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The c u r r e n t  program p l a n n i n g  of NASA i s  s e r i o u s l y  s e a r c h i n g  o u t  meaningful  
g o a l s  f o r  t h e  Na t ion  a f t e r  t h e  most s u c c e s s f u l  Sa tu rn-Apol lo  miss ions  t o  t h e  
l u n a r  s u r f a c e .  The a r e a s  of t r a n s p o r t a t i o n  such  a s  space  s h u t t l e ,  s p a c e  tug,  
n u c l e a r  s t a g e ,  and l u n a r  r o v e r s  a r e  r e c e i v i n g  prime a t t e n t i o n .  The new 
s c i e n c e  and t e c h n o l o g i e s  of space  l a b s  and s o l a r  o b s e r v a t o r i e s  a r e  i n  t h e  * 
immediate f u t u r e .  As p r e s e n t e d  i n  t h e  Space Task Group r e p o r t  t o  t h e  P r e s i d e n t  , 
September 1969, t h e  astronomy miss ions  of t h e  f u t u r e  a r e  h i g h l i g h t e d :  " . . . b o t h  
o p t i c a l  and r a d i o  astronomy have been s t i m u l a t e d  by t h e  opening o f  new r e g i o n s  
of t h e  e l e c t r o m a g n e t i c  spectrum and new f i e l d s  o f  i n t e r e s t  have been uncovered 
- -  n o t a b l y  i n  t h e  h i g h  energy x - r a y  and gamma-ray r e g i o n s .  Astronomy i s  
advancing r a p i d l y  a t  p r e s e n t ,  p a r t l y  w i t h  t h e  a i d  o f  o b s e r v a t i o n s  from space,  
and a  deeper  unders tand ing  of t h e  n a t u r e  and s t r u c t u r e  o f  t h e  Universe  i s  
emerging . . .  about  a  v a r i e t y  of c e l e s t i a l  o b j e c t s ,  such  a s  p u l s a r s ,  quasars. . . .  
Astronomy has  a  f a r  g r e a t e r  p o t e n t i a l  f o r  advancement by t h e  space  program 
t h a n  any o t h e r  branch o f  phys ics  ." 
The long- range  program i n  o p t i c a l - s t e l l a r  space  astronomy is based on a 3- t o  
10-meter l a r g e  space  t e l e s c o p e  w i t h  d i f f r a c t i o n - l i m i t e d  o p t i c s  t o  be p laced  i n  
space  i n  t h e  e a r l y  1 9 8 0 ' s .  The Astronomy Miss ion ~ o a r d *  on page 4 of i t s  
r e p o r t  s t a t e s :  "A t e l e s c o p e  of 120- inch  a p e r t u r e  above t h e  e a r t h ' s  atmosphere 
has 10 t imes  t h e  r e s o l v i n g  power o f  t h e  200-inch t e l e s c o p e  on Mount Palomar 
o p e r a t i n g  under t h e  b e s t  a tmospher ic  c o n d i t i o n s .  Because of t h e  v e r y  s m a l l  image 
s i z e s  t h a t  a r e  p o s s i b l e  w i t h  t e l e s c o p e s  i n  o r b i t i n g  o b s e r v a t o r i e s ,  a  space  
t e l e s c o p e  120 inches  i n  d iamete r  shou ld  be abbe t o  d e t e c t  s t a r s  100 t imes f a i n t e r  
t h a n  the  f a i n t e s t  d e t e c t a b l e  from t h e  e a r t h .  Data on such  f a i n t  o b j e c t s  a r e  
c r i t i c a l  f o r  s e t t l i n g  major q u e s t i o n s  i n  cosmology, such a s  whether  t h e  Universe  
i s  i n f i n i t e  o r  n o t  . "  
The o p t i c a l  t echnology  r e q u i r e d  f o r  t h e  120- inch space  t e l e s c o p e  has n o t  been 
demonstra ted i n  t h e  fo l lowing  c r i t i c a l  a r e a s :  

@ P r e c i s i o n  f i g u r i n g  of 120- inch m i r r o r s  t o  h/50 rms 

@ Long-term s u b s t r a t e  s t a b i l i t y  t o  XI50 rms f o r  120- inch  m i r r o r s  

@ L o n g - l i f e  h i g h - r e f l e c t i v i t y  u l t r a v i o l e t  m i r r o r  c o a t i n g s  

@ S t e l l a r  p o i n t i n g  t o  1/100 arc-second f o r  a  120- inch  s p a c e  
t e l e s c o p e  

@ Space maintenance of l a r g e  as t ronomica l  t e l e s c o p e s  by 
a s  t r o n a u t s  

