l  components. A f i n a l  inspect ion,  i n v o l v i n g  ex- 

tens ive  c lean ing  procedures, was performed f o r  each component. 

The photographic r e s u l t s  o f  the  convent ional beam cha rac te r i za t i on  

are  shown i n  F ig.  4.5. High frequency (2-3 cycles/mn) in te r fe rence 

f r i nges ,  due t o  the  uncoated b lock ing  f i l t e r ,  a re  present  i n  the  near- 

f i e l d  photograph. F ine c i r c u l a r  f r i nges ,  due t o  the  Wratten 196 f i l t e r s ,  

are a l s o  present, b u t  low v i s i b i l i t y ,  h igh  frequency f r i n g e s  do not  pre- 

sent a  problem du r ing  f i l m  d i g i t i z a t i o n  f o r  an image o f  t h i s  s ize .  
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The equ i va len t - t a rge t -p l ane  a r r a y  shows f i v e  images, where each o f  

t he  images, two through f i ve ,  d i f f e r s  i n  i n t e n s i t y  by  one-hal f .  The 

f i r s t  (over-exposed) image does n o t  d i f f e r  i n  s i z e  o r  shape f rom the  

second image. Therefore, 1 i m i  t e d  dynamic range ( 100/1) has n o t  caused 

image d i s t o r t i o n  ( d e l e t i o n ) ,  and photographic  methods a r e  v a l i d  a t  a  tan- 

g e n t i a l  focus  p o s i t i o n .  The l a t e r a l  shear ing in te r fe rograms con f i rm  t h a t  

one o r  more wavelengths of o p t i c a l  pa th  d i f f e rence  a r e  d i s t r i b u t e d  over 

t he  d iameter  o f  t h e  beam. The r o t a t i o n  and expansion o f  t he  f r i n g e s ,  

from th ree  h o r i z o n t a l  t i  1  t f r i nges  t o  f i f t e e n  v e r t i c a l  1 y  o r i e n t e d  

f r i n g e s ,  seen i n  t he  h o r i z o n t a l  shear p a t t e r n ,  i n d i c a t e s  a  l a r g e  amount 

o f  defocus. The v e r t i c a l  shear p a t t e r n  cor robora tes  t h i s .  The d i f f e r -  

ence i n  t he  number o f  f r i n g e s ,  between or thogonal  views, i n d i c a t e s  a  d i f -  

f e ren t  amount of  defocus i n  t h e  t a n g e n t i a l  and s a g i t t a l  p lanes, which i s  

r e f e r r e d  t o  as ast igmat ism. The presence o f  coma i s  suggested by t he  

t a p e r i n g  a t  one end, and t he  outward f l a r i n g  o f  t h e  f r i n g e s  a t  t he  o t h e r  

end. Spher ica l  a b e r r a t i o n  i s  i n d i c a t e d  b y  t he  b u l g i n g  o f  t he  f r i n g e s  a t  

t he  c e n t e r  o f  t he  in te r fe rogram.  

The modulat ion depth of t h e  f r i n g e s  i n d i c a t e s  t h a t  a  l ong  te rm tem- 

po ra l  coherence ex i s ted .  A q u a n t i t a t i v e  a n a l y s i s  o f  t h e  i n te r f e rog ram 

was n o t  performed, s ince  a  v i s u a l  i n s p e c t i o n  c l e a r l y  i n d i c a t e d  a  severe 

a b e r r a t i o n  problem i n  t h e  beam. A subsequent i n t e r f e r o r n e t r i c  s tudy  of 

t he  f requency convers ion c r y s t a l  s  and c r y s t a l  c e l l  s  determined t h a t  t hey  

were t he  source o f  most o f  t he  phase e r r o r .  

The convent ional  wavefront  measurement techniques have p rov ided  a  

good c h a r a c t e r i z a t i o n  o f  t h e  GDL f requency conver ted l a s e r  beam. Defects  

i n  t h e  c r y s t a l s  were loca ted ,  and d i s t o r t i o n s  i n  t he  c r y s t a l  c e l l  were 

found. The equ iva len t - ta rge t -p lane ,  r ep resen t i ng  t a n g e n t i a l  focus, was 



accura te ly  recorded. Furthermore, the  e f f e c t s  due t o  a non-constant f re- 

quency conversion e f f i c i e n c y  over  the  aper ture were observed. 

However, a d d i t i o n a l  in format ion i s  desi red.  The phasefront o f  the  

beam i s  n o t  recorded i n  a r e a d i l y  use fu l  form. The equ iva len t - ta rge t -  

plane camera has n o t  been proved t o  be sucessful a t  the  exact focus o f  

the  lens. The development o f  a holographic technique o f f e r s  both a two- 

dimensional map of the  phasefront, and a continuum o f  ETP images t h a t  

approach the  foca l  plane. 

4.5 Reference Beam Formation 

Two methods o f  d e r i v i n g  a l o c a l  reference beam were inves t iga ted .  

The f i r s t  method i s  character ized by the  use o f  a t r a n s m i t t i n g  d i f f u s e r  

i n  the  reference arm of the  holographic system as shown i n  F ig.  3-6. The 

second method incorporated a s p a t i a l  f i l t e r  i n  the  reference arm o f  the 

in ter ferometer  as ill us t ra ted  i n  F ig.  3-7. 

A coherent o p t i c a l  processor was b u i l t  t o  i n v e s t i g a t e  the  d i f f u s e r  

technique. Referr ing t o  F ig.  4-6, the  i n c i d e n t  beam was s p l i t  i n t o  a 

phase modulated reference beam and an o b j e c t  beam, which were subsequent- 

l y  recombined a t  the  holographic p la te .  A fused s i l i c a  p la te ,  ground 

w i t h  a 75 g r i nd ing  abrasive was pos i t ioned a t  t he  f r o n t  f oca l  plane of 

the c o l l i m a t i n g  lens. A reg ion  o f  un i fo rm i n t e n s i t y  was produced near 

the  back foca l  plane o f  t he  lens. A g lass  p l a t e  w i t h  smal l ,  s l ow ly  vary- 

i n g  phase i r r e g u l a r i t i e s ,  was i nse r ted  i n t o  h a l f  o f  the  o b j e c t  beam. An 

Agfa-Gevaert 10E75 p l a t e  recorded the  i n te r fe rence  pat te rn .  A f t e r  p l a t e  

processing, a r e p o s i t i o n i n g  o f  the  p l a t e  was accomplished by v iewing the 





b r i g h t  reconstructed p o i n t  a t  the back foca l  plane o f  the second lens.  

When both arms o f  the  system were propagating l i g h t ,  the removal o f  the 

phase ob jec t  from the o b j e c t  beam path  produced an i n te r fe rence  pa t te rn  

c h a r a c t e r i s t i c  o f  the  phase ob jec t .  Fr inges of equal thickenss, i .e.  

t i lt f r i nges ,  were observed upon r e t u r n i n g  the phase ob jec t  t o  the ob jec t  

beam path. 

Amplitude masks were in t roduced i n t o  the  reference beam, j u s t  before 

the double d i f f u s e r .  Amplitude f l u c t u a t i o n s ,  s i m i l a r  t o  those found i n  

the GDL l a s e r  beam, d i d  n o t  v i s i b l y  a f fec t  the reconstructed image. 

Phase p l a t e s  were in t roduced a t  the same loca t i on .  The i n te r fe rence  pat- 

t e r n  contours, observed near the  image plane, were n o t  a f fec ted  by phase 

changes made before the d i f f u s e r ,  bu t  phase v a r i a t i o n s  l a r g e r  than a few 

wavelengths ( A =  632.8 nm) decreased the  s igna l - to -no ise  r a t i o  below 

viewing c a p a b i l i t i e s .  Therefore, i t  was concluded t h a t  the  double d i f -  

fuser s u f f i c i e n t l y  d isguised the recons t ruc t i ng  reference beam, i n  an 

experiment where both the  record ing  and the reconst ruc t ion  were achieved 

w i th  the same continuous-wave l ase r .  These r e s u l t s  suggested t h a t  a re -  

g ion o f  the pulsed beam, over  which phase f l u c t u a t i o n s  o f  about two wave- 

lengths o f  l i g h t  occur, could be d isguised as a plane wave, and converse- 

l y ,  a  CW plane wave could be used t o  reconst ruc t  an ob jec t  wavefront t h a t  

was recorded w i t h  a pulsed reference beam. 

