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EFFECTS OF EDGE CONSTRAINTS ON OPTICAL 

QUALITIES OF A SPACECRAFT WINDOW 

By David N .  Warner, Jr. , and Thomas M. Walsh 

Ames Research  Center 

SUMMARY 

Some effects o f   edge   cons t r a in t s   on   op t i ca l   qua l i t i e s  o f  Gemini space- 
craf t  windows were  determined  experimentally. Frames approaching   theore t ica l  
f ixed-edge   and   f ree-edge   cons t ra in ts  were des igned   and   cons t ruc t ed   fo r   t he  
i n v e s t i g a t i o n .  Gemini window frames were a l s o   u s e d  s o  t h a t   t h e   i d e a l i z e d  
frames could   be   compared   to   an   opera t iona l  window frame. 

Direct  measurements  were made of t h e   f l a t n e s s   a n d  wedge ang le   o f   t he  win- 
dowpanes, t he   r e so lu t ion   l o s s   t h rough   t he  window, the   angu la r   dev ia t ion   o f  a 
l i n e   o f   s i g h t ,   a n d   t h e   d i s t o r t i o n   o f  a f l a t  wave f r o n t   t r a v e l i n g   t h r o u g h   t h e  
window assembly .   Space   p ressure   d i f fe ren t ia l s   were   appl ied   to   the  window t o  
bow the   panes   and   s imula te   the   e f fec t   o f   the   space   envi ronment .  

Tests showed t h a t   e d g e   c o n s t r a i n t s  on s p a c e c r a f t  windows s i g n i f i c a n t l y  
affect  t h e i r   o p t i c a l   q u a l i t i e s .  The q u a l i t i e s  become  more i r r e g u l a r ,   p a r t i c -  
u l a r l y  a t  h igh   inc idence   angles ,  as the   panes  are d i s t o r t e d   i n   t h e   s i m u l a t e d  
space  environment.  Although  the  clamped-edge frames d id   no t   p rov ide  a 
s t r i c t l y   t h e o r e t i c a l   f i x e d - e d g e   c o n d i t i o n ,   t h e y   d i d   a l l o w  less s u r f a c e   d e f l e c -  
t i o n ,  less a n g u l a r   d e v i a t i o n   t o   t h e   l i n e   o f   s i g h t ,  and l e s s   d i s t o r t i o n   t o  a 
plane wave f r o n t .  The f r ee -edge   da t a ,   wh i l e  similar t o   t h e  clamped-edge  data 
i n   u n i f o r m i t y ,   e x h i b i t e d   g r e a t e r   m a g n i t u d e s   o f   d i s t o r t i o n s   a n d   d e v i a t i o n s .  
The  Gemini  frames  caused g r e a t e r ,  more i r r e g u l a r ,   w a v e - f r o n t   d i s t o r t i o n s   a n d  
angu la r   dev ia t ions .  

INTRODUCTION 

Several   opt ical   experiments   have  been  performed  on  the Gemini manned 
space   f l i gh t s ,   and   o the r s  will be  performed  in   the  Apollo  program.  These 
exper iments   use   the   spacecraf t  windows as v i ewing   po r t s ;   t hus   t he  windows are 
one  component of   the   op t ica l   sys tem.  The s u r f a c e s   o f   t h e  windowpanes may b e  
curved  and  nonparal le l ,   and  therefore  may a l t e r  t h e   d i r e c t i o n  of a l i n e   o f  
s igh t   t h rough   t he  window o r  d i s t o r t  a wave f r o n t   b e i n g   t r a n s m i t t e d  by t h e  
window. T h e s e   e f f e c t s   a r e   i m p o r t a n t   t o   t h e   r e s u l t s   o f   e x p e r i m e n t s   u t i l i z i n g  
such   ins t ruments   as   sex tan ts ,   po in t ing  lasers,  cameras,   telescopes,   and 
s t ad iomete r s .  

The inf luence   o f   edge   cons t ra in ts  on t h e   c u r v a t u r e   a n d ,   i n   t u r n ,  on t h e  
o p t i c a l   q u a l i t i e s   o f  a Gemini s p a c e c r a f t  window i s  t h e   s u b j e c t  of t h i s  



experimental   s tudy.  Only a l i m i t e d  number o f   s tud ie s   have   i nves t iga t ed   t he  
parameters t h a t  a f f e c t  a window's o p t i c a l   c h a r a c t e r i s t i c s .   R e f e r e n c e  1 
descr ibes   the   exper imenta l ly   measured   charac te r i s t ics   o f   the   l e f t -hand ,  non- 
o p t i c a l   q u a l i t y  Gemini  window. Reference 2 desc r ibes  some measurements o f  s k y  
luminance ,   spacecraf t   corona ,   sca t te red   l igh t ,   and   g la re   sources   for  t h e  
Gemini windows.  Reference 3 concerns   s tud ies   o f  a i r c r a f t  photographic windows. 

Three  types  of  frames wi th   d i f fe ren t   edge   condi t ions  were used   i n  t h i s  
s tudy .  One was t h e  Gemini s p a c e c r a f t  frames comple te   wi th   ac tua l   gaske t ing  
and b o l t i n g .  A second  type was spec ia l ly   des igned   and   cons t ruc t ed   t o   p rov ide  
a theo re t i ca l   f i xed -edge   cond i t ion .  The t h i r d   t y p e  was a modif icat ion of 
t h e s e   s p e c i a l  frames t o   p r o v i d e  a t h e o r e t i c a l   f r e e - e d g e   c o n d i t i o n .  One s e t  of  
t h r e e  windowpanes was used; i t  was i d e n t i c a l   t o  Gemini  model 133-P,  high- 
o p t i c a l   q u a l i t y  windowpanes, except   tha t   they   had  no a n t i r e f l e c t i o n   c o a t i n g s .  
These  panes are t h e   t y p e   i n s t a l l e d  on the   r i gh t -hand   s ide   o f   t he  Gemini space- 
c raf t   and   used  as a v iewing   por t   for   op t ica l   exper iments .   Al though  the   panes  
are of high  opt ical   qual i ty ,   their   bowing  under   space  environment   pressures  
c a u s e s   s i g n i f i c a n t   a n g u l a r   d e v i a t i o n   t o  a l i n e   o f   s i g h t .  

The window o p t i c a l   q u a l i t i e s   d e t e r m i n e d  as a func t ion   o f   edge   cons t r a in t  
were :   f l a tnes s   o f   panes ,   deg rada t ion   t o   r e so lu t ion ,   dev ia t ion   t o  a l i n e  of  
s i g h t ,  and d i s t o r t i o n   t o  a p l ane  wave f ron t   t r ansmi t t ed   t h rough   t he  window. 
The wedge angle   of   each  pane was determined. I t  was measured t o   n o t e  i t s  uni -  
fo rmi ty   ove r   t he  window aper ture   because  it d i r e c t l y   a f f e c t s   t h e   r e s u l t s   t h a t  
m i g h t   o t h e r w i s e   b e   a t t r i b u t e d   t o   t h e   f l a t n e s s   v a r i a t i o n .   T h e   f l a t n e s s   o f  
panes was measured  before  and a f t e r  they were i n s t a l l e d   i n   t h e   f r a m e s  and 
again  while  bowed with  environmental   pressure.  Under simulated  space  condi- 
t i ons ,   angu la r   dev ia t ions   o f  a l ine   o f   s igh t   were   measured  a t  var ious   loca-  
t i o n s  on t h e  window, a t  va r ious   i nc idence   ang le s ,   and   i n   va r ious   p l anes .  
The d i s t o r t i o n   t o  a p l ane  wave f ron t   pas s ing   t h rough   t he  window was measured 
i n t e r f e r o m e t r i c a l l y   f o r   v a r i o u s   a n g l e s  of  incidence  and  var ious  planes  of  
i nc idence .  

New techniques  were  developed  for   measuring  f la tness   and  angular   devia-  
t i o n .  When t h e  windows a r e  bowed by s imula ted   space   p ressure ,   hundreds   o f  
i n t e r f e r e n c e   r i n g s  are  g e n e r a t e d   i n   t h e   f l a t n e s s   i n t e r f e r o m e t e r ,   a n d   t h e s e  
r e q u i r e d  a method o f   o b t a i n i n g   s u f f i c i e n t   c o n t r a s t   f o r   f r i n g e s   o v e r   t h e   l a r g e  
a rea   o f   the   panes .   Spec ia l ized   techniques   and   appara tus  were a l s o   r e q u i r e d  
for   accumula t ing  a g r e a t  amount o f  d e v i a t i o n   d a t a   w i t h o u t  a zero  s h i f t  g r e a t e r  
than a second   o f   a r c   du r ing   t he  t e s t  measurements. 

WINDOW DESCRIPTION 

Glass Configurat ion 

The  Gemini t ype ,   r i gh t -hand  window b e i n g   s i m u l a t e d   i n   t h i s   s t u d y  con- 
s i s t e d  o f  three  panes  of  Corning Vycor  7913 fused s i l i c a .  The al lowable wedge 
ang le s ,   su r f ace   f l a tnes s ,   and   r e so lu t ion   o f   each   pane  which are  impor t an t   t o  
t h i s   s t u d y  were as fo l lows :  
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(1) The maximum wedge angle  between 
cannot  exceed 4 seconds  of arc.  

(2) S u r f a c e   f l a t n e s s   o v e r   a n  area 6 
c e n t e r  of  each  pane must be   w i th in   2 -1 /2  
uniform  within 1/8 wavelength. 

t h e  two g lass   sur faces   o f   any   pane  

inches   i n   d i ame te r   i n   t he   app rox ima te  
wavelengths  of  sodium  l ight  and 

(3) The panes  cannot  cause  degradation o f  op t i ca l   r e so lu t ion   exceed ing  
1-1/2  seconds  of arc f o r   t h e  35O incidence  angle  a t  which  an  astronaut  looks 
o u t   t h e  window. 

Tests o f   t he  windowpanes  used i n   t h i s   s t u d y   i n d i c a t e d   t h e y   w e r e   e q u a l  to, or 
b e t t e r   t h a n ,   t h e   s p e c i f i c a t i o n s   o u t l i n e d   a b o v e .  

The window shape   ( f ig .   1 )  i s  a p p r o x i m a t e l y   e l l i p t i c a l .  The i n n e r  and 
center   panes  are i d e n t i c a l   i n  s i ze ,  having a hor izonta l   major   ax is   o f   about  
14 inches,   and a v e r t i c a l   m i n o r  axis of  about 8 inches .  The ou te r   pane  i s  
s l i g h t l y   l a r g e r ,   h a v i n g  a major  axis  of  about  15-3/4  inches  and a minor   axis  
of  about  8- 1 / 2  i nches .  The inner   and   cen ter   panes   a re   0 .380   inch   th ick ,   and  
the   ou te r   pane  i s  0 .330   inch   th ick .  

