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I. I n t r o d u c t i o n  . - 
The po in t -d i .€ f rac t . ion  i n t e r f e r o m e t e r 1 ' 2  (PDI) i s  a  new t y p e  of  i n s t r u m e n t  

which p o s s e s s e s  c e r t a i n  advan tages  f o r  a n a l y z i n g  opt ica l -beam phase  f r o n t s .  

F i r s t  oE a l l ,  i t  i s  a  common p a t h  i n s t r u m e n t  and v e r y  i n s e n s i t i v e  t o  

v i b r a t i o n .  Second, i t  i s  very  compact and may be i n s e r t e d  i n t o  a n  o p t i c a l  

c h a i n  w i t h  v e r y  l i t t l e  d i s r u p t i o n .  T h i r d ,  i t  is  a  s t a n d a r d  i n t e r f e r o m e t e r  

a s  opposed t o  a s h e a r i n g  i n t e r f e r o m e t e r  because  t h e  t e s t  beam i s  compared 

t o  a h i g h - q u a l i t y  beam; c o n s e q u e n t l y ,  t h e  i n t e r f e r o g r a m s  a r e  s u b j e c t  t o  

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

The p r imary  purpose  of  t h i s  work i s  t o  a n a l y z e  t h e  i n t e r f e r o m e t e r  i t s e l f  

t o  d e t e r m i n e  t h e  l i m i t a t i o n s  imposed by d i f f r a c t i o n  t h e o r y  on t h e  q u a l i t y  of 

t h e  r e f e r e n c e  beam. With t h i s  accompl i shed ,  one can  be c o n f i d e n t  t h a t  t h e  

d i a g n o s i s  of t h e  t e s t  beam i s  r e l i a b l e .  A second purpose  i s  t o  u s e  t h e  

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

of windows deformed by p r e s s u r e  l o a d i n g .  

S e c t i o n  I T  g i v e s  t h e  d i f f r a c t i o n  t h e o r y  o f  POI o p e r a t i o n  and i l l u s t r a t e s  

t h e  performance of  t h e  l a b o r a t o r y  i n s t r u m e n t  i n  hand.  S e c t i o n  I11 g i v e s  a 

t h e o r e t i c a l  a n a l y s i s  o f  loaded  windows and  shows how t h e  PDI may be 

used t o  d e t e c t  t h e  phase  f r o n t  e r r o r .  

I T .  T h e t ~ r y  uf -. PDI Opepat ion and T e s t i n g  ------ - 

A s t a n d a r d  i n t e r f e r o m e t e r  works by combining ( i n t e r f e r i n g )  a  l i g h t  beam 

of unknown q u a l i t y  w i t h  a  beam of  r e f e r e n c e  q u a l i t y .  We n o t e  t h a t  t h e  

" a n a l y s i s "  of  a  beam i s  synomynous w i t h  a n a l y s i s  o f  a n  o p t i c a l  e lement  

p r e s e n t  i n  t h e  beam. The PDI i s  un ique  among Lr~Le~.Terorneters i n  t h a t  

i t  u s e s  as a  r e f e r e n c e  beam a  " p o i n t "  s o u r c e  o f  l i g h t  g e n e r a t e d  by t h e  

beam b e i n g  t e s t e d .  The p o i n t  s o u r c e  i s  r e a l l y  a  s m a l l  a p e r t u r e ,  a p i n h o l e  

of micron s i z e ,  and q u e s t i o n s  immediate ly  a r i s e  a s  t o  t h e  q u a l i t y  o f  a  

r e f e r e n c e  beam g e n e r a t e d  by a  p i n h o l e  whose d i a m e t e r  is  of  t h e  magnitude 



of  the d i f f r a c t i o n  s p o t  s i z e  of t h e  l i g h t  beam and f o c u s i n g  system. 