Accurate r e p o s i t i o n i n g  o f  the holographic p l a t e  was extremely i m -  

por tan t .  A1 ignment to lerances were s i m i l a r  t o  a holographic coupler.  

The holographic p l a t e  could be ro ta ted  approximately one m i l  1  i radian, 

whi le  the d i f f u s e r  could be ro ta ted  no more than about 100 microradians. 

Longi tudinal  to lerances were loose f o r  both the d i f f u s e r  and the  holo- 

graphic p la te ,  i .e .  100's o f  microns. The hologram could be l a t e r a l l y  



displaced no more than about 25 m., whi le  the d i f f u s e r  could be d i s -  

placed on the order  o f  several m i l l ime te rs ,  due t o  the  t r a n s l a t i o n  invar -  

iance c h a r a c t e r i s t i c  o f  the coherent o p t i c a l  processor. 

The phase-modulated reference beam study e x h i b i t e d  two ser ious draw- 

backs which precluded an attempt t o  app ly iqg  the technique t o  the  pulsed 

l a s e r  beam. Large l i g h t  losses a t  the  d i f f u s e r  caused the low power 

l e v e l ,  CW l a s e r  t o  produce extremely weak reconstruct ions.  Secondly, 

c r i t i c a l  al ignment techniques had no t  y e t  been demonstrated and would 

requ i  re  development. 

Spa t i a l  f i l t e r i n g  techniques are  more compatible w i t h  a weak recon- 

s t r u c t i n g  l a s e r  beam. Pre l im inary  experiments showed t h a t  l e s s  1 i g h t  i s  

l o s t  a t  a s p a t i a l  f i l t e r  p inho le  than a t  a d i f f u s i n g  surface, f o r  the 

same l e v e l  of amplitude u n i f o r m i t y  i n  each case. It was found t h a t  a 

hologram's d i f f r a c t i o n  e f f i c i e n c y  was greater  f o r  a two-plane-wave 

record ing.  A d d i t i o n a l l y ,  s p a t i a l  f i l t e r i n g  techniques invo lved re la -  

t i v e l y  easy al ignment du r ing  the reconst ruc t ion  stage o f  the  holographic 

process. 

Tw problems were a n t i c i p a t e d  du r ing  the t h e o r e t i c a l  study o f  s p a t i a l  

f i l t e r i n g .  Conservative ca l cu la t i ons  pred ic ted  poss ib le  p inho le  closure 

due t o  h igh  i n t e n s i t i e s  present a t  the  focus o f  a we l l  corrected lens. 

Secondly, l a s e r  induced breakdown o f  a i r  was presumed probable, f o r  sys- 

tems wi thout  a vacuum s p a t i a l  f i l t e r .  I t  was intended t h a t  a p re l im ina ry  

s tudy o f  a nonfocussing technique ( r e f e r  t o  sec t ion  3.6) be conducted 

p r i o r  t o  the  s p a t i a l  f i l t e r i n g  i n v e s t i g a t i o n .  However, an accidenta l  

replacement o f  a negat ive beam-expander by a p o s i t i v e  o b j e c t i v e  i n t o  a 

Ga l i lean up-col l  imat ing  system produced a study o f  s p a t i a l  f i  1 t e r i n g  

methods e a r l i e r  than had been planned. 



Before s tudying the  e f fec ts  o f  the  s p a t i a l  f i l t e r i n g  o f  a p o r t i o n  o f  

t he  o r i g i n a l  l a s e r  beam, i t  was necessary t o  determine t h a t  enough energy 

could be propagated through the  focus o f  a d i f f r a c t i o n  l i m i t e d ,  F/5 t o  

F/lO lens, t o  s u f f i c i e n t l y  expose a holographic  p l a t e .  F igure 3-8 sche- 

m a t i c a l l y  i l l u s t r a t e s  the  set-up used t o  photograph the  l i g h t  t h a t  propa- 

gated pas t  t he  foca l  plane. A demagnif ied l a s e r  beam w i t h  a diameter o f  

62.5 m i l l i m e t e r s ,  was t ranspor ted t o  the  i n p u t  s ide  o f  a Trope1 (model 

280-F/4) c o l l i m a t o r .  This  lens  was a n t i r e f l e c t i o n  coated f o r  a range of 

wavelengths centered near A= 351 nm, and was fab r i ca ted  from u l t r a -  

v i o l e t  grade fused s i l i c a .  The entrance p u p i l  o f  the  lens  se lected an 

e i g h t  m i l l i m e t e r  p o r t i o n  o f  t he  cen t ra l  reg ion  o f  the  beam. The focussed 

beam was reco l l ima ted  us ing an F/3 aspher ic  lens,  w i t h  a f oca l  l eng th  of 

approximately 600 m i l l i m e t e r s ,  r e s u l t i n g  i n  a magn i f i ca t i on  o f  

M = - fc/fo =-50. A near f i e l d  camera, equipped w i t h  a s h u t t e r  and 

b lock ing  f i l t e r ,  recorded the  f i n a l  image on Aerographic (4421) f i l m .  

The power dens i t y ,n  , a t  t he  foca l  plane o f  the  o b j e c t i v e  i s  calcu- 

l a t e d  according t o  equat ion 3-37: 

where Eo i s  t he  u l t r a v i o l e t  l i g h t  energy i n  jou les ,  -r i s  the  pulse- 

w id th  (FWHM) i n  seconds, and A i s  t he  area o f  t he  t h e o r e t i c a l  A i r y  d i sc  

(A = n ( l . Z Z ~ f / d ) ~ ) .  The f r a c t i o n  o f  t h e  beam energy t h a t  i s  contain- 

ed w i t h i n  the  area of t he  A i r y  d i sc ,  K, con ta ins  a product o f  est imated 

at tenuat ions:  t he  re f lec tances  and t ransmi t tances o f  t he  o p t i c a l  compon- 



ents ,  the  area r a t i o  between t h e  i n p u t  aper tu re  and t h e  i n c i d e n t  beam, 

the  f r a c t i o n  of  energy a t  t he  A i r y  d i s c ,  and t he  f r a c t i o n  o f  t he  average 

beam energy a t  t h e  p o i n t  of  reference beam se lec t i on .  The o v e r a l l  a t t en -  

u a t i o n  i s  est imated t o  be: K = ( .04)( .9)~(d/6.3) '  (.8412 = 

di)/2000. The l a r g e s t  e r r o r  i n  t h i s  c a l c u l a t i o n  a r i s e s  f rom the  e s t i -  

mat ion o f  t h e  f r a c t i o n  of  average beam energy a t  the p o i n t  o f  re ference 

beam se lec t i on ;  K i s  be l i eved  t o  be t he  a t t e n u a t i o n  t o  w i t h i n  a  f a c t o r  o f  

th ree .  A  computation of 4-1, where t he  pu lsewid th  i s  taken t o  be 850 ps, 

2  A = 351 nm, and K=d /2000, y i e l d s  an express ion f o r  t h e  power d e n s i t y  

a t  t he  focus o f  a  l ens  i n  terms o f  t he  l a s e r  beam's energy, t he  d iameter  

of t h e  ent rance p u p i l ,  and t he  foca l  l e n g t h  of  t he  o b j e c t i v e ,  as shown 

be1 ow: 

Table 4-1 l i s t s  t he  shot  numbers and t he  c a l c u l a t e d  power d e n s i t i e s  

a t  the  foca l  plane, and i n d i c a t e s  t he  observa t ion  o f  a i r  breakdown f o r  

va r ious  ho lographic  exper iments.  F i gu re  4-7 ill u s t r a t e s  t he  r e s u l t s  w i t h  

2  an a i r  breakdown t h r e s h o l d  o f  approx imate ly  1x1013 W/cm . The data 

i s  s e l f  cons i s tan t ,  and agrees w i t h  e x t r a p o l a t e d  data f rom the  c i t e d  

re fe rences  t o  w i t h i n  t h e  e r r o r  assoc ia ted  w i t h  t h e  a t t e n u a t i o n  es t ima t i on .  