* 
A Long-range Program i n  Space Astronomy, P o s i t i o n  Paper of The Astronomy 
Miss ions  Board, Doyle, Rober t  O . ,  Ed., S c i e n t i f i c  and T e c h n i c a l  I n f o r m a t i o n  
D i v i s i o n  O f f i c e  of Technology U t i l i z a t i o n .  Na t iona l  Aeronau t ics  and Space 
Admin is t ra t ion ,  Washington, D . C . ,  J u l y ,  1969, p .  6  and 1 3 .  
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Fur the r  o p t i c a l  engineering i s  requi red  i n  t he  thermal design t o  achieve i s o -  
thermal condi t ions  i n  overlong periods of time, and the proper  handl ing techniques 
of te lescope  f i l m  i n  repea ted  r ep lacemen t j r e t r i eva l  mode f o r  a  l a r g e  space t e l e -  
scope must be developed. Imagery of f a i n t  o b j e c t s  (magnitude 27 t o  29) whether by 
e l e c t r o n i c  sensors  such a s  image tubes o r  astronomical  p l a t e s  i s  d e s i r e d  f o r  t h e  
120-inch instrument ,  and the  technology t o  accomplish t h i s  imagery i s  n o t  ready.  

The a b i l i t y  f o r  manned i n t e r f a c e s  i s  n o t  proven i n  the  space environment. The 
i n t r i c a t e  ground-based astronomy community has n o t  y e t  been given any i n d i c a t i o n  
a s  t o  t he  proposed ope ra t iona l  modes o r  t h e i r  c o n t r o l  p o s i t i o n  of t he  experimen- 
t a t i o n s .  

The Large Telescope Experiment Program (LTEP) i n i t i a t e d  a  sys temat ic  approach 
t o  t he  development of l a r g e  space t e l e scopes .  The technologica l  a r eas  were 
thoroughly reviewed, advanced, and ex t r apo la t ed  wherever poss ib l e .  The r e s u l t  
of t h i s  thorough s tudy  has l e d  t o  the  formation of a l o g i c a l  l a rge  space t e l e -  
scope p r o j e c t  p lan  f o r  the  f u t u r e :  

1. To phase-up i n  one s t e p  from a precursor  2-meter o p t i c a l  system 
LTEP (o r  OTES) t o  the 3-meter system. (The a l t e r n a t i v e  3-meter 
precursor  mission is, possible ,  but a t  higher  cos t  and r i s k s . )  

2 .  To maximize the  precursor  f l i g h t  t o  achieve t h e  necessary o p t i c a l  
technology and astronomical  observat ions which i n  t u r n  w i l l  be 
the  foundat ion f o r  the follow-on 3-meter system. 

To achieve a  con f igu ra t ion  of t he  LTEP precursor  mission, the fol lowing 
technologica l  s t a t u s  had t o  be e s t a b l i s h e d  i n  order  t o  determine the  precursor  
mission p r o f i l e :  

Opt ica l  ma te r i a l  s t a b i l i t y  - - - t h e  l ack  of adequate experimental  
d a t a  on s t a b i l i t y  has been one of t he  more formidable problems. 
There a r e  a  number of p o t e n t i a l  ma te r i a l s  but i t  i s  not wise t o  
e x t r a p o l a t e  t o  l a rge  mirror  s i z e s  based on small  mirror  t e s t  d a t a .  
An a l t e r n a t i v e  i s  t o  use the  concept of a  segmented primary mir ror  
wi th  each segment con t ro l l ed  by a  l a s e r  i n t e r f e rome te r .  Another 
concept i s  t o  use an Active Deformable Mir ror .  Both concepts 
have been sponsored by NASA and developed i n  the  l a b o r a t o r i e s  of 
Perkin-Elmer . 

2 .  The a b i l i t y  t o  f i g u r e  and coa t  a 120-inch monoli thic  d i f f r a c t i o n -  
l imi t ed  o p t i c s  i s  again a  very major development program. 

3 .  The poin t ing  of the  l a r g e  space t e l e scope  by use of a f r e e - f l o a t  
technique, or by an al l -wavelength t r ans fe r - l ens  approach can be 
done wi th  a  2-meter te lescope  t o  prove c a p a b i l i t y  i n  space of  
the  0 .01  a rc-second.poin t ing .  Also, t h e  o r b i t a l  a l t i t u d e  e f f e c t s  on 
s t a b i l i t y  can be evaluated f o r  f u t u r e  f l i g h t s .  
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4 .  The the rmal  r equ i rement  t o  m a i n t a i n  s t a b l e  c o n d i t i o n s  i s  mandatory .  
The r e c o r d i n g  of  f a i n t  o b j e c t s  over  l o n g  p e r i o d s  of t ime r e q u i r e s  
t h a t  the rmal  d i s t u r b a n c e s  of t h e  o p t i c a l  sys tems and t h e  t e l e s c o p e  
hous ing  must be minimized.  The concep t s  of  the rmal  c o n t r o l  a r e  
a p p l i c a b l e  t o  b o t h  2- and 3-meter s y s t e m s .  