S e c t i o n  1 L . A .  g i v e s  a  t h e o r e t i c a l  a n a l y s i s  of t h e  r e f e r e n c e  beam's q u a l i t y  

and S e c t i o n  11.6. p r e s e n t s  some e x p e r i m e n t a l  i l l u s t r a t i o n s  a s  w e l l  a s  

v e r i f i c a t i o n s  of t h e  t h e o r e t i c a l  a n a l y s i s  by r e f e r e n c e  t o  some new d a t a  

a v a i l a b l e  i n  t h e  l i t e r a t u r e .  

1T.A. T h e o r e t i c a l  A n a l y s i s  of t h e  PDI 

F i g u r e  1 g i v e s  a  s c h e m a t i c  p i c t u r e  o f  a  t y p i c a l  PDI c o n f i g u r a t i o n .  

A beam of l i g h t  e n t e r s  from t h e  l e f t  and i s  focused down by t h e  f i r s t  

l e n s  o n t o  a  t r a n s p a r e n t  s u b s t r a t e  covered w i t h  a p a r t i a l l y - t r a n s m i t t i n g  

t h i n - f i l m  f i l t e r  c o n t a i n i n g  a p i n h o l e .  The p i n h o l e  g e n e r a t e s  a  d i f f r a c t e d  

beam which i n t e r f e r e s  w i t h  t h e  p o r t i o n  o f  t h e  i n p u t  beam t r a n s m i t t e d  

through t h e  f i l t e r .  

J,et Of",  o", 0') and 0 d e n o t e  o r i g i n s  of C a r t e s i a n  c o o r d i n a t e  sys tems 

e r e c t e d  a l o n g  t h e  o p t  L C  z -axis  a t  . t h e  f i r s t  l e n s ,  t h e  p i n h o l e  p lane ,  t h e  

second l e n s ,  and t h e  image p l a n e .  The second l e n s  s e r v e s  as a r e l a y  f o r  

t h e  beam from some upst ream p lane  t o  t h e  f i n a l  image on t h e  o b s e r v a t i o n  p lane .  

The example o f  F i g .  1 r e l a y s  t h e  f i r s t - l e n s  p lane  t o  t h e  image p lane  

w i t h  u n i t  m a g n i f i c a t i o n  and i n v e r s i o n .  T h i s  example i s  used i n  t h e  r e s t  

of t h e  t h e o r e t i c a l  a n a l y s i s ;  t h e  o n l y  requ i rement  i n  g e n e r a l  i s  t h a t  

t h e  image p lane  be  c o n j u g a t e  t o  t h e  p a r t i c u l a r  p l a n e  be ing  examined. 

Zf t h e  beam a b e r r a t i o n s  which r e s u l t  from t h e  t e s t a b l e  d e f e c t s  have a  

' ~ a ~ l e i ~ h  range3 l o n g  enough t o  be v i s i b l e  away from t h e  t e s t  p l a n e ,  

i t  i s  n o t  n e c e s s a r y  t o  r e l a y  t h e  t e s t  p lane  a t  a l l :  t h e  second l e n s  

may be o m i t t e d  and t h e  same i n t e r f e r o g r a m  may be o b t a i n e d  anywhere 

downstream of t h e  n e a r - f i e l d  r e g i o n  of t h e  p i n h o l e  bu t  w i t h i n  t h e  Ray le igh  

range of t h e  a b e r r a t i o n s .  

L e t  t h e  c o o r d i n a t e s  of t h e  p i n h o l e  c e n t e r  be 6,, 6 6 r e l a t i v e  t o  
Y '  
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Fig.  1. Sch?nat ic  drawing of t h e  PDI arrangement used 
i n  t h e  t h e o r e t i c a l  a n a l y s i s  of Sec t ion  1 I . A .  



the paraxial focus of the first lens. The transverse components of the 

4 A A 
coordinate systems are denoted by a two-component vector, r = xex + yey. 

The 0 ,  0", 0' and 0 coordinates are related by simple translations 
I 

along the optic z-axis!: 