When a i r  breakdown occurred, concen t r i c  reg ions  o f  va ry i ng  d e n s i t y  

were recorded w i t h  a  ve ry  dense reg ion  i n  t h e  cen te r ,  and a l l  h i gh  f re-  

quency i n fo rma t i on  was absent. F i gu re  4-8 ( s h o t  number 7521) represents  

2  
a  power d e n s i t y  o f  about 6x1012 W/cm , and shows t h a t  i n  t he  absence 



TABLE 4-1: FOCAL PLANE ENERGY DENSITIES 

lhot  Number 

7882 

7859 

7858 

7720 

7644 

761 6 

7614 

7 578 

7546 . 

7 528 

7521 

751 9 

751 5 

7501 

E ( j o u l  es ) 
Q 

19.6 

8 .95 

10.5 

9.57 

11.7 

12.2 

15.9 

18.7 

14.0 

10.9 

10 .0  

16.6 

29.0 

8.45 

Focal (cm) 
l e n g t h  

2.75 

2.75 

2.75 

2.75 

2.75 

2.75 

1.20 

1.20 

1 .20  

1.20 

1.20 

1.20 

1.20 

1.20 

Diameter (mm) 

3.8 

3.8 

3.8 

3.8 

5.5 

4 .O 

8 . 0  

3.0 

3.0 

3.0 

3.0 

5.0 

8 .0  

8 . 0  

i n e r g y ( ~ a t t s / c m ~ l  
ens i ty  
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o f  a i r  breakdown, the  h igh  frequency d e t a i l  i s  restored.  This  phenomenon 

was observed independent o f  the presence o f  a  s p a t i a l  f i l t e r  p inhole a t  

the focal plane; therefore, p inho le  c losure e f f e c t s  were ru led  out .  Add- 

i t i o n a l l y ,  the dens i t i es  on the photographic f i l m  i nd i ca ted  t h a t  the 

m a j o r i t y  o f  the  l i g h t  passing through the i npu t  aper ture reached the f i l m  

plane. The p inholes were examined under a  Zeiss Universal  metal u rg i ca l  

microscope. No t race  o f  damage was observed. Therefore, we conclude 

t h a t  the th resho ld  f o r  p inho le  c losure e f f e c t s  i s  g rea ter  than the thres-  

hold f o r  the breakdown o f  a i r .  

During the course o f  the s p a t i a l  f i l t e r i n g  experiments, the  Trope1 

ob jec t i ve  e x h i b i t e d  coat ing  imperfect ions,  and was replaced by an Edscorp 

ob jec t ive ,  w i t h  a  focal l eng th  of 2.75 cent imeters. An aper ture o f  

3.8 mn diameter was pos i t ioned a t  the f r o n t  foca l  plane. A magn i f i ca t ion  

of approximately 22 produced an 83 mn diameter, co l l imated beam a t  the 

image plane. 

A Spectra-Physics model 165 Argon Ion  Laser, equipped w i t h  u l t r a -  

v i o l e t  coated m i r ro rs ,  was a v a i l a b l e  as an alignment and a  reconst ruc t ion  

laser .  A f t e r  replacement o f  the Be0 plasma tube, i t  r e l i a b l y  operated a t  

a  10 m i l l i w a t t  ouput l e v e l  a t  a  wavelength o f  A = 351.1 nm. A GDL l a s e r  

pulse was necessary f o r  i n i t i a l  al ignment. The pulsed beam propagated 

through a  reference c rossha i r  and i n t o  Kodak Linagraph paper, which 

recorded the d i f f r a c t i o n  p a t t e r n  from the  c rossha i r .  The c rossha i r  and 

i t ' s  near f i e l d  image were two reference po in t s  used t o  a l i g n  the argon 

l a s e r  co inc iden t  w i t h  the  pulsed beam, t o  w i t h i n  approximately 50 t o  75 

microradians. The o b j e c t i v e  and co l  1  imat ing  lenses were a1 igned onto 



t h i s  reference l i n e .  The accuracy o f  t h i s  technique was s u f f i c i e n t  f o r  

the  al ignment of t he  100 pin pinhole, bu t  a more accurate technique was 

needed f o r  the  placement o f  a 15 pm pinhole.  

A sheet o f  t ransparent ,  12.7 pin t h i c k  Mylar  was accura te ly  placed a t  

the foca l  plane, by viewing the  s p a t i a l  frequency content  o f  the  t rans-  

m i t t e d  beam. A 35 pin wide, hourglass shaped tunnel was d r i l l e d  w i t h  the 

2 pulsed beam using an average p o w r  dens i t y  o f  about 5x10~'  W/cm . 
(The tunnel was analyzed w i t h  the  Zeiss Universal  microscope.) The argon 

l a s e r  was then a l igned through the  d r i l l e d  hole, w i t h  a ca lcu la ted  accur- 

acy o f  30 t o  40 microradians. The Mylar  was replaced by the  s p a t i a l  f i l -  

t e r  p inhole,  and was a l i gned  t o  w i t h i n  + l pin l a t e r a l l y  and t o  w i t h i n  5 

4pm l o n g i t u d i n a l l y ,  by viewing the  d i f f r a c t i o n  pa t te rn  i n  the  co l l imated 

beam a t  the  image plane. The ho le  d r i l l i n g  technique was a l s o  more con- 

venient  f o r  one person t o  a l i g n .  

F igure 4-8 shows the  expanded image o f  the  p o r t i o n  o f  t he  l a s e r  beam 

t h a t  was selected by the  i n p u t  aperture. It i n d i c a t e s  t h a t  a f u l l  range 

of s p a t i a l  frequency components were contained i n  the unf  i 1 te red  r e f e r -  

ence beam. Not having the  system f l e x i b i l i t y  t o  se lec t  another, more 

uniform p o r t i o n  of the  beam, the  s p a t i a l  f i l t e r i n g  o f  t h i s  reference beam 

was studied. F igure 4-9 shows the  r e s u l t s  o f  f i l t e r i n g  w i t h  a 100 pm 

pinhole. The h igher  s p a t i a l  f requencies were f i l t e r e d  out ,  but  

modulat ion c h a r a c t e r i s t i c  o f  t r u n c a t i n g  the  A i r y  d i s t r i b u t i o n  a t  a r a d i a l  

p o i n t  g rea ter  than the  second zero appeared. The scale o f  the  modulation 

i s  s i m i l a r  t o  t h a t  observed dur ing  a CW s p a t i a l  f i l t e r i n g  study. F igure 

4-11 shows the  r e s u l t s  o f  f i l t e r i n g  a c e n t r a l  p o r t i o n  o f  the  argon l a s e r  

w i t h  a 100 pin pinhole.  



For f i gu res  4-8 t o  4-12 and 4-16 t o  4-19, each o f  the f o u r  quadrants 

i s  a d i f f e r e n t  way o f  i l l u s t r a t i n g  the  same i n t e n s i t y  d i s t r i b u t i o n ,  as 

shown below. 

The o r i g i n a l  negat ive, o r  a p o s i t i v e  p r i n t ,  has a l i m i t e d  q u a n t i t a t i v e  

usefulness before i t  i s  processed w i t h  an appropr ia te  c a l i b r a t i o n  curve. 