5 .  The a b i l i t y  t o  r e c o r d  imagery i s  a  prime mode of o p e r a t i o n  f o r  t h e  
LTEP. The h i g h - r e s o l u t i o n  d a t a  w i l l  have f l u x  r a n g e s  over  6 o r d e r s  
of m a g n i t ~ d e  and a  s p e c t r a l  r ange  of abou t  1 o r d e r  of magni tude.  
A d e t e c t o r  s i z e  of  about  6 inches  i n  d i a m e t e r  would be d e s i r e d  
i f  i t  cou ld  be developed t o  have a  r e s o l u t i o n  of  100 l i n e s  pairs/mm. 

6 .  The a b i l i t y  t o  house  m u l t i p l e - . a p p l i c a t i o n  s c i e n t i f i c  i n s t r u m e n t s  
bo th  f o r  h i g h  s p a t i a l  and s p e c t r a  r e s o l u t i o n  h a s  been i n v e s t i g a t e d .  
The c a p a b i l i t y  e x i s t s  f o r  bo th  t h e  2- and 3-meter sys tems t o  house  
a  v a r i e t y  of  s c i e n t i f i c  i n s t r u m e n t s .  

The p r e c u r s o r  s t e p  t o  t h e  3-meter N a t i o n a l  Astronomical  Observa to ry  is b a s i c  
and i s  on good m i s s i o n  s t a t u s  w i t h  t h e  Space S h u t t l e / b a s e  miss ions  e n v i s i o n e d .  
The purpose  of  t h e  s t u d y  i s  t o  g i v e  t h e  b e s t  v iew of  p o s s i b i l i t i e s  t h a t  
can  be accomplished i n  t h e  decade of t h e  1 9 7 0 ' s .  
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Thc Large  Telescope Experiment Program i s  t o  i d e n t i f y  and deve lop  f o r  NASA 
t h e  technology n e c e s s a r y  t o  r e a l i z e  the  g o a l  of t h e  Uni ted  S t a t e s  t o  o p e r a t e  
a  N a t i o n a l  Astronomical  Space Observa to ry  (NASO) i n  t h e  l a t e  1 9 7 0 ' s  o r  ear1.y 1 9 8 0 ' s  
The technology i d e n t i f i c a t i o n  o b j e c t i v e  i s  f u l f i l l e d  by t h e  s t u d y  through:  

1 )  A su rvey  of  t h e  d e c i s i v e  exper iments  i n  astronomy which as t ronomers  
and a s t r o p h y s i c i s t s  have planned and a r e  now p lann ing ,  s i n c e  t h e  
advent  of  s p a c e  r e s e a r c h  has opened new v i s t a s  f o r  o u r  s c i e n t i s t s .  

2 )  A thorough and e x h a u s t i v e  r e p o r t i n g  of  t h e  c u r r e n t  s t a t e - o f - t h e - a r t  
i n  o p t i c a l  t echno logy ,  t e l e s c o p e  systems technology ( the rmal  c o n t r o l ,  
p o i n t i n g  s e r v o s ,  a l i g n m e n t ) ,  s p a c e c r a f t  t echno logy  and c u r r e n t l y  
p o s s i b l e  o p e r a t i o n a l  modes. 

3) I d e n t i f i c a t i o n  o f  t h e  technology gap which t h e  program w i l l  b r i d g e  
p r i o r  t o  d e s i g n  of  t h e  Large t e l e s c o p e  f o r  t h e  NASO, The means f o r  
deve lop ing  t h e  r e q u i r e d  technology i s  a  s e r i e s  o f  ground and space  
technology exper iments  embodied i n  a  2-meter a p e r t u r e  t e l e s c o p e  
des igned f o r  use  w i t h  e x i s t i n g  ATM hardware .  