Paraxial propagation4 may be written in any of the coordinate systems: 

The electrical amplitude is needed at four of the planes designated in Fig. 1; 

these are dinput, 8pinhole, dL2, and dimape. The amplitude transmitted 

through the filter and pinhole aperture may be approximated as the incident 

4 

amplitude, dpinhole, times a transmission factor,2 t = t(rfl) : 

* 
T 7 = T is the background transmission of the filter and W = ~ ( f  ") is a 



w e i g h t i n g  f u n c t i o n  which g i v e s  t h e  t r a n s m i s s i o n  p r o f i l e  of  t h e  p i n h o l e  
4 

a p e r t u r e .  L e t  6 = 6,$, + 6 8 be t h e  t r a n s v e r s e  l o c a t i o n  o f  t h e  p i n h o l e  
Y Y  

-4 4 
4 d 

and l e t  r = r" - 6 'w i th  r = lrp 1 ; t h e n  a  c i r c u l a r  p i n h o l e  of  s o l e  
P  P  

a p e r t u r e  might he r e p r e s e n t e d  by 

hu t  t h e  more a p p r o p r i a t e  ha rd -aper tu red  p i n h o l s  i s  b e s t  d e s c r i b e d  by 

W = W ( r  = l -  8 ( r p - w ) ,  
P  P  

where  w i s  t h e  r a d i u s  and 8 i s  t h e  u n i t  s t e p  f u n c t i o n .  The emerging 
P 

beam i s  o s u p e r p o s i t i o n  of two beams: one i s  a n  u n a p e r t u r e d  beam s i m p l y  

reduced by t h e  c o n s t a n t  7 ;  t h e  o t h e r  i s  d i f f r a c t e d  by t h e  t r a n s v e r s e  l i m i t a t i o n  

4 

imposed by W .  The form of t ( r N )  makes t h i s  c l e a r .  

The f i r s t  s t e p  i n  t h e  a n a l y s i s  r e q u i r e s  e v a l u a t i o n  of t h e  f l e l d  i n c i d e n t  

on t h e  p i n h o l e  p l a n e :  

k rl!!2 i - 
( I )  = (;: l1 - f !') e 2 f 

'pinhole z 'input (?I) . 

The e x p o n e n t i a l  f a c t o r  under the i n t e g r a l  a c c o u n t s  f o r  t h e  f o c u s i n g  by 

t h e  f i r s t  l e n s .  The second s t e p  i s  t o  modify dpinhole by t h e  t r a n s m i s s i o n  

f a c t o r  and t o  p ropaga te  t h e  heam t o  t h e  second l e n s :  

S i n c e  t can be w r i t t c n  ao t h e  cum, r + W ,  8- 1 s  c a l c ? ~ l a t e d  as t h e  LZ  

sum of two beams, d r e f  t r a n s  . 
L2 and dL2 . 



The final step is to evaluate the image-plane fields by propagating both 

these beams a.distance of 2f, after lensing by L2: 

k '2 . i  - 
2f 

'image ( )  = Jd2r ' K ~ ~  (; -; ')e dL2(;') 

- - 'ref t r ans  
'image image + 'image . 

B t r a n s  may be evaluated directly by making use of the imaging property image 

k r 2  

J2  i - r  
- - +  2f 6tranS(;) = d r r ~ 2 f  (r - r )e 

lmage 

k r/12 
i -  2f . . 

fd2r1~Kf - 6 ( ; '  - P") f d2r"Kf+,(;" - g i ) e  'input (g I/) 
z z 

k r//12 
i - 

r +/I/ 2 f 
~ i d ~ r " K ~ ~ ( r  - r )e 'input (7) 

4 

mage 



The f o l l o w i n g  p r o p e r t i e s  o f  t h e  p r o p a g a t o r  were used t o  demons t ra te  t h e  

imaging :, 

T h i s  completes  t h e  d e t e r m i n a t i o n  of t h e  " t r a n s m i t t e d "  p o r t i o n  of t h e  beam 

' which c o n t a i n s  t h e  i .nformation r e l e v a n t  t o  t h e  phase d i s t o r t i o n  p r e s e n t  i n  

t h e  i n p u t  beam. The second p a r t  of t h i s  s t e p  i n  t h e  a n a l y s i s  is t o  de te rmine  

t h e  q u a l i t y . o f  t h e  " r e f e r e n c e "  p o r t i o n  of t h e  beam. 