On the  o the r  hand, i t  does e x h i b i t  h igh  frequency d e t a i l ,  which i s  l o s t  

i n  the  averaging a lgor i thms o f  the  o the r  th ree  representat ions.  The az i -  

mutha l ly  averaged p r o f i l e  i s  a measure o f  the  r a d i a l  energy d i s t r i b u -  

t i o n .  The fa1  se three-dimensional i n t e n s i t y  p l o t  i s  a graphic i 11 ustra-  

t i o n  o f  the two-dimensional i n fo rma t ion  t h a t  i s  miss ing from the  azimu- 

t h a l l y  averaged energy d i s t r i b u t i o n .  The i s o - i n t e n s i t y  contour p l o t  i s  a 

q u a n t i t a t i v e  measure o f  the  same two-dimensional i n t e n s i t y  d i s t r i b u t i o n .  

A d e s c r i p t i o n  o f  t he  image processing system, used t o  process and analyze 

photographic negat ives, i s  contained i n  Appendix A. 

F igure 4-10 shows the  photographic and image processing r e s u l t s  of 

s p a t i a l l y  f i l t e r i n g  the  pulsed reference beam w i t h  a 15 p inhole.  A 

comparison w i t h  Figs. 4-8 and 4-9 shows t h a t  n e a r l y  a l l  o f  the  o r i g i n a l  

s p a t i a l  f requencies were removed. A s low ly  vary ing  amp1 i tude f l  uctua- 

t i o n ,  corresponding t o  a s p a t i a l  frequency o f  about 20 cyc les over the  

f u l l  diameter o f  the  o r i g i n a l  beam, remained. About 60 percent o f  t h i s  

O r i g i n a l  
P r i n t  

3-Dimensional 
I n t e n s i t y  
P l o t  

Azimuthal ly  
Averaged 
P ro f  i 1 e 

I s o - I n t e n s i t y  
Contour 
P l o t  
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beam's area was needed t o  a c t  as the  reference wave. The most uniform, 

usable area contained a s low ly  vary ing ampli tude o f  + 25% i n  i n t e n s i t y .  

F igure 4-12 shows the  r e s u l t s  o f  s p a t i a l l y  f i l t e r i n g  the  cen t ra l  region 

of the  argon l a s e r  w i t h  a 15 vm p inhole.  I n t e n s i t y  v a r i a t i o n s  o f  about 2 

10 percent are contained i n  an az imutha l ly  averaged envelope of - + 5 per- 

cent modulation. This  represents the  upper 1 i m i t  o f  amplitude u n i f o r m i t y  

t h a t  i s  poss ib le  when s p a t i a l  f i l t e r i n g  the  pulsed reference beam w i t h  a 

15 micron p inhole,  and opera t ing  a t  approximately F/7. Pinhole diameters 

between 5 and 10 pm s a t i s f y  cond i t i on  3-37a, but  p inholes w i t h i n  t h i s  

range were n o t  ava i l ab le .  The 15 pm p inho le  t runcated the  f a r  f i e l d  

d i s t r i b u t i o n  somewhere between the  second and t h i r d  zeros o f  the  A i r y  

pa t te rn .  F igure 4-10 represents the reference beam t h a t  was used dur ing  

the  holographic record ing o f  the  ob jec t  wavefront. 

4.6 Holographic Experimental Set-Up 

Many of the  design features and techniques, mentioned i n  the  discus- 

sions o f  p r e l i m i n a r y  experimental work, were incorporated i n t o  the  design 

of the  holographic system. F igure 4-13 i l l u s t r a t e s  the bas ic  exper i -  

mental set-up. The l a s e r  beam was t ranspor ted  t o  the lower t a b l e  by 

means o f  an uncoated, wedged beamspl i t te r .  The beam was demagnified by 

means o f  a Ga l i lean telescope, which was composed o f  a p o s i t i v e  10 meter 

lens and a negat ive 5 meter lens. The low power output  from the  argon 

l a s e r  made i t  necessary t o  e s t a b l i s h  an in te rmed ia te  reference beam. The 

argon a1 i gnment l a s e r  t h a t  normal 1 y  propagated through the  c r y s t a l s  f o r  





system al ignment was used t o  se t  two c rossha i rs  onto the  path o f  the 

pulsed beam. A second argon l a s e r  beam was s p l i t  from the  f i r s t ,  

co l l imated and c o l i n e a r l y  a l igned w i t h  the  path def ined by the  two 

crosshairs .  This newly created alignment beam made i t  poss ib le  t o  a l i g n  

each lens  i n  the telescope, by viewing i t ' s  back r e f l e c t i o n s .  The 

u l t r a v i o l e t  beams were viewed by means o f  f luorescence from unexposed and 

undeveloped Po laro id  Y57 pos i t i ves .  The p o s i t i o n  o f  the  telescope was 

chosen based on the  pa rax ia l  ray t rac ing  o f  ghost images, avoid ing 

excessive l oad ing  on any o f  the  upstream o p t i c a l  surfaces. 

A f t e r  demagnif icat ion, an uncoated, wedged beamspl i t te r  s p l i t  the  

beam i n t o  a r e f l e c t e d  o b j e c t  beam and a t ransmi t ted  reference beam. The 

ob jec t  beam encountered two more f r o n t  surface r e f l e c t i o n s  from index- 

matched wedges before a r r i v i n g  a t  t he  holographic record ing  plane. Two 

h i g h l y  r e f l e c t i n g  m i r r o r s  t ransported the  reference beam t o  the  entrance 

p u p i l  o f  the  s p a t i a l  f i l t e r i n g  system. A cen t ra l  region o f  the beam con- 

t inued through the  i n p u t  aper ture,  passed through focus t o  be f i l t e r e d ,  

and was reco l l imated t o  produce a nomina l ly  plane wave. A t h i r d  argon 

l ase r  beam, a f t e r  passing through a one i nch  diameter Trope1 co l l ima to r ,  

was i n j e c t e d  i n t o  the  beam path, before the  wedged beamspl i t t e r ,  by means 

o f  a motor ized kinematic m i r r o r .  (The al ignment o f  t h i s  CW beam was 

described i n  Sect ion 4.4 on reference beam format ion.)  The s p a t i a l  

f i l t e r  (Newport Research model 900) was equipped w i t h  a micrometer ad- 

justment f o r  each o f  th ree  orthogonal axes. The a x i a l  adjustment set  

the d is tance between the  p inho le  and the  ob jec t i ve ,  wh i le  two l a t e r a l  

adjustments centered the  p inho le  on a x i s .  The a x i a l  separat ion between 

the s p a t i a l  f i l t e r  and the  c o l l i m a t o r  was adjusted by means o f  an addi-  

t i o n a l  a x i a l  stage. A ho r i zon ta l  shear p l a t e  was placed a f t e r  the 



c o l l i m a t o r  t o  ob ta in  a measurement o f  the  phase o f  the  reference beam. 

Correct  al ignment was confirmed when ho r i zon ta l  tilt f r inges  w r e  

observed over the  whole f i e l d .  H igh l y  modulated f r i n g e s  were obtained 

w i t h  an argon l a s e r  opera t ing  cu r ren t  o f  b e t w e n  5 and 10 percent above 

threshold. Neighboring spec t ra l  l i n e s  ( f 351.1 nm) were blocked w i t h  

a narrow bandpass i n te r fe rence  f i l t e r .  

The holographic p l a t e  ho lder  (Newport Research model 540) was mounted 

securely  onto an angular stage. With a g lass p l a t e  i n  the  holder,  the  

reference and o b j e c t  beams were r e f l e c t e d  back onto each o the r  t o  insure 

t h a t  the  p l a t e  normal b isec ted  the  f u l l  angle between the  two paths. A 

f u l l  angle choice of 15" was d i c t a t e d  by space cons t ra in t s .  Many beam 

blocks and b a f f l e s  were needed t o  b lock  r e f l e c t i o n s ,  ghost images, and 

unconverted 2 u l i g h t .  The record ing apparatus was t o t a l l y  enclosed, 

w i t h  a computer c o n t r o l l e d  s h u t t e r  open f o r  20 seconds dur ing  the  pulse. 