Figure 1 . -  Gemini  window mounted in  hatch. 

Frame Construct ion 

Gemini window c o n f i g u r a t i o n . -  A c ross   s ec t ion   o f   t he   Gemin i - type  windo, 
frames  used i n   t h i s   s t u d y  i s  shown i n   f i g u r e  2 .  The inner   and   cen ter   panes  
are  assembled as a u n i t   w i t h  a t i tanium  spacer   between  them. A 3/64-inch 

3 



s i l i c o n e   r u b b e r   g a s k e t  is used  on 
each   s ide   o f   each   pane .  A 35-inch- 
pound  torque i s  used  on  the 35 frams 
b o l t s  as the   c lamping   force  on t h e  
gaske ts .   This   inner   assembly  serves 
as a p r e s s u r e  seal f o r   t h e   s p a c e -  
craft  i n t e r i o r  which i s  a t  5 . 5   p s i .  
In   ac tua l   u se ,   t he   ou te r   pane ,   wh ich  
acts as a h e a t   s h i e l d ,  i s  l o o s e l y  
h e l d   i n  a s e p a r a t e  frame assembly I anlum spacer 

Aluminum frame mounted t o   t h e   o u t e r   s p a c e c r a f t  

Figure 2.-  Gemini-type frames s k i n .  I t  i s  separa ted-   f rom  the  
c e n t e r  Dane by  1-1/4  inches  and i n  
s p a c e   h i s  a vacuum- a d j a c e n t   t o   b o t h  
s u r f a c e s .  The outer   assembly was 
u s e d   w i t h o u t   m o d i f i c a t i o n   f o r   t h i s  

assembl ies   were   bo l ted   to  a 1-5/8- 
i n c h - t h i c k  aluminum p l a t e .  

Alummum frame s tudy ,   and   t he   ou te r   and   i nne r  

Clamped-edge window configura-  
t ion . -   For   the   c lamped-edge  window 
s i m u l a t i o n ,   t h e  aluminum frame 
( f i g .  3) was c lamped  aga ins t   the  
o u t s i d e   s u r f a c e s   o f   t h e   g l a s s   p a n e s .  
A s o l i d   s t e e l   s p a c e r  was clamped 
d i r e c t l y   a g a i n s t   t h e   i n s i d e   s u r f a c e s .  
No gaske t s  were used  between  these 
clamping  surfaces ,   and 20 inch-  
pounds  of   torque was used on t h e  
35 frame b o l t s   t o   e x e r t   t h e   c l a m p i n g  

Figure,J.-  Clamped-edge frames. 

U 

Figure 4. -  Free-edge frames 

frame f o r c e .  

Free-edge window c o n f i g u r a t i o n . -  
For   the  f ree-edge window, a i r  p r e s -  
sure .   between  the  panes  pressed  the 
g l a s s   d i r e c t l y   a g a i n s t   t h e   a l u m i -  
num frames ( f i g .  4) . There was no 
r e s t r i c t i o n   ( i . e . ,  no gaske t  o r  
metal space r )   be tween   t he   i nne r  
s u r f a c e s .  An O-ring seal was used 
around  the  outer   edge  of   the  panes 
t o  e f f e c t  a p r e s s u r e  seal .  

SIMULATION OF THE IN-FLIGHT WINDOW ENVIRONMENT 

I n   o r d e r   t o   o b t a i n   v a l i d   d a t a  on o p t i c a l   r e s o l u t i o n   d e g r a d a t i o n ,   l i n e - o f -  
s i g h t   d e v i a t i o n s ,   a n d - d i s t o r t i o n   t o  a t r a n s m i t t e d  wave f r o n t ,   t h e  window must 
b e   t e s t e d   i n  a real or   s imulated  space  environment .  O f  primary  importance is  
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the   pressure  environment   which  causes  a bowing  of  the  windowpanes.  In  addi- 
t i o n ,   t h e   i n d i c e s   o f   r e f r a c t i o n   o f   t h e  a i r  surrounding  the  panes  must   corres-  
pond t o   t h o s e   e n c o u n t e r e d   i n   s p a c e .   S i n c e   t e s t i n g   i n   t h e  real space 
environment is  n o t   f e a s i b l e ,  it was de termined   ( re f .  1, appendix A) t h a t  
i n c r e a s i n g   t h e  a i r  p re s su res   un i fo rmly   9 .2   p s i   ove r   t hose   encoun te red   i n   space  
f l i g h t ,  would  provide a v a l i d   s i m u l a t i o n  of the  space  environment ,  as well as 
safe ,   convenient   working   condi t ions   for   the  test c r e w .   T h i s   r e s u l t e d   i n   t h e  
s imula t ion   p re s su res  shown i n   f i g u r e  5 .  The window was mounted  on  one wall of 
a s imula t ion  chamber   with  the  outer   pane  toward  the  inside.   The  chamber   and 
the   space   be tween  the   ou ter   and   cen ter   pane  were p a r t i a l l y   e v a c u a t e d   t o  
9 . 2   p s i .  The space  between  the  center   and  inner   pane was p res su r i zed   w i th  a i r  
t o  23 .9   ps i .   Sur face  1 of the   i nne r   pane  was exposed to ambient   laboratory 
p r e s s u r e   o f   1 4 . 7   p s i .  

Outer Center Inner 
Dane  Dane 

Figure 5.- Simulation pressures 

APPARATUS 

Specia l   op t ica l   equipment  was n e c e s s a r y   t o   o b t a i n   t h e   i n t e r f e r o m e t r i c  
and l i n e   o f   s i g h t   a n g u l a r   d e v i a t i o n   d a t a   r e q u i r e d   f o r   d e f i n i t i v e   s t u d y  o f  t h e  
s p a c e c r a f t  window opt ical   parameters .   Because  of   the  window’s  comparat ively 
la rge   s ize ,   commerc ia l ly   ava i lab le   au tocol l imators ,   in te r fe rometers ,   and  
related  equipment  would  not  perform  the  measurement tasks e f f i c i e n t l y   w i t h  
t h e   r e q u i r e d   p r e c i s i o n   o f  1 second  of arc.  Therefore ,  a 12-inch-aperture  
op t i ca l   sys t em was developed  that   had a laser l ight  source  and  1/20  wavelength 
p r e c i s i o n   o p t i c a l  components as ind iv idua l   subsys t ems   fo r   ob ta in ing   t he  
in t e r f e rence   and   dev ia t ion   da t a .  The  components  were d e s i g n e d   f o r   u s e   i n  
var ious  appropriate   arrangements   on a g r a n i t e   s u r f a c e   p l a t e .  The i n h e r e n t  
p r e c i s i o n   o f   t h e  components  and the  soundness   of   the   experimental   design was 
demonstrated  for  a g i v e n   t e s t   s e t u p  by t h e   r e p e a t a b i l i t y   o f   d a t a   w i t h i n  a 
second  of arc ove r   i n t e rva l s   o f   s eve ra l   hour s   and  by the  agreement  of  data 
t o   w i t h i n  a second  of arc when t h e   s e t u p  was disassembled  and  reconstructed 
a f t e r   s e v e r a l   d a y s .  

5 



Thin F i l m  I n t e r f e r o m e t e r  

Surface f latness of   each  of   the  s ix   unmounted  glass  surfaces was d e t e r -  
mined by the   s t anda rd   t echn ique   o f  interference comparison t o  a 7-inch- 
d i ame te r   op t i ca l  reference f l a t  ( f i g .  6 ) .  The r e f e r e n c e  surface was f l a t  t o  
within  1/20  wavelength  of   the 589  nanometers  sodium  l ight.  

Figure 6 . -  Thin film interferometer 

Twyman-Green I n t e r f e r o m e t e r  

The o p t i c a l  components were arranged as a Twyman-Green i n t e r f e r o m e t e r  
f o r   d e t e r m i n i n g   t h e   f l a t n e s s   o f   t h e  mounted  windowpanes.  The  collimating  lens 
had a 12-inch  diameter  and a 1 9 7 - i n c h   f o c a l   l e n g t h ,   a n d   t h e   l i g h t   s o u r c e  was 
a hel ium-neon  gas   laser   of   632.8 nm wavelength  (nominally  15 mW output  power) 
with  expanding  lens   and  0 .002-inch  aper ture .   (The  l ight   path was fo lded  by 
means of two f r o n t   s u r f a c e   m i r r o r s   t o  f i t  the  system  on  the  6-  by  12-foot 
g r a n i t e   s u r f a c e   p l a t e . )  To t h i s   b a s i c   l e n s - l a s e r   c o l l i m a t o r ,  a 12-inch- 
d i ame te r ,   50 -pe rcen t   t r ansmi t t ance   beamsp l i t t e r ,   and  two 12-inch-diameter 
f r o n t   s u r f a c e   m i r r o r s  were added t o  form t h e  two arms o f   t h e   i n t e r f e r o m e t e r  
( f i g .  7 ) .  A camera  with  Polaroid  type 55 PN film was u s e d   a d j a c e n t   t o   t h e  
c u b e   b e a m s p l i t t e r   t o   r e c o r d   t h e   i n t e r f e r e n c e   p a t t e r n s .  The i n t e r f e r o m e t e r  
arms were   ad jus ted   to   have   approximate ly   equal   op t ica l   pa ths   for  maximum 
f r i n g e   c o n t r a s t .  To e l i m i n a t e   d i s t r a c t i n g   d i f f r a c t i o n   p a t t e r n s   i n   t h e   l a s e r  
beam, a 25-micron  aperture was used a t  the  expanding  lens   focus.   Al inement  
of t h e   o p t i c a l  components was grea t ly   s impl i f ied   by   t emporar i ly   removing   the  
expanding  lens  and  using  the  narrow laser beam as a v i s i b l e   i n d i c a t o r   o f   t h e  
system  axis .   Individual   components   could  then  be  easi ly   and  quickly  a l ined 
on  and  normal t o   t h i s  ax is .  The i n t e r f e r o m e t e r   p r o d u c e d   f r i n g e   p a t t e r n s  
accura te   to   1 /10   wavelength   o f   632 .8  nm l i g h t   o v e r   t h e  8- by  11-1/2- inch  c lear  
a p e r t u r e .  

6 



Loser \ 

cube , beamsplitter 
cube 

Expanding  lens' 

Ah, 
Film holder 

Figure 7 

/Beomsplitter 

I I Gemini window 
(silvered) 

- Twyman-Green interferometer. 