The r e f e r e n c e  beam a t  t h e  image p l a n e  i s  e a s i l y  expressed  i n  terms of 

t h e  ampl i tude  i n c i d e n t  on t h e  p i n h o l e ,  $inhole: 

gref  (P) = Jd2r ' K ~ ~ ( ;  - ; ')e i b  '2/2f 
image 

- -ikr2/2f f d2r li( A 4 
4 

- -e -f-6 z (r + r" )w (r lo~pinhole (f") . 

The e f f e c t i v e  p i n h o l e  r a d i u s  w  i s  always assumed t o  be s m a l l e r  t h a n  t h e  
P  

d i f f r a c t i o n  s p o t  s i z e  of t h e  i n p u t  beam o r  l e n s  sys tem;  e i t h e r  

I ' 



f o r  a  uniform i n p u t  beam t h a t  i s  ha rd  a p e r t u r e d  a t  r a d i u s  wHA w i t h  a  d a r k  
0 

TlR 
r i n g  f o c a l  s p o t  r a d i u s  wspot. These r e s t r i c t i o n s  on w e n a b l e  ~ i r o ~ l i f i c a t ' i o n s  

P  
ref  

t o  be made i n  t h e  g e n e r a l  expre ' s s ion  f o r  d idge  i n  terms of $inhole. 

Under t h e  i n t e g r a l  i n  Eq. ( 2 )  t h e  e x p o n e n t i a l s  may be s i m p l i f i e d  because  o f  

t h e  w e i g h t i n g  o f  t h e  range  of  i n t e g r a t i o n  t o  t h e  p i n h o l e  r e g i o n :  

Combined w i t h  t h e  s t i p u l a t i o n  t h a t  6,If << 1, a l l  t h e  e x p o n e n t i a l s  may be 

si.mp.Lified w i t h o u t  i n t r o d u c i n g  any r e s t r i c t i o n s  on t h e  a p p l i c a b i l i t y  of t h e  

a n a l y s i s  t o  a  typ ica l .  i n t e r f e r o m e t e r .  Thus, i n  terms o f  Bpinhole: 

re f  - 
ref ik ei% (r) f d2r*,iG . (;,I - 

'image (3 = 

where t h e  i d e a l  r e f e r e n c e  beam phase  h a s  been f a c t o r e d  o u t ,  

b r e f  - ' k  z 
qQ ((r = - ( - % r 2 +  6 x +  (1 f x yy' 

Bpinhole is now e x p r e s s e d  i n  t e rms  o f  Binput by E q .  (1) and ana logous  

s i m p l i f i c a t i o n s  of  t h e  e x p o n e n t i a l s  a r e  made because  of  t h e  l i m i t s  on t h e  

4 

:-::,,;:P of  r". ' input  i s  w r i t t e n  i n  p!i.~se-amplitude form, 



dnd ~ ( t " )  i s  t a k e n  t o  be a  ha rd  a p e r t u r e  o f  r a d i u s  w The f i n a l  r e s u l t  
P ' 

f o r  t h e  combined e x p r e s s i o n  of BimRge i n  terms of i s  

-+ I// 
where we have used s = r t o  s i m p l i f y  t h e  n o t a t i o n  and have d e f i n e d  

A r e f  
= $ ( s )  - cp" ( -2)  . 