4.7 Uavef r o n t  Recording and Reconstruct ion 

The use of a Ga l i lean down-col l imat ing telescope al lowed a compromise 

b e t w e n  studying the  GDL pulsed wavefront and us ing standard format, 5" 

by 4", Agfa-Gevaert 10E56 holographic p la tes .  Conventional techniques, 

discussed i n  Sect ion 4.3, were app l ied  t o  the  o b j e c t  beam, i n  o rder  t o  

ob ta in  a p o i n t  of reference f o r  comparison w i t h  the  reconstructed wave- 

f r o n t .  A se r i es  o f  pulsed shearing in te r fe rograms were recorded t o  i t e r -  

a t i v e l y  a d j u s t  the  spacing between the  elements o f  the  Ga l i lean t e l e -  

scope, t o  determine the  phase e f f e c t s  due t o  the  o p t i c a l  components i n  



t he  o b j e c t  beam path,  and t o  o b t a i n  a  p o i n t  of reference f o r  phase- f ront  

comparison. A d d i t i o n a l l y ,  n e a r - f i e l d  and f a r - f i e l d  d i s t r i b u t i o n s  o f  t he  

o b j e c t  beam were photographed a t  power l e v e l s  s i m i l a r  t o  those needed f o r  

t h e  c o r r e c t  b i a s i n g  of t h e  ho lograph ic  p l a t e .  

The p r e l i m i n a r y  des ign balanced t h e  re fe rence  and o b j e c t  beams a t  an 

i n t e n s i t y  r a t i o  o f  t e n  t o  one. Losses a t  t he  s p a t i a l  f i l t e r  and t he  

wedged beamspli t t e r ,  t oge the r  w i t h  a  nonuniform i n t e n s i t y  d i s t r i b u t i o n  a t  

t h e  p o i n t  o f  re fe rence  beam s e l e c t i o n ,  decreased t h i s  r a t i o  t o  about 

t h r e e  t o  one, f o r  t h e  average o b j e c t  beam i n t e n s i t y .  A r a t i o  o f  about 

one t o  one occurred i n  r eg ions  where t he  o b j e c t  beam was most i n t ense  and 

t he  re fe rence  beam was a t  i t ' s  lowes t  i n t e n s i t y  va lue.  The b i a s  l e v e l  

was c o n t r o l  l e d  by s e l e c t i n g  t h e  i n f r a r e d  energy a t  a  known t h i r d  harmonic 

convers ion e f f i c i e n c y  f o r  t h a t  energy. The exposed p l a t e s  were processed 

accord ing  t o  t he  procedures o u t l i n e s  i n  Appendix B. U n i n t e n t i o n l y  over-  

exposed p l a t e s  were bleached t o  o b t a i n  a  g r e a t e r  d i f f r a c t i o n  e f f i c i e n c y .  

Measurement o f  t h e  wavefront  r e c o n s t r u c t i o n  was accomplished i n  a  

t h r e e  p a r t  procedure t h a t  u t i l i z e d  convent ional  methods. The one i n c h  

d iameter  Trope1 c o l l i m a t o r  was removed f rom the  argon l a s e r  beam pa th  t o  

a l l o w  more 1  i g h t  t o  reach t he  s p a t i a l  f i l t e r .  The separa t ion  between t he  

o b j e c t i v e  and c o l l i m a t o r  was ad jus ted  t o  produce a  plane wave, wh i l e  t he  

p i nho le  was a c c u r a t e l y  ad jus ted  t o  produce a  un i f o rm  i n t e n s i t y  d i s t r i b u -  

t i o n .  The recons t ruc ted  beam was d i r e c t e d  t o  t h e  lower  r i g h t  t a b l e  i n  

F ig .  4-13. The near  f i e l d  i n t e n s i t y  d i s t r i b u t i o n  was recorded on Aero- 

g raph ic  (4421) f i l m .  A h o r i z o n t a l  l a t e r a l  shear ing i n t e r f e r e n c e  p a t t e r n  

was recorded on P o l a r o i d  #57 p o s i t i v e  p r i n t  f i l m .  A one dimensional  

equ i va len t -  t a rge t -p l ane  a r ray ,  c rea ted  f rom t h e  same focuss ing  l e n s  and 



e ta lon  used t o  ob ta in  the  pulsed ETP, was photographed w i t h  Aerographic 

(4421) f i l m .  

The f i n a l  experiment a t  = 351 nm, conducted on the  reconstructed 

ob jec t  wavefront, produced a tm-dimensional  measurement o f  the  phase- 

f ron t .  A bleached hologram was placed a t  the  o r i g i n a l  record ing plane. 

A p o i n t - d i f f r a c t i o n  i n te r fe romete r  (Smartt PDI) was pos i t ioned a t  the 

focus o f  an F/3 t a r g e t i n g  lens.  An u l t r a v i o l e t  v i d i con  camera was placed 

immediately behind the  PDI t o  a i d  i n  the  al ignment o f  the  i n t e r f e r o -  

meter. Visual i z a t i o n  o f  the  f r i n g e s  was obtained by accura te ly  ad jus t i ng  

the  s p a t i a l  c o n t r o l s  o f  the  PDI wh i le  v iewing the t e l e v i s i o n  image. Un- 

l i k e  l a t e r a l  shearing in ter ferometry,  s u f f i c i e n t  modulat ion depth o f  the  

f r i n g e s  could be obtained a t  maximum cu r ren t  through the  argon l a s e r  

tube, s ince no t ime d i f f e r e n t i a l  ex i s ted  between the  ob jec t  and reference 

wavefronts. Both a near maximum CW l a s e r  ou tpu t  and an increased d i f -  

f r a c t i o n  e f f i c i ency  due t o  the  b leaching o f  the  hologram were needed f o r  

the  successful  v i d i con  de tec t i on  o f  the  i n te r fe rence  pat te rn .  

An ad junc t  experiment was performed t o  determine the  requirements f o r  

holographic i n te r fe romet ry .  A holographic in te r fe rometer ,  s i m i l a r  t o  

t h a t  shown i n  F ig .  4-13, was constructed on a n e t m a t i c a l l y  s tab l i zed  NRC 

magnetic t ab le .  The reconst ruc t ing  and reference beams were der ived from 

a He1 i um-Neon lase r .  The reconstructed wavefront was combined w i t h  the  

d i r e c t l y  t r a n s m i t t i n g  wavefront from the  o the r  arm o f  the  system t o  form 

two-beam inteference f r inges.  In ter ferograms were recorded on Po laro id  

Y57 p o s i t i v e  p r i n t  f i l m .  



4.8 Experimental Resul ts  

A1 1  o r i g i n a l  data, obtained w i t h  convent ional o r  holographic tech- 

niques, i s  i n  the form o f  e i t h e r  photographic negat ives o r  Po laro id  posi-  

t i v e s .  I n t e n s i t y  d i s t r i b u t i o n s ,  recorded as dens i t y  va r i a t i ons ,  must be 

i n t e n s i t y  corrected before re levant  ana lys is  can be performed. I n t e r f e r -  

ograms can be analyzed d i r e c t l y ,  bu t  i t  i s  advantageous t o  make h igh  con- 

t r a s t  p o s i t i v e  p r i n t s  o f  those t h a t  were recorded as negat ives. 

Figure 4-14 shows both  the  pulsed and the reconstructed ob jec t  beam 

l a t e r a l  shearing interferograms. A d i r e c t  comparison can be made since 

the amount of shear i s ,  w i t h i n  a  few percent, the  same. The t ime depen- 

dent phase e f f e c t s ,  c l e a r l y  ev ident  i n  the pulsed in ter ferogram, are 

reduced i n  the reconstructed in ter ferogram. The number o f  f r i nges ,  as 

we l l  as t h e i r  o r i e n t a t i o n ,  i s  the same i n  each pat te rn .  Small, r a p i d l y  

vary ing changes i n  the shape of each f r i n g e ,  o f  the same magnitude 

observed between measurements o f  d i f f e r e n t  l a s e r  pulses, are present. 