Wedge  Interferometer 

The  wedge  interferometer  (fig. 8 )  used  components  that  were  described 
above.  The  collimating  lens  was  large  enough  to  provide  an  11-1/2-inch- 
diameter  bundle of highly  collimated  light.  The  windowpane  provides  its  own 
reference  in  that  the  reflections  at  each  surface  interfere,  yielding  an 
interference  pattern  caused  by  the  wedge  or  lack  of  parallelism  between  the 
surfaces. 

Cube I . ,  
I .. 

, *  I 

, ,, 
,, I ., I 

,. I ,  ,,,, ,,,, ,,,, ,,,, ,,,, 
I , , ,  
,/,l ,,,, 
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,I,, 
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Collimating  lens 

Pane of 
Gemini window 

Fllm holder I 

Figure 8.- Wedge interferometer. 
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Pressu re  Chamber 

A s p e c i a l   p r e s s u r e  chamber ( f i g .  11) was c o n s t r u c t e d   t o   p r o v i d e   c o r r e c t  
p r e s s u r e   d i f f e r e n t i a l s   a c r o s s   t h e  window.  The  window i n  i t s  frames was b o l t e d  
t o  a 1-5/8-inch-thick,   24-1/2-inch  diameter aluminum p l a t e  clamped  on t h e  
chamber f r o n t  and  pneumatical ly   sealed  with a t h i n   r u b b e r   g a s k e t .   O r i e n t a t i o n  
of  t h e  window was changed  by r o t a t i n g   t h e  aluminum  mounting p l a t e   a b o u t  i t s  
center. Inc idence   angles  were changed  by  rotat ing  the  pressure  chamber   around 
an  axis  on window s u r f a c e  number 1. The g r a n i t e   s u r f a c e   p l a t e   a c t e d  as t h e  
chamber's  bottom s o  t h a t   t h e   1 2 - i n c h   m i r r o r   i n s i d e   t h e  chamber  would  remain 
undis turbed when t h e  chamber was moved. The a i r  seal  between  chamber  and 
s u r f a c e   p l a t e  was a 1 /4- inch   rubber   O-r ing .   Prec is ion   regula tors   cont ro l led  
t h e   p r e s s u r e s   i n s i d e   t h e  chamber  and  between the   i nne r   and   cen te r   panes  
( f i g .  5)  t o   b e t t e r   t h a n  0.1 p s i .  

Resolution  Apparatus 

The degradat ion of op t i ca l   r e so lu t ion   caused   by   t he  window was measured 
wi th   the   appara tus  shown i n  f i g u r e  9.  A 6-inch mask l i m i t e d   t h e   a p e r t u r e  
s o  t h a t  no l o s s   i n   a p e r t u r e  would b e   s u f f e r e d  as t h e  window moved t o  a 35" 
inc idence   angle .  The a p e r t u r e  was thus   cons t an t ,   and   t he   on ly   va r i ab le  was 
angle  o f  i nc idence .  The r e s t  o f  the  equipment  and  the  space  environment 
pressures   s imulated  by  this   equipment   has   been  ment ioned  previously.  

6in. mask 

Mercury arc Resolution 
lamp chart 

/r 
// I 

4 

Collimator lens 

window 
Gemlni 

Mirror 

Figure 9 . -  Resolut ion t es t  system. 

Angular  Deviation  Test  Apparatus 

The o p t i c a l  components were arranged as shown i n   f i g u r e s   1 0   a n d  11 as an 
au toco l l ima to r   t o   measu re   w indow- induced   l i ne -o f - s igh t   dev ia t ions .  The b a s i c  
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Figure 10.-  Deviation measurement system. 

/ 
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Figure 11.-  Angular deviation test apparatus. 
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laser-lens col l imator   system  produced a l i g h t   b u n d l e   c o l l i m a t e d   t o   b e t t e r  
t han  1 second  of arc i n   t h e   c e n t r a l  8 inches .  A 12- inch-d iameter   f ron t  sur- 
face m i r r o r   i n s i d e   t h e   p r e s s u r e  chamber r e f l e c t e d   t h e   c o l l i m a t e d   l i g h t   b a c k  
th rough   t he   sys t em  to  a 3- inch-cube   beamspl i t te r .  The l i g h t  was then  
r e f l e c t e d   t o   f o c u s   o n  a c r o s s h a i r  r e t i c l e  mounted  on a p r e c i s i o n   c r o s s - s l i d e  
a d j u s t a b l e   i n  X-Y t o  0 .001   i nch .   Fo r   i nc reased   p rec i s ion   i n   ad jus t ing   t he  
c r o s s h a i r   c o i n c i d e n t   w i t h   t h e   f o c u s e d   l i g h t   d o t ,   t h e   i l l u m i n a t e d   r e t i c l e  
and  dot were p r o j e c t e d  on a s c r e e n  a t  a magni f ica t ion   of   approximate ly  30.  

Transmit ted Wave I n t e r f e r o m e t e r  

The t r a n s m i t t e d  wave 
Green   in te r fe rometer   wi th  
f i g u r e  1 2 .  The equipment 
measurement  apparatus. 

in te r fe rograms  were   ob ta ined   by  means of a Twyman- 
t h e  window i n s t a l l e d   i n   t h e  t e s t  chamber as shown i n  
has   been   desc r ibed   p rev ious ly   unde r   f l a tnes s  

Tank (lop view) \ \  
Mirror 

Geminl window 

Mirror 

Figure 12.- Measuring  transmitted  wave w i t h  Twyman-Green  interferometer. 

PROCEDURES AND DATA ANALYSIS 

Flatness  Measurements - Unmounted Panes 

The f l a t n e s s   o f   e a c h   o f   t h e   s i x   g l a s s   s u r f a c e s  was de termined   by   in te r -  
ference  comparison  to  a 7 - inch -d iame te r   op t i ca l   r e f e rence  f l a t  a c c u r a t e   t o  
1/20  wavelength.  Sodium  light was used.  These  tests  were made b e f o r e   t h e  
windowpanes were mounted i n   t h e i r   f r a m e s .  The low th i ckness - to -wid th   r a t io  
of   the  panes  (about   1/50)   led  to   concern as t o  how  much the  panes  would 
d e f l e c t  i f  ord inary   t es t   p rocedures   were   used .  First ,  a pane was l a i d  
d i r e c t l y  on a m i c r o - f l a t   g r a n i t e   s u r f a c e   p l a t e   o f   c o m p a r a b l e   f l a t n e s s   t o   t h e  
pane. The 7- inch   re ference  f l a t  was held  above  the  pane by a s p e c i a l   t r i d e n t  
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support  s o  no  weight   of   the   reference f l a t  was t r a n s m i t t e d   t o   t h e   p a n e .  A 
f l a t n e s s   i n t e r f e r o g r a m  was then   ob ta ined   f rom  in te r fe rence   be tween  the   pane  
and t h e   r e f e r e n c e  f l a t .  The  pane was t h e n   r o t a t e d   i n   a z i m u t h  on t h e   g r a n i t e  
s u r f a c e   p l a t e   a n d   a n o t h e r   i n t e r f e r o g r a m   o b t a i n e d .  Changes i n   f l a t n e s s   o f   t h e  
o rde r   o f   on ly  1 / 2  f r i n g e  were o b s e r v e d .   ( I f   t h e   p a n e   d e f l e c t e d   t o   t h e   c o n t o u r  
o f   t he   g ran i t e   su r f ace   p l a t e   t he   i n t e r f e rog ram  wou ld   have   changed  by f o u r  
f r inges.)   Secondly,   an aluminum p l a t e   c o v e r e d   w i t h   v e l v e t  was i n t e r p o s e d  
be tween   t he   g ran i t e   p l a t e   and   t he  windowpane.  The  change  with window o r i e n t a -  
t i o n   i n  azimuth  on the   ve lve t - cove red   p l a t e  was o f   t he   o rde r   o f  1 / 2  f r i n g e .  
Th i rd ly ,   t he   fu l l   we igh t   o f   t he   7 - inch   r e fe rence  f l a t  was lowered  onto  the 
pane, f i r s t  w i t h   t h e   p a n e   d i r e c t l y  on t h e   g r a n i t e   s u r f a c e   p l a t e ,   a n d   t h e n   w i t h  
the   ve lve t - cove red   p l a t e   i n t e rposed .  The we igh t   o f   t he   r e f e rence  f l a t  changed 
t h e   f l a t n e s s   o f   t h e   p a n e  by the   o rde r   o f   abou t   one   f r inge   i n   each   ca se .  F l a t -  
ness   o f   the   pane   thus  i s  t h e  same, t o   t h e   o r d e r   o f  a t  least  one   f r inge ,  when 
supported  by  any  of  these  methods.   The  procedure  adopted  to  obtain  the f la t -  
ness   o f   the   th in   panes  was t o   p l a c e   t h e  windowpane  on the   ve lve t -covered  
p l a t e  and t h e   r e f e r e n c e  f l a t  d i r e c t l y  on the   pane  s o  as t o   o b t a i n   h i g h  
c o n t r a s t   f r i n g e s .  

F l a tnes s  was measured   wi th   the   th in  film in t e r f e romete r   w i thou t  any 
p a r t i c u l a r   o r i e n t a t i o n   o f   t h e   r e f e r e n c e  f l a t  r e l a t i v e   t o   t h e  windowpane 
o the r   t han   nomina l ly   pa ra l l e l .  The axes  of  the  source  and  of  the  viewing 
point   were  roughly  over   the  center   and  normal   to   the  reference f l a t  as 
shown i n   f i g u r e  6.  The in te r fe rometer   under   these   condi t ions   gave   equal  
t h i ckness   f r inges   o f   t he  a i r  wedge between  the window and t h e   r e f e r e n c e  
s u r f a c e .  The s t r a i g h t n e s s   o f   t h e s e   f r i n g e s   i n d i c a t e s   t h e   f l a t n e s s   o f   t h e  
windowpane s u r f a c e .  A dev ia t ion   o f   one   f r inge   spac ing   (da rk   t o   da rk )  from 
a s t r a i g h t   l i n e  is  equiva len t   to   1 /2-wavelength   devia t ion   of   the  window 
surface  f rom a f l a t  p l ane .   S ince   t he   r e f e rence   su r f ace  i s  f l a t  t o   1 /20  
wave leng th ,   t he   i n t e r f e rog ram  can   be   r ead   by   i n t e rpo la t ion   o f   t he   f r inge  
spacing  to   1/20  wavelength.  

F la tness   in format ion  was also  deduced  from wedge photographs.  Curva- 
t u r e   o f   t h e   f r i n g e s   i n d i c a t e s   d e v i a t i o n  from f l a t  normal t o   t h e   d i r e c t i o n  
of  wedge. I r r egu la r   spac ing   o f   t he  wedge f r i n g e s   i n d i c a t e s   d e v i a t i o n  from 
f l a t  i n   t h e   d i r e c t i o n   o f  wedge.  The d e v i a t i o n  from f l a t  could  be  due  to  
e i t h e r   o r   b o t h   s u r f a c e s .   F l a t n e s s  measurements  obtained  from  the wedge 
photographs  compared  well   with  the  reference f l a t  measurements. 