The i n t e g r a n d  c o n t a i n i n g  t h e  R e s s e l  f u n c t i o n  i n  E q .  ( 7 )  a c t s  a s  a E i l t e r i n g  

f u n c t i o n  w i t h  t h e  l i m i t i n g  p r o p e r t y  

limit r (!&) 
x w - + m V  

P 

ref (;) = - .-) 

T h i s  shows dimage 'input ( - r )  i f  wp i s  t o o  l a r g e .  I n  t h i s  

c i r c u m s t a n c e ,  no i n t e r f e r e n c e  r e s u l t s  because  of an  unimproved r e f e r e n c e  

beam. The p r o p e r t i e s  of t h e  f u n c t i o n  a s  w becomes s m a l l  a r e  more r e l e v a n t :  
P  

we d e f i n e  t h e  smal lness  parameter  a: 



(2- W spot 

(--& spot 

which measures  t h e  rat ,Lo of p i n h o l e  s i z e  t o  d i f f r a c t i o n - l i m i t e d  spot  sfxe 

-+ 4 

a s  d e f i n e d  i n  E q s  ( 3 )  and ( 4 ) .  In te rms o f  a and d = 1s + r l / v ,  we can 
. . 

r e w r i t e  E q .  ( 7 )  a s  

ref  A 

, ref  4, (1) 2a e ( r )  = -- / d 2 s c ( a e  i T (Z  
'image nw 2  W2) , 

0 

where t h e  newly d e f i n e d  f u n c t i o n  F i s  g i v e n  by 

P h a s e  e r rors  In t h e  r e f e r e n c . ~  heam, i .~.  , n d d f t t o n s ' t c r  core', o arLse from 

phnse ,  q, of t h e  complex i n t e g r a l  of E q .  ( 1 0 ) .  111 order t o  examine q ue 

c a n  t a k e  a p p r o p r i a t e , a d v a n t a g e  of t h e  presumed s m a l l n e s s  of a to expand 

F i n  i t s  power s e r i e s .  I n  a d d i t i o n ,  we w i l l  assume t h a t  t h e  v a r i a t i o n  

of -(;) o v e r  t h e  i n p u t  a p e r t u r e  i s  s u f f i c i e n t 1 . y  s m a l l  t h a t  we need t o  

r e t a i n  o n l y  t h e  f i r s t - o r d e r ,  l i n e a r  t e rm I n  T: 

- 
n = tan-'( Jd2s sin 3 F / . / C I ~ G  cos :i F) 



- 
It does  n o t  m a t t e r  i n  which o r d e r  we c a r r y  o u t  t h e  expans ions  i n  a a n d  ::'. 

We have s p e c i a l i z e d  t o  t h e  c a s e  where t h e  i n p u t  a m p l i t u d e  i s  c o n s t a n t  o v e r  

t h e  i n p u t  a p e r t u r e .  W e  a l s o  s e t  T(0) = 0 w i t h o u t  any l o s s  of  

g e n e r a l i t y .  For conven ience ,  we i n t r o d u c e  a  b r a c k e t  n o t a t i o n  f o r  

t h e  normal ized a r e a  i n t e g r a l  over  t h e  i n p u t  a p e r t u r e . ,  

Y l i s  now expanded i n  powers of a: 

and v a r i o u s  r e d u c t i o n s  a r e  made, 

The expans fon  o f  Eq,. ( 1 1 )  i s  regrouped i n t o  powers o f  t h e  image p l a n e  