A d d i t i o n a l l y ,  small, s lowly  w r y i n g  d i f f e rences  i n  the shape o f  the 

f r i n g e s  are  observed. Refer r ing  t o  equat ion 2-1, the s e n s i t i v i t y  of the 

shear p l a t e  t o  defocus i s  ca l cu la ted  i n  the  f o l l o w i n g  way. 

DE FOCUS 

where D i s  the o p t i c a l  path d i f f e r e n c e  (OPD) a t  the edge o f  the f i e l d ,  

and ( x ,  yo) are the normal ized coordinates. The s h i f t  o f  f r i n g e s  

corresponding t o  a  p a r t i c u l a r  value o f  D, i s  expressed by, 







where D = OPDmax., S i s  t h e  shear, and x,,, i s  t h e  beam rad ius .  From 

F ig .  4-14, S = 18 mn, and x,,, = 3 1 . 3 ~ ~ 1 ,  so t h a t  t h e  change i n  t h e  

number o f  f r i n g e s  a t  t h e  edge o f  t he  f i e l d  i s  g iven  by, 

# F r inges  = OPDmax. (0.5) (4-5) 

The s e n s i t i v i t y  of t he  shear p l a t e  i s  f i x e d ,  b u t  t h e  accuracy o f  t he  

i n t e r f e r o g r a m i s  dependent on t h e  q u a l i t y  o f  t he  f r i n g e s .  Since i n  t h i s  

case t he  p o s i t i o n  of a f r i n g e  can be measured t o  w i t h i n  one- four th  o f  

t he  average f r i n g e  separat ion,  OPD max. = 0.25/05 = 0.5, and half-wave 

accuracy i s  obta ined.  The OPD v a r i a t i o n s  over  t he  area o f  an Agfa- 

Gevaert 10E56 ho lograph ic  p l a t e  were measured w i t h  a F i  zeau i n t e r f e r o -  

meter. F igure  4-15 shows an i n te r f e rog ram t h a t  represen ts  t he  cumulat i  ve 

phase from pass ing t w i c e  through t he  p l a t e  a t  = 632.8 nm. CIPD v a r i a -  

t i o n s  o f  between one-hal f  and one wave a t  A = 351 nm occur  over  a 2.5" 

d iameter  area. Therefore,  t h e  s l o w l y  va ry i ng  changes i n  t h e  p o s i t i o n  o f  

t h e  f r i n g e s ,  corresponding t o  o p t i c a l  pa th  d i f f e r e n c e s  o f  about one-half 

t o  one wavelength of l i g h t ,  a re  r e a d i l y  a t t r i b u t a b l e  t o  t h e  ho lographic  

p l a t e ' s  OPD v a r i a t i o n s .  

Near f i e l d  i n t e n s i t y  d i s t r i b u t i o n s ,  o f  t h e  pu lsed and recons t ruc ted  

wavefronts,  a re  shown i n  F igs.  4-16 and 4-17 r e s p e c t i v e l y .  Unfortun- 

a t e l y ,  t he  photographs were recorded a t  d i f f e r e n t  t ime per iods,  and a 
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d i r e c t  comparison requ i res  the assumption t h a t  the  al ignment o f  the  l a s e r  

system remained constant.  A comparison between the  negat ives shows t h a t  

most o f  t he  middle (0.2-2.0 l ines/mn) and low (.02-0.2 l ines/mn) f r e -  

quency d e t a i l  i s  recovered du r ing  reconst ruc t ion .  The h igh  (> 2 

l ines /min)  frequency d e t a i l  i s  v e i l e d  by  var ious sources o f  noise. The 

az imutha l ly  averaged p l o t s  show good agreement f o r  the  r a d i a l  energy d i s -  

t r i b u t i o n ,  bu t  i n d i c a t e  a non l inear  ampl i tude reconstruct ion.  The peak- 

t o -va l l ey  r a t i o  i s  50% greater  f o r  the reconstructed n e a r - f i e l d  d i s t r i -  

but ion.  The range o f  the h igh  frequency va r ia t i ons ,  i nd i ca ted  by the 

e r r o r  bars, i s  l a r g e r  f o r  the  reconstructed near f i e l d  d i s t r i b u t i o n  

which, again, i nd i ca tes  non l inear  ampl i tude reconst ruc t ion .  The i so -  

i n t e n s i t y  p l o t s  best i l l u s t r a t e  the e f f e c t s  due t o  the  amplitude nonuni- 

f o r m i t i e s  i n  the pulsed reference beam. Reca l l ing  Fig.  4-10, the refer-  

ence beam i n t e n s i t y  was l a r g e s t  a t  the top, r i g h t  region, and was lowest 

a t  the bottom o f  the d i s t r i b u t i o n .  The pulsed and reconstructed contour 

p l o t s  d i f f e r  the most a t  these same two loca t i ons .  

The pul  sed and reconstructed equi va lent- target-p lane photographs, 

Figs. 4-18 and 4-19, show st rong s i m i l a r i t i e s ,  desp i te  the  non l inear  

ampl i tude reconst ruc t ion  observed i n  the  near f i e l d  i n t e n s i t y  d i  s t r i  bu- 

t ions ,  and the phase v a r i a t i o n s  observed i n  the  shearing in te r fe romet ry .  

The second image o f  each a r r a y  was s u f f i c i e n t l y  dense f o r  i n t e n s i t y  cor- 

r e c t i o n  and image processing. The az imu tha l l y  averaged p l o t s  a re  s i m i l a r  

i n  shape, bu t  i n d i c a t e  an even greater  non l inear  e f f e c t .  The recon- 

s t ruc ted  peak- to-val ley r a t i o  i s  about 90% l a r g e r  than the pulsed r a t i o .  

The i s o - i n t e n s i t y  p l o t s  show a c lose resemblance, bu t  the non l inear  re -  

cons t ruc t ion  i s  apparent by the  depression o f  the  lower i n t e n s i t i e s .  The 

f i r s t  element o f  the  reconstructed a r r a y  shows an a d d i t i o n a l  image t o  the 
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l e f t  o f  the  pr imary image. Th is  could be a h igher  o rder  recons t ruc t ion  

due t o  t he  non l i nea r  record ing  o r  a ghost recons t ruc t ion  due t o  secondary 

r e f l e c t i o n  a t  the holographic  p l a t e  dur ing  recording. 

An in ter ferogram obta ined w i t h  the  p o i n t  d i f f r a c t i o n  in ter ferometer ,  

shown i n  Fig. 4-20b, represents the cumulat ive phase d i s t o r t i o n  due t o  

t he  o b j e c t  beam, the  holographic  p l a t e ,  the  focussing lens, and the 

defocus in t roduced by the  a x i a l  p o s i t i o n  o f  the  PDI p inhole.  Large 

v a r i a t i o n s  i n  t he  f r i n g e  v i s i b i l i t y ,  inheren t  i n  the a p p l i c a t i o n  o f  the 

PDI t o  h i g h l y  aberrated phasefronts are observed. 

F igure  4-20a shows an in te r fe rogram obtained from a holographic 

in te r fe rometer  a t  A = 632.8 nm. I n  t h i s  case, t he  OPD v a r i a t i o n s  o f  t he  

holographic  p l a t e  are removed f rom the  i n t e r f e r e n c e  p a t t e r n  by passing 

the reference beam through the  p la te ,  c o i n i c i d e n t  w i t h  the  reconstructed 

beam. E igh t  t o  n ine  defocus f r i n g e s  a re  counted from center  t o  edge. 