Flatness  Measurements - Mounted Panes 

Measur ing   t he   f l a tnes s   o f   t he  windowpanes as mounted i n   t h e i r   f r a m e s  
in   the  s imulated  space  environment   and  with  proper   pressures   appl ied  con-  
s t i t u t e d  a special   problem. The d e f l e c t i o n   o f   t h e   g l a s s  was s o  g r e a t   t h a t  
over 500 f r i n g e s   h a d   t o   b e   r e s o l v e d  on t h e  film o f   t h e   i n t e r f e r o g r a m s .  A 
mir ro r   r e f e rence   su r f ace   had  t o  be   u sed   w i th   s i l ve red  windowpanes i n   t h e  
Twyman-Green in t e r f e romete r   sys t em  ( f ig .  7) i n   o r d e r   t o   g e t   s u f f i c i e n t  con- 
trast t o   r e c o r d  a l l  t h e   f r i n g e s  on f i l m .  A process  was developed   for  s i l -  
v e r i n g   t h e   s u r f a c e   o f   t h e   p a n e s   w i t h o u t   a l t e r i n g   t h e   f l a t n e s s   t o  a f r a c t i o n  
of a wave leng th   o f   l i gh t ,   and   t he   s i l ve r  was appl ied   and  removed as r e q u i r e d  
dur ing   the   course  of t h i s   s t u d y .   F o r   t e s t i n g   i n   t h e  mounted conf igu ra t ion ,  
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s u r f a c e s  1 and 4 were s i l v e r e d   a n d   p l a c e d   i n   o n e  arm o f  t h e  Twyman-Green 
in te r fe rometer   which  was i l l umina ted   by  a helium-neon  gas laser of   632.8 nm 
wavelength  ( f ig .  7). F l a t n e s s   i n t e r f e r e n c e   p a t t e r n s   o f  two e x t e r n a l   s u r -  
faces (numbers 1 and   4 ,   f i g .  5) were photographed t o   d e t e r m i n e   t h e   e f f e c t s  
of   mounting  and  of   applying  the  proper   s imulat ion  pressures   between  the 
panes.  Measurements were made on the   pho tographs   t o   de t e rmine   t he  number  and 
s p a c i n g   o f   t h e   i n t e r f e r e n c e   f r i n g e s  when s i m u l a t i o n   p r e s s u r e s  were app l i ed .  
S u r f a c e   d i s t o r t i o n   v e r s u s   f r i n g e   s p a c i n g   a l o n g   t h e   v e r t i c a l   a x i s   o f   t h e  
window was de termined   and   p lo t ted .  

For   the   f la tness   measurements   wi th   the  Twyman-Green i n t e r f e r o m e t e r ,  
t h e   r e f e r e n c e   m i r r o r  was o r i e n t e d   p a r a l l e l   t o   t h e  mean p l a n e   o f   t h e  window- 
pane when unbowed by p r e s s u r e .  The o r i e n t a t i o n   o f   t h e   r e f e r e n c e   m i r r o r  was 
not  changed when bowing p r e s s u r e s  were a p p l i e d   t o   t h e  window.  With a 1/20 
w a v e l e n g t h   q u a l i t y   m i r r o r   s u b s t i t u t e d   f o r   t h e  window, t h e   i n t e r f e r o m e t e r  
checked to   1 /10   wavelength   qua l i ty  as a system. A f r i n g e   d e v i a t i n g  from a 
s t r a i g h t   l i n e   b y   o n e   f r i n g e   s p a c i n g   r e p r e s e n t s  a 1 / 2  wavelength  deviat ion  of  
t h e  windowpane  from a f l a t  pane a t  t h a t   f r i n g e   l o c a t i o n .   I n t e r f e r e n c e  
f r i n g e s  were counted downward from t h e   h i g h   p o i n t   a l o n g   t h e   v e r t i c a l   c e n t e r  
l i n e   o f   t h e  window. One f r i n g e   s p a c e  i s  e q u a l   t o  1 / 2  wave leng th   o f   l i gh t ,   o r  
632.8 nm, which i s  1 2 . 4 ~ 1 0 - ~   i n c h .  The coord ina te   l oca t ions   o f   t he   h igh  
p o i n t  and o f   t h e   f r i n g e s  were  measured r e l a t i v e   t o   t h e   r e f e r e n c e   a x e s   o f   t h e  
window by sca l ing   t he   pho tographs .  The l o c a t i o n   o f   t h i s   a p p a r e n t   h i g h   p o i n t  
i s  de te rmined   by   the   o r ien ta t ion   of   the   re fe rence  f l a t  s u r f a c e   r e l a t i v e   t o  
t h e  window. I n   t h e s e  tests,  t h e   r e f e r e n c e  f l a t  was a d j u s t e d   p a r a l l e l   t o   t h e  
window t o   w i t h i n  216  seconds o f  a r c   b e f o r e   s i m u l a t i o n   p r e s s u r e s  were app l i ed  
t o   t h e  window. Because   o f   p robable   def lec t ion   of   the   f rames  a t  the  edges 
under   bowing  pressures ,   and  a lso  because  of   the lack o f   e x a c t   p a r a l l e l i s m   i n  
ad jus tmen t   o f   t he   r e f e rence  f l a t  r e l a t i v e   t o   t h e  window, the  top  and  bot tom 
edges  of   the  window  do n o t   p l o t  as e q u a l   d e f l e c t i o n s  down from t h e   h i g h   p o i n t .  
The i n e q u a l i t y  i s  s l ight ,   however .   Theoret ical   curves   were  computed as i n  
r e f e r e n c e  4 f o r   t h e   t o p  and  bottom  edges i n   t h e  same p l a n e .  

Wedge-Angle-Measurements 

The maximum wedge angle  o f  each  pane was determined  with  the wedge 
in t e r f e romete r   o f   f i gu re   8 .   Re f l ec t ions   f rom  each   su r f ace   o f   t he  window, 
r e s u l t i n g  from  ampli tude  divis ion of  t h e   i n c i d e n t   l i g h t ,   p r o d u c e   e q u a l   t h i c k -  
ness  Fizeau  fringes  which  were  photographed. The f r inge   spac ings  on t h e s e  
photographs  were  measured to   de t e rmine  wedge a n g l e s   i n   t h e   d i r e c t i o n   o f  max- 
i m u m  wedge by means o f   t h e   r e l a t i o n  4 = NX/2Ln where 

4 wedge a n g l e   i n   r a d i a n s  

N number o f   f r i n g e s   i n  zone 

x wavelength   o f   l igh t   in  a i r ,  i n .  
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L length  of   zone,  i n .  

n i n d e x   o f   r e f r a c t i o n  

The  formula 9 = 2,57N/Ln g i v e s   t h e  wedge a n g l e   i n   s e c o n d s   o f  arc. 

The p r e c i s i o n   o f   t h e  wedge in te r fe rometer   sys tem i s  1/10  wavelength 
which i s  e q u i v a l e n t   t o   1 / 5   f r i n g e   s p a c e .   T h e r e  were approximately  10  f r inges 
in   the   11-1 /2- inch   zone  so t h e  wedge was 1.5  seconds  of arc. For t h i s  case, 
a 1/5 f r i n g e   e r r o r   i n   f r i n g e   s p a c i n g  is e q u a l   t o  less than  0.01  second wedge 
e r r o r .  A 1 /32- inch   e r ro r   i n   measu remen t   o f   f r i nge   zone   l eng th ,   added   t o  a 
1 / 8 - i n c h   e r r o r   i n   e i t h e r   p h o t o g r a p h i c   d i s t o r t i o n   o r   s c a l i n g   o f   t h e   p h o t o g r a p h ,  
r e s u l t s   i n  0.02 second wedge e r ro r .   Thus ,   t he   p rocedure   shou ld   p rov ide  
wedge  measurements  with e r r o r s   o f  less than  0 .1   second  of  arc.  

Resolution  Measurements 

The e f f e c t s   o f   t h e   o p t i c a l   q u a l i t y  Gemini window on r e so lu t ion   o f   an  
op t i ca l   sys t em were determined  by  observing a USAF 1 X  r e s o l u t i o n  tes t  c h a r t  
th rough  the  window mounted in   t he   Gemin i - type  frames ( f i g .  9 ) .  The tes t  
c h a r t  was p laced  a t  t h e   f o c a l   p o i n t   o f   t h e   c o l l i m a t i n g   l e n s  so  t h a t   c o l l i -  
mated l i gh t   pas sed   t h rough   t he  window.  The 197- inch   foca l   l ength   co l l ima-  
t o r   l e n s  was masked t o  a 6 - inch   ape r tu re  and t h e   s m a l l e s t   c h a r t   l i n e   s p a c i n g  
co r re sponded   t o   an   angu la r   r e so lu t ion  of  less than  1 second of a r c .  The 
p res su re   t ank  was used   t o   s imu la t e   space   p re s su re   env i ronmen t .  The pro- 
c e d u r e   ( i l l u s t r a t e d   i n   f i g .  9) of   having a double   t ransmission  through  the 
window r e s u l t e d   i n  more d e g r a d a t i o n   t h a n   f o r   t h e   a c t u a l   s i n g l e   t r a n s -  
mission.  To estimate t h e   l i n e   p a i r s   r e s o l v e d ,   t h e  real  image was observed 
v i s u a l l y   w i t h  a te lescope .   Photographic   records  were a l s o  made and  the 
minimum l i n e   s p a c i n g   r e s o l v e d  was c o n v e r t e d   t o   a n g u l a r   r e s o l u t i o n .  I t  
b e c a m e   o b v i o u s   t h a t   t h e   d e g r a d a t i o n   t o   r e s o l u t i o n   d u e   t o   t h e  window was 
minor   and  approached  the  resolut ion limit of the   sys tem.  The r e s o l u t i o n  
o f   t he  unmounted windows was similar t o   t h a t  of t h e  windows i n   t h e  Gemini- 
t ype  frames so  t h e   c o n t r i b u t i o n  o f  t h e  frame was neg l ig ib l e .   The re fo re ,  
r e s o l u t i o n  tests f o r   t h e  clamped  and f r e e  frames were  omit ted.  

Resolution  measurements were sub jec t ive ;   t he   concensus   o f   t h ree  
observers  was used   for   each  tes t  c o n d i t i o n .  A r e s o l u t i o n   e v a l u a t i o n  was 
made o f   t he   sys t em  o f   f i gu re  9 wi thou t   t he  window in   t he   sys t em,   and   t he   sys -  
tem was good t o   t h e   R a l e i g h  limit o f   t h e   6 - i n c h   a p e r t u r e  of  the  system, or 
about  0.8  second  of arc. 