+ 
v a r i a b l e  r ,  



4 

The f i r s t  te rm i s  independen t  o f  r ,  

and does  n o t  a f f e c t  t h e  r e f e r e n c e  beam phase  q u a l i t y .  A l l  of  t h e  s and r 

v a r i a b l e s  c o n t a i n  a n  i m p l i c i t  l / w o  f a c t o r  which i s  n o t  w r i t t e n  o u t  i n  

t h e  e x p r e s s i o n s  f o r  T o ,  q l ,  and q2. The second term i s  

4 

which c o n t a i n s  o n l y  l i n e a r  terms i n  r components t h a t  a r e  i n d i s t i n g u i s h a b l e  

from t i l t  a d j u s t m e n t s  of  t h e  i n t e r f e r o m e t e r  (compare t o  E q .  ( 6 ) )  and ,  

c o n s e q u e n t l y ,  a r e  n o t  t o  be t r e a t e d  as r e f e r e n c e  beam e r r o r s .  F i n a l l y ,  

w e  have 

which c o n t a i n s  t h r e e  d i s t i n c t  phase  c o r r e c t i o n s - d e f o c u s ,  a s t i g m a t i s m ,  

and coma. The f i r s t  o f  t h e s e ,  l i k e  t h e  whole of  ql, i s  i n d i s t i n g u i s h a b l e  

from a n  i n t e r f e r o m e t e r  a d j u s t m e n t  and w i l l  n o t  be confused w i t h  any e r r o r  

2 of  t h e  i n p u t  beam. The coma p a r t  of q2 (and of r( t h rough  o r d e r  a ) i.s 

= - 2 c,,2(rpu)3 L- JCi2S(s/wo)cos(e - e r )  TG) . 
nc oma 3 2 s 

wo 

The a s t i g m a t i s m  of t h e  r e f e r e n c e  beam i s  i s o l a t e d  a f t e r  expanding t h e  

2 ~1 term: 



2 2 1 1  
= cos (0, - e,) = + c0s (2 (es  - O r ) )  , 

4 4 

We n o t e  t h a t  $ is  $ ( s )  - e f ( - s )  and t h a t  t h e  q2ef p a r t  canno t  

c o n t r i b u t e  t o  qastig because  of o r t h o g o n a l i t y  i n  t h e  a n g u l a r  i n t e g r a t i o n .  

The t i l t  p a r t  of qEef does  a f f e c t  qcoma though, and one may deduce t h a t ,  

f o r  e a c h  wave of t i l t ,  one h a s  $16  wave of  coma a t  t h e  maximum. It would 

be very  s a t i s f y i n g  i f  a  bound c o u l d  be p laced  on t h e  phase  e r r o r  i n  T; 

we have n o t  found any s a t i s f a c t o r y  and r i g o r o u s  s o l u t i o n  t o  t h i s  problem, 

however. One shou ld  b e g i n  t h e  bound a n a l y s i s  w i t h  Eq. (10)  and u s e  t h e  f a c t  
.. ,. 

t h a t ' o n e  must bound t h e  v a r i a t i o n  of  'rl o v e r  t h e  image p l a n e  and n o t  t h e  v a l u e  i . ,  

of 'q. For h e u r i s t i c  p u r p o s e s ,  we e s t i m a t e  a  bound on r e f e r e n c e  beam e r r o r  by 

- 
u s i n g  t h e  lowes t  o r d e r  s o u r c e  of e r r o r  p r e s e n t  i n  4. That  h a s  been mentioned 

above: t i l t  i n  produces  coma i n  q. S u b s t i t u t i o n  of one wave of t i l t ,  

- 4 = 2n(s/wo) cos Rs , 
. . 

i n t o  Eq. ( 1 2 )  and e v a l u a t i o n  of t h e  rnaxi.mum g i v e s  

The v a r i a t i o n  i n  r e f e r e n c e  beam a m p l i t u d e  may be  computed by a n a l o g o u s  

means; we hovc follnd that 

ref 2 
Idimage I a 1 - ( / w ~ )  , 

and i f  we r e q u i r e  t h e  v a r i a t i o n  from t h e  c e n t r a l  maximum o f  t h e  i n t e n s i t y  

t o  be l e s s  t h a n  25%, Eq. (9 )  c a n  be used t o  show 



E q u a t i o n s  ( 3 )  and ( 4 )  now s p e c i f y  t h a t  t h e  p i n h o l e  r a d i u s  shou ld  be l e s s  

GB DR 
t h a n  r?spot 1 2  o r  wSpot/4 i n  o r d e r  t o  produce a  v e r y  uniform r e f e r e n c e  

beam. T h i s  a n a l y s i s  q n a n t i f  i e s  p r e v i o u s  s ta tements1 '*  a h o u t  t h e  p i n h o l e  

s i z e  r e q u i r e d  f o r  a  good r e f e r e n c e  beam. 