This corresponds t o  8.5 wavelengths o f  defocus a t  x = 632.8 nm, o r  about 

15 wavelengths a t  A = 351.1 nm. According t o  equat ion 4-5, the  seven t o  

e i g h t  f r i nges  over h a l f  o f  t he  f i e l d  o f  t h e  shearing in ter ferograms a l so  

corresponds t o  about 15 wavelengths o f  defocus a t  x = 351.1 nm. With 

defocus as the  measure o f  comparison, t he  shear ing i n te r fe rome t ry  i s  i n  

good agreement w i t h  holographic  i n te r fe rome t ry .  Addi t i ona1  l y ,  the  two 

methods show comparable defocus i n  the v e r t i c a l  d i r e c t i o n ,  thus they  show 

comparable amounts o f  ast igmatism. 
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4.9 Conclusions 

Conventional wavefront measurement techniques were successful 1 y 

applied t o  a frequency converted high-peak-power l ase r .  Accurate near- 

f i e l d  and quasi-far-f ield in tens i ty  d i s t r ibu t ions  were photographically 

recorded. Lateral shearing interferometry was ins t ruct ive  i n  quali ta-  

t i ve ly  determining the phasefront, and provided a point of reference fo r  

comparison w i t h  holographical l y  reconstructed phasefronts. 

The wavefront recording and reconstruction of a HPPL were success- 

ful  l y  demonstrated. The usefulness of describing a focussed portion of 

the beam w i t h  Fourier transform theory was verif ied and spat ia l  f i l t e r i n g  

impract ical i t ies  were overcome i n  creating a local reference beam. 

Despite nonl inear amp1 i tude recording, reconstructed near-field and 

quasi-far-f ield in tensi t ]  d i s t r ibu t ions  closely resemble those obtained 

from conventional techniques. Accurate phasefront reconstruction was 

achieved, w i t h  the  OPD variat ions of the  holographic plate l imiting the 

accuracy t o  between one-half t o  one wavelength ( A = 351 n m ) .  Addition- 

a l l y ,  the application of PDI and holographic interferometers t o  the re- 

constructed phasefront demonstrated the feas i  bi l  i t y  of performing two- 

beam interferometry on the CW reconstruction of the pulsed wavefront. 
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V. CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 

5.1 Concl usions 

Holographic techniques have been successful  1 y implemented on an 

u l t r a v i o l e t ,  frequency converted, h igh  -peak - power l a s e r  t o  ob ta in  

continuous-wave reconst ruc t ions  f o r  convent ional wavefront measurement. 

Reconstructed n e a r - f i e l d  and q u a s i - f a r - f i e l d  i n t e n s i t y  d i s t r i b u t i o n s  

c l o s e l y  resemble those obtained from convent ional techniques. Recon- 

s t r u c t i o n  o f  the  n e a r - f i e l d  i n t e n s i t y  p r o f i l e  was achieved w i t h  an over- 

a1 1 r e s o l u t i o n  approaching 2 1 i nes /m,  and an azimuthal l y  averaged, peak- 

t o - v a l l e y  i n t e n s i t y  modulation increase o f  about 50%. The r e s o l u t i o n  of 

the reconstructed quas i - f a r - f i e ld  i n t e n s i t y  p r o f i l e  was n e a r l y  the same, 

1-2 l i n e s / m ,  but  the peak- to-val ley i n t e n s i t y  modulation increase was 

90%. The r e s o l u t i o n  was l i m i t e d  by both h a l a t i o n  e f f e c t s  and sca t te r i ng  

a t  the holographic p la te .  The i n t e n s i t y  modulation increase i s 

symptomatic o f  a n o n l i n e a r l y  recorded amplitude d i s t r i b u t i o n ,  

a t t r i b u t a b l e  t o  an excessive ob jec t - to - re ference beam i n t e n s i t y  r a t i o  and 

ampl i tude nonuniformi t i e s  i n  the pul  sed reference beam. 

A1 though the reconstructed i n t e n s i t y  p r o f i l e s  c l o s e l y  resemble those 

obtained from convent ional methods, we conclude t h a t  t h i s  technique does 

n o t  p resen t l y  reproduce the HPPL ampl i tude d i s t r i b u t i o n  w i t h  s u f f i c i e n t  

accuracy t o  replace convent ional i n t e n s i t y  measurement techniques. How- 

ever, i t  i s  bel ieved t h a t  several improvements can be made, e s p e c i a l l y  

w i t h  regard t o  system f l e x i b i l i t y ,  t h a t  would g r e a t l y  reduce the sources 

o f  noise and the  sources of non l inear  amplitude record ing.  These i m -  



provements a re  discussed i n  t h i s  chapter as suggestions f o r  f u t u r e  

research. 

Accurate phasefront reconst ruc t ion  was demonstrated, w i t h  the  o p t i c a l  

path v a r i a t i o n s  o f  the  holographic p l a t e  l i m i t i n g  the  measurement accur- 

acy t o  one-half wave ( A  = 351 nm) f o r  the  cen t ra l  75% of the  beam's area, 

and t o  one wave f o r  the edge o f  the  beam. Based on an accurate phase- 

f r o n t  reconst ruc t ion  and the successful appl i c a t i o n  o f  CW, two-beam i n -  

te r fe romet ry  ( p o i n t - d i f f r a c t i o n  and holographic in te r fe rometers )  t o  t h i s  

reconst ruc t ion ,  we conclude t h a t  a new technique i s  a v a i l a b l e  f o r  the  

phasefront measurement o f  a frequency converted HPPL. The accuracy of 

t h i s  technique can r e a d i l y  be increased by means o f  an improved system 

design t h a t  i s  described i n  the  f o l l o w i n g  paragraphs. 

5.2 Suggestions f o r  Future Research 

Given t h a t  t h i s  technique i s  both promising and usefu l  as a wavefront 

measurement t o o l ,  i t  i s  recomnended t h a t  f u r t h e r  development begin w i t h  

necessary engineer ing improvements. A new holographic design, ill ust ra-  

ted  i n  F ig.  5-1, would incorpora te  several new fea tures .  The wedged 

beamspl i t te r  which i n t e r c e p t s  the  HPPL beam from i t ' s  normal path should 

be r e a r  sur face coated; t h i s  would minimize the  number o f  o p t i c a l  compon- 

ents, and d e l i v e r  more energy t o  the  s p a t i a l  f i l t e r  i n p u t  aper ture,  thus 

a l l ow ing  the  use o f  f i l t e r s  t o  a t tenuate  the  reference beam. Three 

wedged re f l ec to rs ,  vary ing  i n  con f i gu ra t i on  from a fo lded cross pa t te rn  

t o  an open box pat te rn ,  would prov ide  v a r i a b l e  a t tenuat ion ,  by changing 





t he  Fresnel r e f l e c t i o n  c o e f f i c i e n t s ,  f o r  t h e  o b j e c t  beam. Var iab le  a t -  

t enua t i on  i n  t he  o b j e c t  beam and t h e  re fe rence  beam paths would prov ide 

t he  f l e x i b i l i t y  t o  choose t h e  ob jec t - to - re fe rence  beam i n t e n s i t y  r a t i o .  

A system which p rov ides  a way t o  s e l e c t i v e l y  choose and s p a t i a l l y  

f i l t e r  a  p a r t i c u l a r  r eg ion  of t h e  o r i g i n a l  beam i s  needed t o  produce a 

un i f o rm  reference beam. The s i z e  and p o s i t i o n  o f  t h e  reg ion  would be 

chosen based on t h e  s p a t i a l  frequency con ten t  o f  t h e  l o c a l  ampl i tude d i s -  

t r i b u t i o n .  A combinat ion zoom and v a r i a b l e  p o s i t i o n  s p a t i a l  f i l t e r  would 

s a t i s f y  these requirements.  The p o s i t i o n  and s i z e  o f  t he  i n p u t  aper ture,  

as w e l l  as t h e  f o c a l  l e n g t h  o f  t he  o b j e c t i v e ,  would be con t i nuous l y  ad- 

j us tab le ,  t hus  a l l o w i n g  t h e  freedom t o  choose t he  degree o f  s p a t i a l  

f i l t e r i n g  and t h e  system magn i f i ca t i on .  Furthermore, t he  use o f  a  l i q u i d  

gate t o  con ta in  t he  ho lograph ic  p l a t e  would g r e a t l y  reduce sca t t e r i ng ,  

h a l a t i o n  e f f ec t s ,  and phase d i s t o r t i o n s ,  as discussed i n  Sec t ion  3 .4 . ,  

Sources o f  Noise. A l i q u i d  gate l a r g e  enough t o  handle t he  f u l l  d iameter 

o f  t h e  beam should be designed and b u i l t .  