Line-of-Sight-Deviation  Measurements 

The angu la r   dev ia t ions   o f   s eve ra l   l i nes   o f   s igh t   t h rough   t he  window 
were measured   wi th   the   12- inch   aper ture   au tocol l imator  ( f i g .  1 0 ) .  A mask with 
l - inch-d iameter   aper tures ,   which   could   be   opened   ind iv idua l ly ,  was u s e d   t o  
cove r   t he  window.  Measurements were made f o r   a p e r t u r e s  A-4,  C-2 ,  C-4,  C-6, 
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t 
2 3 4 5 6  

A 

B 

C E 

D 

and D-4 ( f i g .  13), wi th   inc idence  
ang le s   o f  O ' ,  15",  30°,  and 45", 
a n d   o r i e n t a t i o n   a n g l e s   ( f i g .   1 4 )  
o f  0", 45', go", 135',  and  180'. 
Deviat ions were measured f o r   t h e  
t h r e e  frame cond i t ions  a t  t h e  
s i m u l a t i o n   p r e s s u r e s   d e s c r i b e d  
p r e v i o u s l y  . The deviat ions  were 
measured i n  two  components,  one i n  
the   p l ane   o f   i nc idence   and   t he  
o t h e r   p e r p e n d i c u l a r   t o   t h a t   p l a n e .  
The  component i n   t h e   p l a n e   o f  
i nc idence   i nc ludes   r e f r ac t ion   due  

I I I I I  t o   r e f r a c t i v e   i n d e x   d i f f e r e n c e s   o f  
t h e  a i r  on e i t h e r   s i d e  of t h e  win- 
dow, as well as r e f r a c t i o n  due t o  
p r o p e r t i e s   o f   t h e   g l a s s .  Refrac- 
t i o n   d u e   t o   t h e  a i r  i s  dependent 

c idence  angle ,   and i s  - 6 ,  - 1 2 ,  and - 2 1  seconds  of  arc f o r   i n c i d e n c e  
angles   of   15",  3 0 ° ,  and 45", r e s p e c t i v e l y ,  f o r  t h e  a i r  d e n s i t i e s   i n v o l v e d  
( r e f .   1 ) .   T h e s e   v a l u e s   o f   r e f r a c t i o n  were s u b t r a c t e d   f r o m   t h e   d a t a   t o   d e t e r -  
mine how t h e   e r r o r   c o n t r i b u t e d   b y   t h e   g l a s s   a l o n e  was a f f e c t e d  by frame 
c o n s t r a i n t   c o n d i t i o n s .  

In i n  

Figure 13.- Aperture spacing. 

I , Plane of window 

Angle  of  incidence 

Plane of incidence 

X 
I to plane of incidence 

Deviation  due to cabin 
Orientation of window 

relative  to  plane of 

b. 
Deviatlon due to glass- 

J Devmtlon due lo glass- 
in  plane of lncldence 

X '  
Deviated ray Undevlated  ray 

Y z 

Figure 14.- Orientation of window-induced deviation errors. 
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The prec is ion   of   the   devia t ion   measurements   depends   main ly  on t h e   f o c a l  
length   o f   the   co l l imat ing   lens .   Thus ,  

At3 = 
AY = 0.523AY 

2 x F.L .  x 4.848 x 

Aa(G + R) = Aa(R) + Aa(G) 

and 
Aa(G + R) = Aa(R) + 0.523AX 

where the   va lues   and   s igns  are as i n d i c a t e d   i n   f i g u r e   1 4 ,  and A X  and A Y ,  t h e  
c ross -s l ide   mot ions ,  are i n   i n c h e s .   F o r  a c ross -s l ide   mot ion   of   0 .001   inch ,  
the   devia t ion   angle   change  i s  0.523  second  of arc .  The least  coun t   o f   t he  
c r o s s   s l i d e  is  0 . 0 0 1   i n c h ,   b u t   t h e   e r r o r   o f   t h e   o p e r a t o r   s e t t i n g  of t h e   c r o s s -  
h a i r  on the   focused  laser spo t   has  a l o   ( s t a n d a r d   d e v i a t i o n )   o f  0.0005 inch .  
As ment ioned   p rev ious ly ,   t he   r e f e rence   bund le   o f   l i gh t   t h rough   t he  window was 
c o l l i m a t e d   t o   w i t h i n  1 second  of arc.  Thus,   the  maximum measurement e r r o r  
was l i m i t e d   t o   t h e   c o i l i m a t i o n   a c h i e v e d   i n   t h e   r e f e r e n c e   b u n d l e .   C a l i b r a t i o n  
wedges o f   g l a s s   c e r t i f i e d   t o   0 . 1   s e c o n d   o f   a r c   w e r e   i n s e r t e d   i n t o   t h e   s y s t e m  
i n   l i e u   o f   t h e  window t o   v e r i f y   t h e   p r e c i s i o n   o f   r e a d o u t   a n d   t o   v e r i f y   t h e  
d i r e c t i o n   o f   d e v i a t i o n .  

Transmit ted Wave Measurements 

The  Twyman-Green i n t e r f e r o m e t e r   ( f i g .   1 2 )  was used   to   de te rmine   the   d i s -  
t o r t i o n  of  a p l ane  wave f ron t   pas s ing   t h rough   t he  window.  The i n t e r f e r o m e t e r  
was i n i t i a l l y   a d j u s t e d  so  t h a t  no f r i n g e s   w e r e   v i s i b l e   o v e r  i t s  a p e r t u r e .  
The f r inge   pa t te rns   were   photographed  as t h e  window,  mounted i n   t h e   s i m u l a t o r  
chamber, was i n t r o d u c e d   i n t o   a n  arm of   t he   i n t e r f e romete r   and  moved t o   i n c i -  
dence  angles  of O " ,  l S O ,  30°,  and  45" a t  t h e  90" o r i e n t a t i o n   a n g l e   ( f i g .   1 4 ) .  
Photographs  were made be fo re   and   a f t e r   s imu la t ion   p re s su res   were   app l i ed   t o  
t h e  window mounted in   t he   va r ious   f r ames .  An e l l i p t i c a l   a r e a   a b o u t  8 by 1 1 - 1 / 2  
inches was examined f o r   e a c h   t e s t   c a s e .  The  photographs  showed  the  regular- 
i t y   a c r o s s   t h e  window and i n d i c a t e d   t h e   c h a n g e s   t h a t   o c c u r r e d   f o r   t h e   d i f -  
ferent   f rame  types when the   p re s su res   were   app l i ed .  

The t r a n s m i t t e d  wave in t e r f e rog rams   have   t he  same 1/10  wavelength  pre- 
c i s i o n  as t h e   f l a t n e s s  measurements   d i scussed   prev ious ly ,   s ince   the  same 
i n t e r f e r o m e t e r  was used. The r e fe rence   (p l ane )  wave f r o n t  was f l a t  t o  1/10 
wavelength  by  measurement i n   t h e   c e n t r a l  8 inches   o f   d iameter .   Before   the  
window was i n s e r t e d ,   t h e  two r e f e r e n c e   m i r r o r s  were a l i n e d   t o   b e   p a r a l l e l  s o  
t h a t  no f r inges   were   obse rved   i n   t he   12 - inch   ape r tu re .  The t r a n s m i t t e d  wave 
f r i n g e s   t h a t  are seen   wi th   the  window i n s e r t e d   r e p r e s e n t   t h e   c h a n g e s   t o  a 
f l a t  wave f r o n t .  Each f r inge   spac ing   represents   an   e leva t ion   change   of  
1 2 . 4 ~ 1 0 - ~   i n c h ,  and t o   t h e  same s c a l e ,   t h e   v a r i a t i o n   o f  a f r inge   f rom a 
s t r a i g h t   l i n e   i n d i c a t e s   t h e   c u r v a t u r e   o f   t h e  wave f r o n t .  
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RESULTS 

F l a t n e s s   o f  Unmounted Panes 

The s u r f a c e  f la tness  o f   each   o f   t he   t h ree  unmounted  Gemini  windowpanes 
was de termined   wi th   the   th in  f i l m  i n t e r f e r o m e t e r   p r e v i o u s l y   d e s c r i b e d .  The 
s u r f a c e s   o f   t h e  unmounted  panes are b a s i c a l l y   s p h e r i c a l  as i n d i c a t e d  by t h e  
smooth c i rcular  c u r v a t u r e   o f   t h e   f r i n g e s  i n  f i g u r e   1 5 .  The small c i r c l e s  
denote   aper ture   loca t ions   1 -1 /4   inches   on   cen ter .   Devia t ion   of   the   sur faces  
from a f l a t  p l ane  was only 1 -1 /2  t o  2-3/4  wavelengths, as seen  i n  t h e   t a b l e  
be low.   For   g lass   o f   th i s  small t h i c k n e s s - t o - w i d t h   r a t i o   ( a b o u t   1 / 5 0 ) ,   t h i s  
f l a t n e s s   c o n s t i t u t e s   h i g h   o p t i c a l   q u a l i t y .  

Flatness Test Resul t s   o f  Unmounted Panes 

Maximum flatness devia t ion   f rom 
Surface 7-inch f l a t  (wavelengths a t  589 nm) 

1 1- 1 / 2  convex 

2 1 -1 /2  concave 

3 1 - 1/ 2 convex 

4 2 concave 

5 2 convex 

6 3 concave 

Fla tness   o f   Panes  Mounted i n  Frames 

Gemini-type frames.- Mounting the   panes   in   the   Gemini - type  frames with- 
ou t  bowing p r e s s u r e   d i s t o r t e d   t h e   s u r f a c e s   i n t o  complex  shapes.  Surfaces 1, 
4, 5, and 6 became compound s u r f a c e s ,   t h a t  i s ,  convex  along  one  cross  section 
and  concave  a long  another   ( f ig .   16) .  They d e v i a t e d  as much as 69 wavelengths 
from a p l ane  (see t a b l e   f o l l o w i n g ) .  When s i m u l a t i o n   p r e s s u r e s  were a p p l i e d ,  
s u r f a c e s  1 and 4 d i s t o r t e d   i n t o   h i g h   c u r v a t u r e   e l l i p s o i d a l   s u r f a c e s  as e v i -  
denced by t h e  e c c e n t r i c   b u l l s - e y e   p a t t e r n   i n   f i g u r e s   1 6 ( b )   a n d   ( d ) .  