The form of t h e  i n t e r f e r o g r a r n  i s  found from "maaee (F) which i s  i n  t h e  

' d r e f  + dt rans  form of  a two-term complex sum, , drvpp ing  the  "imajia" l a b e l .  

L e t  I = 86 and decompose t h e  terms i n t o  phase-&npl i tude form: 

r e f  ref icp  trans 
6 = 1 le  + ldtrans Ie icP 9 

t rans  r e f  
A = r p  - eP 

determines t h e  s t r r l c t u r e  of t h e  i n t e r f e r o g r a m  and i s  t h e  q u a n t i t y  of  

i n t e r e s t .  The r e s u l t i n g  i n t e r f e r o g r a m s  may be i n t e r p r e t e d  by s t a n d a r d  

t e c h n i q u e s .  The v i s i b i l i t y  of  t h e  i n t e r f e r o g r a m  depends on t h e  proper  

iq. r e l a t i o n  of  'i and w f o r  a g iven  f o c u s i n g  system. Let  dtnmt = toe. , 
P 

ref  
'innee i s  g i v e n  by Eq. ( 5 )  a s  w I-, becomes s m a l l ,  

r e f  k 2 
) - m 16 1 e  

- ix 
'image 23-6 p pinhole e  

where X is  a n  i r r e l e v a n t  c o n s t a n t .  A may be c a l c u l a t e d  from E q . , ( 6 )  and 

t h e  i n v e r t e d  i n p u t  phase:  . 



r e f  The maximum visibility of fringes occurs when Idilaage trans I IdiasSe 1;  using 

trans -, 
dimage (r ) = '7dinput (-3 , 

c ~ l e  see that this implies 

or, in terms of intensity and transmission, 

1T.R. Experimental Illustrations of' PDI Operation and Verification of Theor;? 

5 A commercial PDI was used for testing; it consists of the semitransparent 

film with pinhole deposited on a mica substrate. Microscopical observation 

revealed the diameter of the pinhole to be 7 f 1 pm. A 71 m diameter, 

30 cm focal length spherical lens (of minimized spherical aberration) was 

used t6 focus an expanded and collimaLed He-Ne laser Learn onto the 

pinhole. The incident beam and lens system are subject to some minor 

phase error. The dark-ring radius is given by Eq. (4) 

HA 
where wo is the effective hard-aperture input radius of the beam. Our thbry 

indicates that the reference beam should possess no more than a fraction of 

a wave of error per input wave based on Eq. (14). Figures 2, 3, and 4 illustrate 

the interferograms obtained with defocus, null or centered, and tilt 



L

Fig. 2.  PDI interferogram showing defocus which corresponds to

Eq. (6) of the text having a nonzero 6  and 6  =
6  =0.

z              x         y

Fig. 3.  PDI interferogram with 6x =6  =6  =0 and

relatively good input beam.  Ehis  s a null

position with all-bright uniform field.

22



Fig. 4.  PDI interferogram with nonzero 6  or 6  and 6  = 0.  This is
finite tilt with a reference bea  phas3 givenzby Eq. (6).

414*

5

Fig. 5.  PDI interferogram exhibiting almost pure astigmatism
in the input beam.  This photo reveals an input
beam error and not an adjustment of the interferometer
as in Figs. 2, 3, and 4.

23
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adjustments.  These correspond to:  a finite 6z and 6x = 6y = 0 for

defocus, dz = 6x = 6y = 0 for centered, and dz = 0 and finite

6x or 6  for tilt.  Figure 5 illustrates classic astigmatism, obtained

6by introducing a tilted optical flat into the converging beam.