Once t h e  eng ineer ing  m o d i f i c a t i o n s  a r e  made, a  sens i t ome t r i c  approach 

should be taken towards each s t e p  o f  t h e  ho lograph ic  process. Amp1 i t u d e  

t r a n s f e r  c h a r a c t e r i s t i c  curves would be va luab le  i n  choosing a b i a s  

exposure and an ob jec t - t o - re fe rence  beam i n t e n s i t y  r a t i o  t h a t  would o p t i -  

mize 1 i n e a r  ampl i tude record ing .  Furthermore, t h e y  would p rov ide  a quan- 

t i t a t i v e  measure f o r  de te rmin ing  t he  e f f e c t s  due t o  nonun i f o rm i t i es  i n  

t he  re fe rence  beam. 

A f i n a l  suggest ion f o r  f u t u r e  research i n v o l v e s  t he  apparatus em- 

p loyed t o  record  t he  recons t ruc ted  wavefront .  Once t he  ho lograph ic  p l a t e  

i s  processed and re tu rned  t o  t he  l i q u i d  gate, f u r t h e r  r e l i a n c e  on photo- 

g raph ic  methods i s  n o t  necessary. E l e c t r o n i c  d e t e c t i o n  o f  t he  wavefront, 



by means o f  var ious s i z e  de tec tor  arrays, would circumvent the  photo- 

graphic image processing procedure. D i r e c t  d i g i  t i z a t i o n  o f  a PDI i n t e r -  

ferogram, and ETP array,  and poss ib l y  a demagnified n e a r - f i e l d  p r o f i l e ,  

would more r e a d i l y  p rov ide  q u a n t i t a t i v e  capabi 1 i t i e s .  The measurement o f  

the n e a r - f i e l d  ampl i tude and phase d i s t r i b u t i o n s  and the  q u a s i - f a r - f i e l d  

i n t e n s i t y  d i s t r i b u t i o n ,  together  w i t h  a two-dimensional beam propagation 

code, would prov ide the  means of completing the  f lowchar t  o f  F ig.  1-1. 

I n  c los ing ,  the  cu r ren t  i n t e r e s t  i n  amp l i f y i ng  and frequency convert- 

i n g  nanosecond, picosecond, and femptosecond lasers ,  where the  wavefront 

q u a l i t y  i s  a p r i n c i p a l  concern, g ives r i s e  t o  an a n t i c i p a t i o n  t h a t  the 

r e s u l t s  from t h i s  s tudy w i l l  encourage the  use o f  holographic techniques 

i n  the  wavefront ana lys is  o f  var ious l ase rs  i n  the  high-peak-power regime. 



APPENDIX A 

The Image Processing System ( IPS)  a t  t he  Laboratory  f o r  Laser 

Energe t i cs  was used t o  d i g i t i z e  and i n t e n s i t y  c o r r e c t  t he  photographic  

data, and t o  per fo rm computer-based manipu la t ions and s t a t i s t i c a l  

c a l c u l a t i o n s  on these images. The I P S  cons i s t s  o f  two computers and 

2 an image a c q u i s i t i o n  system. The I n t e r n a t i o n a l  Imaging Systems ( I  S) 

apparatus i nc l udes  t he  Video Image Processor (VIP) ,  t he  Mark I 1  d i g i -  

t i z e r ,  two moni tors ,  a  S i e r r a  M in icon  v i d i c o n  camera, and a l i g h t  

2  t ab le .  The I S i s  c o n t r o l l e d  by t he  HP-2100A computer, w h i l e  t he  Cyber 

175 computer i s  t he  hos t  f o r  t he  s t a t i s t i c s  and graphics packages. 

The photographic  images ( d e n s i t y  v a r i a t i o n s  on t ransparen t  f i  lm) 

were p laced on t he  l i g h t - t a b l e ,  and processed by conve r t i ng  t he  l i g h t  

t r a n s m i t t e d  through t he  f i l m  t o  the  v i d i c o n  tube i n t o  d i g i t a l  values. 

The V I P  acqu i red  t he  image, w h i l e  t he  d i g i t i z e r  conver ted the  t r ans -  

m i  t t e d  i n t e n s i t y  i n t o  d i g i t a l  va lue.  The HP-2100A t r a n s f e r r e d  the  

d i g i t a l  image t o  magnetic tape, which was subsequent ly read onto d i s c  

memory a t  the Cyber 175. V id icon  and f i l m  c a l i b r a t i o n  curves were 

generated a t  t he  Cyber i n  o r d e r  t o  i n t e n s i t y  c o r r e c t  exper imenta l  data 

t h a t  was i n  d i g i t a l  form. F igures  A-1 and A-2 represen t  t he  Aerographic 

(4421 ) u l t r a v i o l e t  (A = 351nm) f i l m  c a l  i b r a t i o n  curves f o r  pu l  sewidths 

o f  approx imate ly  one nanosecond and one second, r e s p e c t i v e l y .  



D-LOG-I F I L M  CALIBRATION CURUE 

( p u l  sewidth z l n s )  

F I G ,  A - 1  



D-LOG-I FILM CALIBRATION CURUE 

(pu l  sewidth 1 sec . ) 

FIG, A - 2  



APPENDIX B 

Aerographic  (4421 ) F i  l m  Process ing (20-21'~) 

a )  Presoak i n  Kodak P h o t o f l o  2000 - 30 sec. 

b )  Develop i n  Kodak DK-50 w i t h  cont inuous - 3%rnin.  
a g i t a t i o n  

c )  Stop i n  r unn ing  wate r  - 45 sec. 

d )  F i x  i n  Kodak General Purpose F i x e r  w i t h  - 5 min.  
cont inuous a g i t a t i o n  

e )  Rinse w i t h  runn ing  wate r  - 2 min. 

f )  Wash i n  Heico Perrna Wash - 1 min. 

g )  Rinse w i t h  r unn ing  wate r  - 2 rnin. 

h )  Squeegee d r y  

i )  Heater  d r y  



APPENDIX B (cont inued)  

I I .  Agfa-Gevaert 10E56 P la te  Processing (20-2loC) 

a )  Develop i n  D-19 w i t h  cont inuous n i t r o g e n  - 5 m i n .  
burs ts  

b )  Stop i n  Kodak i n d i c a t o r  s top bath w i t h  - 30 sec. 
continuous n i t r ogen  bu rs t s  

c )  F i x  i n  Kodak General Purpose F i x e r  w i t h  - 5 rn in .  
cont inuous n i  t rogen bu rs t s  

d )  Rinse i n  running water - 2  min. 

e )  Wash i n  Heico Perma Wash - 1  min. 

f )  Rinse i n  running water - 2  min. 

g )  Compressed a i r  d ry  

h )  Cupr ic-hal ide bleach - t ime t o  c l e a r  p lus  2 rnin. 

i ) Wash i n  running deionized water - 5  min. 

j) 50% e t h y l  a lcoho l  ( a g i t a t e )  
50% deionized water  

k )  75% e t h y l  a lcohol  ( a g i t a t e )  
25% deionized water  

1 )  90% e t h y l  a lcoho l  ( a g i t a t e )  
10% deionized water 

- 2  min. 

- 2  rnin. 

- 2  rnin. 

* Reference: Pennington and Harper 
Appl ied Opt ics,  J u l y  1970 
Vd1.9-#7, p. 1645 