Clamped-edge frames.- The clamped-edge frames d i s t o r t e d   t h e   p a n e s   l e s s  
than  the  Gemini- type frames. Sur face  4 was d i s t o r t e d   a b o u t   h a l f  as much as 
in   the  Gemini- type frames when p r e s s u r i z e d ,  as shown i n   t h e   t a b l e   f o l l o w i n g .  
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(a) Surface 1 (b) Surface 4 

(c) Surface 5 (d) Surface 6 

Figure 15.- Flatness  interferograms of unmounted  panes. 
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(a) Surface 1 with no pressure. (b) Surface 1 with  simulation  pressures. 

(c) Surface 4 with no pressure. ( d )  Surface 4 with  simulation  pressures. 

(e) Surface 5 with  no  pressure (f) Surface 6 with no pressure. 

Figure  16.-  Flatness  interferograms of panes  mounted  in  Gemini  frames. 
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F l a t n e s s  Test R e s u l t s   f o r  Mounted Panes 

Sur face  

1 

4 

1 

4 

Maximum f l a t n e s s   d e v i a t i o n  
(wavelengths a t  632.8 nm) 

No p r e s s u r e  

Gemini 

16  convex, 39 concave 

69  convex,  10  concave 

18  convex, 30 concave 

26 convex,  19  concave 

Clamped  Edge 

9 convex,  15  concave 

2 2  convex, 9 concave 

Free Edge 

5 convex 

7 concave 

P r e s s u r i z e d  

185  convex 

248 convex 

91  convex 

132  convex 

163  convex 

245 convex 

Local ized  c lamping  act ion a t  the  edges  of   the  window i s  a p p a r e n t   i n   t h e  
in te r fe rograms  of   f igures   17(a)   and   (c ) .  As with  the  Gemini- type  f rame  the 
d i s t o r t i o n   p a t t e r n   u n d e r   p r e s s u r e  i s  a high  curvature   convex  surface  with a l l  
t race o f   t h e   c h a r a c t e r i s t i c s   o f   t h e   u n p r e s s u r i z e d   p a t t e r n s   l o s t .  

Free-edge frames.- The f r ee -edge  frames caused much less d i s t o r t i o n   t h a n  
the  Gemini-type  frames,  as  seen from t h e   t a b l e   f o l l o w i n g   a n d   t h e   i n t e r f e r o -  
grams o f   f i gu res   18 (a )   and   ( c ) .  The  compound s u r f a c e   d i d   n o t   a p p e a r ,  and a 
d i s to r t ed   sphe r i ca l   su r f ace   has   appea red   w i th   on ly   s even   wave leng ths   dev ia t ion  
from f l a t  on su r face   4 .  When p r e s s u r e  was a p p l i e d ,   s u r f a c e s  1 and 4 e x h i b i t e d  
h igh   cu rva tu re  similar to   t he   su r f aces   i n   t he   Gemin i - type   f r ame .  

The p reced ing   f l a tnes s   i n t e r f e rog rams   can   be   ana lyzed   i n  more d e t a i l  
t o   d e t e r m i n e   t h e   f l a t n e s s   a l o n g   t h e   v e r t i c a l   c e n t e r   l i n e   f o r   e a c h   e d g e  
c o n s t r a i n t .  A compar i son   o f   t he   f l a tnes s   a long   t h i s   l i ne   w i th   t he   t heo re t -  
ical  f r e e -  and   f i xed -edge   cons t r a in t s   y i e lds   add i t iona l   i n fo rma t ion  on t h e  
behav io r   o f   t hese   t h in  windows as a func t ion   of   edge   cons t ra in t .   This  
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(a) Surface 1 with no pressure. (b) Surface 1 with simulation pressures. 

(c) Surface 4 with no pressure. (d) Surface 4 with simulation pressures. 

Figure 17.- Flatness interferograms using clamped-edge frames. 
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(a) Surface 1 with  no  pressure. (b) Surface 1 with simulation  pressures. 

(c) Surface 4 with no  pressure. (d) Surface 4 with simulation  pressures. 

Figure 18.- Flatness  interferograms  using  free-edge  frames. 
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(a)  Surface 1; 9 .2  psi  d i f f e r e n t i a l .  

7 -  l L \  T 

4 3 2  I 0 I 2 3 4 
TOP Locotlon, in. Bottom 

0 Gemlnl,  expenmental  Free, theoretlcal 
A Free, experlmentol 
0 Clamped, experlmentol 

"_ Flxed, theoretlcol 

f l a t n e s s   i n f o r m a t i o n  i s  p l o t t e d  
i n   f i g u r e   1 9  as s u r f a c e   d e f l e c t i o n  
v e r s u s   v e r t i c a l   l o c a t i o n .  I t  can 
b e   s e e n  f i rs t  t h a t   t h e   c u r v e s   f o r  
the  Gemini-type  and  free-edge 
experimental  frames are similar. 
Secondly,   the  experimental   clamped- 
e d g e   c o n s t r a i n t   d i d   n o t   c l o s e l y  
approach a f ixed -edge   cons t r a in t .  
I t  i s  e v i d e n t   t h a t   z e r o   s l o p e  a t  
the  extreme  edge,  as shown by   t he  
t h e o r e t i c a l   c u r v e ,   c o u l d   n o t   b e  
maintained.  I t  i s  c l e a r   t h a t   t h e  
t h e o r e t i c a l   f i x e d   e d g e   y i e l d s   l e s s  
d e f l e c t i o n   t h a n   t h e   o t h e r s ,   a n d  
t h a t   t h e  clamped  edge y i e l d s  less 
d e f l e c t i o n   t h a n   t h e   o t h e r   e x p e r i -  
mental   edge  constraints ,   and was 
c o n s i s t e n t   i n   t h a t   s e n s e .  A 
t h i r d   b i t   o f   i n f o r m a t i o n   r e v e a l e d  
by f i g u r e  19 i s  t h a t   b o t h   t h e  
Gemini-type  and  experimental   free- 
edge   cons t r a in t s   pe rmi t t ed  more 
d e f l e c t i o n   t h a n   t h e   t h e o r e t i c a l  

(b) Sur face  1; 14.7  ps i  d i f f e r e n t i a l .  f r e e   e d g e .  The d i s p a r i t y  i s  n o t  
Figure 19 .- Deflection  of  panes  along g r e a t ,   b u t  i t  does   i nd ica t e   t ha t  

v e r t i c a l   a x i s   w i t h   p r e s s u r e .  t h e  frame allowed o r  caused   the  
g l a s s   t o   d e f l e c t  more than a 

t h e o r e t i c a l   f r e e   e d g e .  Any d isp lacement   o f   the  t es t  frame edges   could   re lease  
more g l a s s   t o   p r e s s u r e  bowing o r  any ro t a t ion   o f   t he   f r ame   cou ld  add to rque  
t o   t h e   g l a s s   e d g e s   t o   c a u s e  more d e f l e c t i o n .  A more r i g i d  frame  would  exhibit 
l e s s   d i f f e r e n c e   f r o m   t h e   t h e o r e t i c a l   f r e e   e d g e ,  s o  it i s  a p p a r e n t   t h a t   t h e  
Gemini frame i s  less s t i f f  than   the   f ree-edge   exper imenta l  frame. The d i f f e r -  
ence in   de f l ec t ion   o f   t he   t op   and   bo t tom o f  t he   panes ,  as s e e n   i n   f i g u r e   1 9 ,  
is  p a r t l y  due to   l ack   o f   pa ra l l e l i sm  o f   t he   r e f e rence   su r f ace   and   pa r t ly   t o  
movement o f   t he   t op   o f   t he   f r ame   r e l a t ive   t o   t he   bo t tom.  

Wedge-Angle  Measurements 

The  wedge a n g l e   o f   t h e   t h r e e   p a n e s   o f   g l a s s ,  as measured  by  the wedge 
in t e r f e romete r ,   va r i ed   f rom 1 t o  3 seconds   o f   a r c   ac ross   t he   ape r tu re  
observed. The a p e r t u r e   i n c l u d e d   t h e   f u l l   h e i g h t  o f  t h e  window a t  t h e   v e r t i -  
c a l   c e n t e r   l i n e .  The average wedge a n g l e   i n   t h e   d i r e c t i o n  of  maximum wedge 
was about 2 seconds  of arc i n  each  pane, as shown i n   t h e   t a b l e .  The panes 
were   genera l ly   l ens-shaped   wi th   the   th ick   sec t ion  a t  t h e   t o p   o f   t h e  
in t e r f e rog rams ,  as s e e n   i n   f i g u r e  20. 
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(a )   Inner   pane .  

(b) Center   pane .  

( c )  Outer   pane.  

F igure  2 0 . -  Wedge i n t e r f e r o g r a m s .  
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Wedge-Angle Test Resu l t s  

Pane Average  wedge ang le  (arc sec) 

I n n e r  2 . 1  

Center   2 .3  

Outer  2.2 

Resolution  Measurements 

Resolut ion was measured i n   t h e  tes t  s e t u p  shown i n   f i g u r e  9,  according 
t o   t h e  tes t  procedures   p rev ious ly   d i scussed .  The tests show t h a t   r e s o l u t i o n  
i s  somewhat degraded  by  mounting  the window i n  Gemini-type frames, as can  be 
s e e n   i n   f i g u r e  2 1 .  T h e s e   d a t a   i n d i c a t e   t h a t   a n g u l a r   r e s o l u t i o n  was degraded 
to   abou t  3 seconds  of arc a t  35" inc idence   ang le  when s i m u l a t i o n   p r e s s u r e  was 
a p p l i e d   t o   t h e  window. Refocus ing   the   observ ing   te lescope  when inc idence  
was changed   d id   no t   improve   reso lu t ion ,   showing  tha t   the  window does  not   tend 
to   converge or d i v e r g e   t h e   l i g h t   i n  a regular   manner .  It should   be   no ted  
tha t   t he   doub le   pas s   t h rough   t he  window should  cause more deg rada t ion   t han  
would b e   a n t i c i p a t e d  by a s i n g l e   p a s s .  The  window i s  apparent ly   capable   o f  
accommodating t h e   r e s o l u t i o n  limit of   an   op t ica l   sys tem  of   about  a 2-inch 
a p e r t u r e  which is  about  2.5  seconds  of arc.  