Spherical aberration is also introduced by the flat, but we could

not observe this distortion since the amount is less than 1/10 wave.

Reversing the 30 cm focal length lens gave a striking abundance of

fringes characteristic of spherical aberrations, on the order of

50 waves across the field. Since we were limited in stock of good

lenses of small F number, we could not set up a PDI system with a

focus smaller than 7 gm• We could assemble our own pinhole, however,

and found that pinholes considerably larger than 10 Vm gave interferograms

of incorrect tilt (as well as other) behavior. Figure 6 shows this

pattern, which is more characteristic of a knife-edge pattern than an

interferometric tilt.

Data7 presented at the Los Alamos Conference on Optics supports

our theory for pinhole size limitations due to both amplitude and phase

effects.  Studies were done involving both computer-generated calculations

and experiments for an input beam possessing one type of aberration

as a function of pinhole diameter. An exact comparison to the data

is difficult to make; however, it is apparent that the phase error

DR
enters the reference beam phase as a high power of w /wspot' Possibly

the fourth. Also, the w /w = 1 point has a maximum phase error
, DR

p  spot

on the order of 1/2 wave for input containing one wave of astigmatic

error. If we evaluate Eq. (13) with one wave of astigmatism, i.e.,

T = 2#(s/wo)2 cos20 ,

24



Fig. 6.  PDI interferogram with much too large of a w /wSDOt
ratio. This exhibits a severe reference beam error.

25



the maximum astigmatic phase error in the reference beam is 4/9 of a

wave.  Coma is not produced by astigmatism in Ii. This is probably as

close an agreement as we could expect.

III. Optical Properties of Pressurized Windows

Many gas laser systems operate with the pressure considerably above

or below the ambient. Speculation always occurs as to the aberrations

introduced into the beam by the strained windows, which were presumably

flat at zero pressure differential. A theoretical analysis is given in

this section of an incident plane beam (all rays collinear) on a

pressure-loaded window which is deformed such that the surfaces are

concentric spheres or cylinders. It is permissible to treat the surfaces

as concentric because of the smallness of Poisson's ratio and also because

the positive and negative strains balance at the inner and outer surfaces.

We do not treat the general case of a converging or diverging beam

incident on a deformed window since even a perfectly plane-parallel

optical flat produces spherical aberrations in this case. We also6

do not consider any piezo-optic effect other than the gross deformation

of the refractive body.  Data are available8 for analyzing the strain-optic

effect in many crystalline window materials. We do not consider this

because of its specific nature and complicated analysis.

We consider the ray-tracing through the curved cross section of a

loaded plate shown in Fig. 7.  The surface boundaries are concentric

circles and a fully three dimensional figure is obtained either by

rotation about the optic axis (loaded disk) or by translation normal

to the plane of the figure (loaded thin rectangle of cylindrical

shape).  Let nL = n2/nl and nR = n2/n3 denote the appropriate

refractive index ratios so that Snell's law for the first (left) and

second surfaces reads

26
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Fig. 7.  Ray-tracing diagram used in the theoretical

developmentin Section III for bent windows.
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sin a
sin ar = nL

and

sin B  = -1.
sin B'   nR

All angles and distances are indicated on the figure.  One may readily

observe

0-a' -6

B'+€=a-6

and                                                                                      

sin a = x/Rc

R +t    R
CC

=
sin a' sin B  '

The desired quantity is the exit angle, e:

I€=a-6-B

=a-a' +B-B'.

Snell 's  law  for the right surface  is  used to express  B '  as a function  of  B:

€ =a-a' +B- sin-1(nR sin B) .

The law of sines relation enables one to express B as a function of a' :

-1       c             A    .  4/      R           -4
IR

e  =a-a'+ sin
  Re +  t   sin a   -sin   \riR R   t t  sin i..      ,
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