Line-of-Sight  Deviations 

The e f f ec t   o f   edge   cons t r a in t s   on   t he   angu la r   dev ia t ions   o f  several 
l i nes   o f   s igh t   t h rough   t he  window was measured  with  the t es t  sys t em  o f   f i g -  
u r e  9 .  The d e v i a t i o n s  are shown i n   f i g u r e s  22, 23 ,  24,  and  25, as a f u n c t i o n  
o f   o r i e n t a t i o n   a n g l e   f o r  two a p e r t u r e s  a t  two d i f f e r e n t   i n c i d e n c e   a n g l e s   f o r  
each   of   th ree   edge   cons t ra in ts .  I t  can   be   seen   f rom  f igures  2 2  and 24 t h a t  
a l l  t h e   d e v i a t i o n s   f o r   b o t h   a p e r t u r e s ,  C-2  and  C-4, a t  15"   inc idence ,   bo th   in  
t he   p l ane   o f   i nc idence   and   no rma l   t o  i t ,  and f o r  a l l  e d g e   c o n s t r a i n t s ,   a r e  
less than 8 seconds  of arc .  This  i s  t r u e   a l s o   f o r  a l l  t h e   d a t a   l i s t e d   i n  
t a b l e  I f o r  15"   i nc idence   wh ich   i nc ludes   t h ree   add i t iona l   ape r tu re s .  The 
maximum spread   be tween  the   devia t ions  as a func t ion   o f   edge   cons t r a in t  
is h a l f   o f   t h i s ,  o r  4 seconds  of arc  f o r   t h e  15"  incidence.  Thus, t h e r e  i s  
only a s l i g h t  effect  o f   edge   cons t r a in t   o f   t he  windows on   angular   devia t ion  
a t  15" inc idence .  

The a n g u l a r   d e v i a t i o n s   f o r  45" i n c i d e n c e   f o r  C-4 ( f i g .   2 5 ) ,   t h e   c e n t r a l  
a p e r t u r e ,  show a c y c l i c   v a r i a t i o n   o f   a m p l i t u d e  as a f u n c t i o n  of p l a n e   o f   i n c i -  
dence. The e f f e c t   o f   e d g e   c o n s t r a i n t  seems t o   b e  a f a i r ly   un i fo rm  s t ep   change  
i n  magnitude i n   t h e   p l a n e   o f   i n c i d e n c e   w i t h o u t   a f f e c t i n g   t h e   c y c l i c   p a t t e r n .  
The c e n t r a l   a p e r t u r e   t h u s  was l i t t l e   a f f e c t e d  by type   o f   edge   cons t r a in t .  
Figure  23 shows t h e  more t y p i c a l   v a r i a t i o n  of  d e v i a t i o n s ,   i n   t h e  case f o r  
a p e r t u r e  C - 2 ,  which i s  2-1 /2  i n c h e s   t o   t h e  l e f t  of c e n t e r   o n   t h e   h o r i z o n t a l  
c e n t e r   l i n e .  The  Gemini-type frame caused   la rge   devia t ions   coupled   wi th  
wide   var ia t ions  as a func t ion  of p l ane  of i nc idence .  The free edge  and 
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1- 

( a )  Collimator  with no window. 

(b) Window  normal  to  collimator 
axis  with no pressure. 

(c) Window  normal with simulation 
pressures. 

Resolution  Resolution 
1.4 sec 2.9 sec 

(d) Window at 35' with no pressure. (e) Window at 35O with  simulation 
pressures. 

Figure 21.- Resolution  test  photographs  with  Gemini-type  frames. 
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I I I I 

(a) Deviation  in  plane of incidence  due  to  glass  subjected  to  simulation 
pressure. 

e 
P 

Orientation  angle,  deg 

(b) Deviation  perpendicular  to  plane  of  incidence  due  to  glass  subjected  to 
simulation  pressure. 

Figure 22.- Line-of-sight  deviations,  aperture C-2, 15' incidence. 

(a) Deviation  in  plane of incidence  due  to (b) Deviation  perpendicular  to  plane of 
glass  subjected  to  simulation  pressure. incidence  due  to  glass  subjected  to 

simulation  pressure. 

- Free 
P,"",. 

Orientation  angle,  deg 

Figure 23.- Line-of-sight  deviations,  aperture C-2, 45' incidence. 
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I I I I 

(a) Deviation  in  plane of incidence  due  to  glass  subjected  to  simulation 
pressure. 

Gemini 

Clamped 

0 
0 Free 
w -6 

45 90 I35 I80 
Orlentotlon  angle,  deg 

(b) Deviation  perpendicular  to  plane of incidence  due  to  glass  subjected  to 
simulation  pressure. 

Figure 2 4 . -  Line-of-sight  deviations,  aperture C - 4 ,  15" incidence. 

(a) Deviation  in  plane  of  incidence  due  to  glass  subjected  to  simulation 
pressure. 

Free 
Gemini 
ClomDed 

0 45 90 I35 I80 
OrientatIan  angle, deg 

@) Deviation  perpendicular  to  plane  of  incidence  due  to  glass  subjected  to 
simulation  pressure. 

Figure 25.- Line-of-sight  deviations,  aperture C-4,   4S0 incidence. 
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clamped  edge  caused much less d e v i a t i o n   i n   p l a n e ,  as well as pe rpend icu la r  
t o   p l a n e   o f   i n c i d e n c e ,   a n d   a l s o  much less c y c l i c   v a r i a t i o n .  The conclusion 
can  be drawn tha t   t he   Gemin i - type   edge   cond i t ion  is q u i t e   d i f f e r e n t  from t h e  
free- and  clamped-edge  conditions.  

Free- and  clamped-edge  conditions were u s e d   i n   t h e   s t u d y   u n d e r   t h e  
assumption  that   a lmost  a l l  d e v i a t i o n   d a t a   v a r i a t i o n s   a t t r i b u t a b l e   t o   e d g e  
constraint   would  be  encompassed i f  t h e s e   c o n s t r a i n t s  were c lose ly   s imu la t ed .  
The Gemini - type   edge   cons t ra in t   da ta   should   then  f a l l  wi th in   t ha t   spec t rum 
of d a t a  i f  t h e   s t i f f n e s s  of the  Gemini- type frame were similar t o   t h a t   o f  
t h e  free- and  clamped-edge frames s o  t h a t   o n l y   t h e   g a s k e t i n g   w o u l d   e n t e r  as 
a v a r i a b l e .  The f l a t n e s s   d a t a   o f   f i g u r e  19  showed tha t   t he   Gemin i - type  
frames were appa ren t ly  more f l e x i b l e   t h a n   t h e   f r e e - e d g e  frames s i n c e   g r e a t e r  
bowing occur red .   Th i s   g rea t e r   bowing   cou ld   l ead   t o   t he   g rea t e r   dev ia t ions  
experienced. Thus , it can   be   conc luded   t ha t ,   i n   gene ra l  , t h e  clamped  edge 
allowed less d e v i a t i o n   t h a n   t h e  f ree  edge ,   and   tha t   they   bo th   a l lowed  less  
devia t ion   than   the   Gemini - type  frame. 

Transmit ted Wave Measurements 

The d i s t o r t i o n   t o  a p l a n e  wave f r o n t   i n   p a s s i n g   t h r o u g h   t h e   t h r e e   p a n e s  
o f   g l a s s  was measured f o r   t h e   t h r e e   t y p e s   o f   f r a m e s .  The d i s t o r t i o n   t o  a 
p l ane  wave con ta ins  a l l  t h e   i n f o r m a t i o n   a b o u t   t h e   d e v i a t i o n   t o  a l i n e   o f  
s i g h t   s i n c e   t h e   d i r e c t i o n   o f   a n   e m e r g i n g   l i n e   o f   s i g h t  i s  p e r p e n d i c u l a r   t o  
t h i s   d i s t o r t e d  wave a t  t h e   a p e r t u r e   o f   i n t e r e s t .  The w a v e - f r o n t   d i s t o r t i o n  
i s  a n   i n d i c a t i o n   o f   r e s o l u t i o n   d e g r a d a t i o n   b e c a u s e   t h i s   d i s t o r t i o n   c a u s e s  
t h e   l o s s   i n   r e s o l u t i o n .  The t r a n s m i t t e d  wave sums a l l  t h e  effects o f   l ack  
o f   f l a t n e s s ,   a c t u a l  wedge, inhomogeneities,  e t c . ,  and  shows t h e i r   n e t   e f f e c t  
on a f l a t  wave f r o n t .  

I t  is  apparent   f rom  the   in te r fe rograms  of   f igures   26 ,   27 ,   and  28 t h a t  
t h e  window a t  1 5 "   i n c i d e n c e   t o   t h e   p l a n e  wave f ron t ,   and  unbowed by  pyessure,  
d o e s   n o t   g r e a t l y   d i s t o r t  a p l ane  wave f r o n t  and t h a t   t h e   e d g e   c o n s t r a i n t  i s  
not  a s i g n i f i c a n t   p a r a m e t e r .  The f r i n g e s  are widely  spaced  and  almost 
s t r a i g h t ,   i n d i c a t i n g   t h a t   t h e  window acts as a f a i r l y   u n i f o r m  wedge of  very 
small angle .  A t  45" inc idence ,   t he re  seems t o   b e  some e f f ec t   o f   edge  
c o n s t r a i n t ,   b u t   t h e   d i s t o r t i o n   t o   t h e  wave f r o n t  is  s t i l l  ve ry  small. 

The in t e r f e rog rams   o f   f i gu res  26,  27,  and 28 a l s o  show t h e   d i s t o r t i o n  
f o r   t h e  same inc idence   angles   bu t   wi th   bowing   pressures   appl ied .  The d i s -  
t o r t i o n  a t  15"  incidence i s  small and t h e   d i f f e r e n c e   i n   f r i n g e   p a t t e r n s  
be tween   t he   t h ree   edge   cons t r a in t s  would n o t   s i g n i f i c a n t l y   c h a n g e   t h e   a n g l e   o f  
t h e  wave f r o n t  a t  a p a r t i c u l a r   a p e r t u r e .  A t  45"   inc idence ,   an   apprec iab le  
d i f f e r e n c e   i n   t h e   t r a n s m i t t e d  wave f r o n t  as a func t ion   o f   edge   cons t r a in t   can  
be   no ted .  The in te r fe rogram  of   the   Gemini - type   f rame  ind ica tes  a f l a t  area 
c e n t r a l l y   l o c a t e d  on t h e  window w i t h   f r i n g e s  moving o u t   f r o m   t h i s   a r e a .  The 
f r e e -  and  clamped-edge frames, however,  showed  more  uniform p a t t e r n s   o f  
f a i r l y   s t r a i g h t   f r i n g e s   r u n n i n g   a c r o s s   t h e  window as though  the  plane wave 
front   had  changed  direct ion  but   did  not   undergo much d i s t o r t i o n .  The free-edge 
and the   f i xed -edge   pa t t e rn   d id   no t   d i f f e r   marked ly .  
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(a) 15' incidence  with no 
pressure. 

(b) 15' incidence  with 
simulation  pressures. 

(c) 45' incidence  with no 
pressure. 

(d) 45' incidence  with 
simulation  pressures. 

Figure 26 . -  Transmitted wave interferograms  of window i n  Gemini frames a t  90° 
azimuth angle. 
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(b) 15" incidence  with 
simulation  pressures. 

(c) 45" incidence  with no 
pressure.  

(d) 45" incidence  with 
simulation  pressures. 

Figure 2 7 . -  Transmitted wave interferograms o f  window i n  clamped-edge frames 
a t  90" azimuth angle. 
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(a) 15O incidence  with no 
pressure. 

(b) 15" incidence  with 
simulation  pressures. 

(c) 45" incidence  with no 
pressure. 

(d) 45" incidence  with 
simulation  pressures. 

Figure 28 .- Transmitted wave interoferograms  of window i n  free-edge  frames a t  
90" azimuth angle. 
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The t r a n s m i t t e d  wave in t e r f e rog rams   i nc lude   t he   con t r ibu t ion  of a i r  
r e f r a c t i o n   t o   t h e   d i s t o r t i o n   o f  a p l ane  wave f r o n t .  The r e f r a c t i o n  i s  due 
t o   t h e   d i f f e r e n c e   i n   t h e   r e f r a c t i v e   i n d e x  of t h e  a i r  on o p p o s i t e   s i d e s   o f   t h e  
inne r   panes .  The i n t e r f e r o m e t e r  sees a wedge o f  a i r  when t h e  window is a t  
i n c i d e n c e   t o   t h e   c o l l i m a t e d   l i g h t .  The  wedge causes  the  emerging wave f r o n t  
t o  c h a n g e   d i r e c t i o n   i n   t h e  90' azimuth  angle   incidence  plane.  The f r i n g e s  
would be   hor izonta l   and   evenly   spaced   in   f igures   26 ,  27 ,  and 28 i f  t h e   g l a s s  
i t se l f  caused no d i s t o r t i o n   t o   t h e  wave f r o n t .  

CONCLUDING REMARKS 

The o p t i c a l  measurement  system  chosen f o r   t h i s   s t u d y   p r o v e d   t o   h a v e   t h e  
necessary   versa t i l i ty   and   h igh   prec is ion .   Measurements   o f   the   f la tness   o f  
t h e  Gemini  windows i n d i c a t e d   d e f i n i t e   c o n t r i b u t i o n s   o f   t h e  frames. Without 
pressure ,   the   Gemini - type  frames caused more d i s t o r t i o n   t h a n   e i t h e r  clamped- 
edge or f ree-edge frames. With pressure  bowing,  the  Gemini-type frames a l s o  
pe rmi t t ed  more d e f l e c t i o n   o f   t h e   p a n e s   t h a n   e i t h e r   o f   t h e   o t h e r  two frames. 

Wedge angles  measured were below 3 seconds   o f   a r c  which i s  small compared 
t o   t h e   e f f e c t s   o f   e d g e   c o n s t r a i n t s .  

The e d g e   c o n s t r a i n t   e f f e c t  on r e s o l u t i o n  was d e t e r m i n e d   t o   b e   n e g l i g i b l e  
f o r  an op t i ca l   sys t em  wi th  a 2- inch   aper ture .  

The e f f e c t  of edge   cons t r a in t  i s  a l m o s t   n e g l i g i b l e   f o r   a n g l e s   o f   i n c i -  
dence up t o  15', b u t  a t  h i g h e r   i n c i d e n c e   t h e   e d g e   c o n s t r a i n t s   a f f e c t   t h e  
windows as a func t ion   o f   p l ane   o f   i nc idence ,   ang le   o f   i nc idence ,   and   ape r tu re  
l o c a t i o n .  A clamped-edge  constraint   caused less d e v i a t i o n   t o  a l i n e  o f   s i g h t  
t h a n   t h e   o t h e r  two c o n s t r a i n t s .  For the  clamped-edge  and  free-edge  con- 
s t r a i n t s ,   t h e  frame used was a more r igid  f rame  than  the  Gemini- type  f rame;  
t h i s   c o n t r i b u t e d   t o   t h e   s m a l l e r   d e v i a t i o n s .  

Because   f lex ing   of   panes   causes   s ign i f icant   devia t ions ,   th in   panes  
s h o u l d   b e   a v o i d e d   i n   o p t i c a l   q u a l i t y   s p a c e c r a f t  windows and a r i g i d  frame i s  
t o   b e   p r e f e r r e d .  I t  can   be   fur ther   surmised   tha t   the   c loser   the   edge   con-  
s t r a i n t   a p p r o a c h e s  a t h e o r e t i c a l   f i x e d   e d g e ,   t h e  less shou ld   be   t he   angu la r  
d e v i a t i o n s .  

Ames Research  Center 
National  Aeronautics  and  Space  Administration 

Mof fe t t   F i e ld ,  Cal i f . ,  94035, May 29,  1968 
125-17-02-13-00-21 
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w 
P TABLE I. - LINE-OF-SIGHT ANGULAR DEVIATION  DATA^ 

Angle  of Or i en ta t ion  
Gemini frames  Clamped-edge frames Free-edge  frames 

incidence,  angle ,  In-planeb Out-of-planec In-planeb Out-of-planec In-planeb Out-of-planec 
a ,  deg 6, deg dev ia t ion ,  dev ia t ion ,  dev ia t ion ,  dev ia t ion ,  dev ia t ion ,  dev ia t ion ,  

A a ,  s e c  A B ,  s e c  . ACY, s e c  . A B ,  s e c  ha,  sec A B ,  s e c  
Aperture A-4 

0 0 2 1 3 1 3 
15 

1 
0 7 1 4 

15 45 
- 3  4 4 

5 -1 6 0 
15 90 

7 1 
3 - 2  4 

15  135 
- 2  5 -2  

3 -1 3 - 3  3 
15  180 

-3 
4 -2 2 - 3  2 

30 
- 3  

30  45 - 2  9 
8 

13  
5 

30 90 
-1 1 2  1 

9 
30 

- 2  6 -3  9 
135  10 -1 4 - 3  5 

-4 

30 180 11 - 4  5 - 3  
-3 

45 
5 

28  3 14 5 15 
- 2  

45 
8 

25 -4 - 2  23 0 
45 

15 
20 -3   13  

45 135 - 3  9 
-5 

22  
16 

1 
-6 

45 
8 

25 
-4 

-5 9 -2 9 -1 

0 14 3 8 4 

0 
45 
90 

180 

Aperture C-2 

0 0 3 -1 2 2 1 2 
5 - 2  2 4 2 1 
4 1 4 0 
7 

5 1 
-1 4 - 2  4 - 2  

5 - 4  3 - 3  2 - 2  
0 -3 0 - 3  2 

0 7 -4 3 5 3 
-1 

1 
4 3 1 7 

14 2 -1 5 
-1 

5 
13  

- 2  
-5 4 -3 5 

5 -7  
-1 

2 
0 1 2  

-4 5 - 2  
- 10 2 1 7 5 

3 6 1 9 3 
25 

-3 
5 5 1 19 

45 
- 2  

-6 9 - 2   2 2  1 
13  -9 6 -4 19 -2 

15 0 
15 45 
15 90 
15  135 

30 
30 45 
30 90 
30 135 
30 180 
45 
45 45 
45 90 
45 135 
45 180 

I 15  180 

4 

aAngular dev ia t ion  due  only t o   t h e   g l a s s   p a n e s  when bowed by the   s imula t ion   pressures .  

bComponent of   the  angular   deviat ion  measured  in   the  plane of  incidence.  

‘Component of the  angular   deviat ion  measured  perpendicular   to   the  plane of  incidence.  



TABLE  I.-  LINE-OF-SIGHT ANGULAR DEVIATION DATA - Concluded 

I 
1 Angle of Orientation 

Gemini  frames  Clamped-edge  frames  Free-edge  frames 

incidence,  angle, In-planeb Out-of-planec In-planeb Out-of-planec In-planeb 
Out-of-plane'i n ,  deg e ,  deg deviation, deviation deviation, deviation, deviation, deviation, 

An, sec A h ,  sec An, 5ec A B ,  sec An, sec Ah, sec I 

I Aperture C - 4  

0 0 1 2 3 1 3 
15  0 5 1 3 4 

1 

15 
3 3 

6 1 5 1 7 2 
5 5 5 -2 - 2  

15 180 3 - 2  1 2 
0 10 2 6 4 8 

- 3  

7, 30 45 12 1 7 0 

8 -3 4 6 - 3  

45 0 20 2 11 3 15 
45 45 22 0 

90 18 - 4  
-1 17 

16 
180 

- 1  
19  -2 

-3 11 

45 
90 
135 I :: 

1 30 

i ;: 

4 - 2  3 - 3  3 1: j 
- 2  

4 1  
10 0 1  

30 90 
135 

10 - 3  6 -3 7 -3  

180 9 - 2  4 -2  6 :: 1 

9 - 3  11 :: 1 
8 - 2  12 - 2  1 

5 1  

1 45 
13 

~ 45 135 7 
45 

- 2  

I 
I Aperture C-6 I 

i o  0 0 2 1 3 1 2 1  
1 15 

2 1  

-1 1 

- 2  ! 
3 1  

0 3 3 2 3 3 
1 1 5  4 5  6 1 4 1 5 

3 

15 90 5 4 5 
15 

-1 
135 3 -1 2 -3 

-2  
3 

15  180 4 -1 1 -3 2 
! 30 0 11 5 5 4 6 

30 45 14 0 8 1 8 
! 30 90 9 6 - 3  8 - 2  

1 
- 4  

5 3 6 -1 - 3  -3  
0 2 4 - 3  

5 15 

- 4  12 

- 2  

I 30 135 
30 180 

45 45 29 - 2  15 -1 18 0 '  

45 155 

10 
I 45 0 25 6 12 

1 45 180 

-3  I 
4 1  

~ 45 7 90 15 - 7  
8 1 4 - 2  10 :: 1 

20 2 3 -3 5 -5 , 

Aperture D-4 
I 

w 
VI 

' 0  0 1 1 I 1 1 

1 15  

15 0 4 1 3 1 4 ; I  
15 45 5 0 4 4 -1 

4 -3 3 3 
15 I35 2 - 2  1 - 3  2 

- 2  

15 180 2 -1 1 -2  2 -1 
30 0 8 2 5 1 2 
30 35 IO 

8 
5 

30 90 
-1  -1 7 -2  

6 3 -3 4 - 2  
30 

- 4  
135 5 2 4 

30 180 
- 2  -2  -i 

8 3 6 
45 

-1 -1 -1 
2 9  2 2 

45  45 18 - 2  8 
14 

45 90 
- 2  12 -3 

9 2 -3 5 
45 135 

- 3  
7 1 1 6 

45 180 17  
-1 1 

I 6 0 12 -1 

90 
0 1  

- z  I 
-1 

0 15 

-6 

.. . 
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