I n t e r v i e w s  w i t h  prominent a s t r o p h y s i c i s t s ,  su rveys  of planned a s t r o p h y s i c a l  
exper iments ,  and rev iews  of  p u b l i c a t i o n s  of  t h e  v a r i o u s  s c i e n c e  and NASA 
Boards and committees have r e s u l t e d  i n  t e n t a t i v e  s p e c i f i c a t i o n s  f o r  t h e  NASO 
Large  Te lescope  s u g g e s t i n g  t h a t  i t :  

a be opera ted  i n  c o n j u n c t i o n  w i t h  a  permanent space  s t a t i o n  i n  
e a r t h  o r b i t ,  e i t h e r  doclcecl o r  autonomously,  

8 have a n  a p e r t u r e  of 3 t o  5 mete r s  ( a s  l a r g e  a s  can be accommodated), 

a have a  d i s t a n c e  p e n e t r a t i o n  g r e a t e r  t h a n  t h a t  p o s t u l a t e d  by c u r r e n t  
cosmolog ica l  t h e o r y  ( e . g . ,  2 9 t b m a g n i t u d e  o r  dimmer s t a r s  co r respond ing  
t o  a  u n i v e r s e  r a d i u s  of 1010 l i g h t  y e a r s ) ,  t o  pe rmi t  new e x t r a -  
g a l a c t i c  e x p l o r a t i o n  

a permit  o b s e r v a t i o n s  from the  f a r  u l t r a v i o l e t  r e g i o n  (800 1) t o  t h e  
nea r  i n f r a r e d  r e g i o n  ( 1  micron), 

a ach ieve  a  q u a l i t y  of imagery cor respond ing  t o  th: d i f f r a c t i o n  l i m i t  
o f  a t  l e a s t  3  mete r s  (0.006 a rc - seconds )  a t  1000A, 

e be des igned s o  t h a t  t h e  exper iment  packages can  be changed t o  accommodate 
new a s t r o p h y s i c a l  exper iments  conceived d u r i n g  t h e  decade of l i f e  of 
t h e  t e l e s c o p e .  

It i s  s o b e r i n g  t o  c o n t r a s t  t h i s  l i s t  of s p e c i f i c a t i o n s  w i t h  t h e  ach ieve-  
ments of t h e  p r e s e n t  day i n  space  astronomy. OAO-A2 i s  i n  o r b i t  and S t r a t o s c o p e  11 
i s  b e i n g  flown on b a l l o o n s ,  bu t  no a p p r e c i a b l y  l a r g e r  d i f f r a c t i o n - l i m i t e d  imaging 
s p a c e  t e l e s c o p e s  e x i s t  o r  a r e  under c o n s t r u c t i o n .  The s p e c i f i c a t i o n s  f o r  t h e  
l a r g e s t  of t h e s e  i n s t r u m e n t s  a r e  a s  fo l lows :  

e a p e r t u r e s  - under 36- inch  d iamete r  
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5 
e d i s t a n c e  p e n e t r a t i o n  - s t a r s  b r i g h t e r  than  1 8 . 5 t h  magnitude:  -10 l i g h t  

y e a r s  
0 0 

e s p e c t r a l  range - OAO's l l O O A  - 4000% @ 

- S t r a t o s c o p e  - 4000A t o  6000A 

e r e s o l u t i o n  - s p a t i a l  0 . 1  2rc-second ( S t r a t o s c o p e )  
- s p e c t r a l  0.1A (OAO-C) 

o p e r a t i n g  t ime - 10  hours  on b a l l o o n s  - about  one y e a r  i n  o r b i t  

e o p t i c a l  q u a l i t y  - S t r a t o s c o p e  11: rms wavef ron t s  
2  - oAO-C: rms wave?ronts 5 

I t  i s  obvious  from t h e s e  s p e c i f i c a t i o n s  t h a t  t h e  accomplishments t o  d a t e  d e f i n e  
a  wide t echno logy  gap t o  be br idged b e f o r e  t h e  NASO t e l e s c o p e  r e a c h e s  t h e  f i r m  
p l a n n i n g  s t a g e s .  It i s  t o  c l o s e  t h i s  gap t h a t  t h e  LTEP espouses  a  2-meter  
a p e r t u r e  p r e c u r s o r  t e l e s c o p e  exper iment  program t o  u t i l i z e  e x i s t i n g  space  
hardware from t h e  Apol lo  A p p l i c a t i o n s  Program ATM. The LTEP t e l e s c o p e  w i l l  advance 
t h e  t e c h n o l o g i e s  r e q u i r e d  f o r  t h e  Space Observa to ry  by d e s i g n i n g  and c o n s t r u c t i n g  
a  t e l e s c o p e  twice  a s  l a r g e  a s  any space  t e l e s c o p e  e x i s t i n g  today .  Th i s  x i 1 1  
implement advances i n t o  t h e  new technology of  a c t i v e  o p t i c s  which h a s  been demon- 
s t r a t e d  on t h e  ground.  Much new a s t r o p h y s i c a l  r e s e a r c h  w i l l  a l s o  be p o s s i b l e  
u s i n g  t h i s  i n s t r u m e n t  and i t  w i l l  prove i n v a l u a b l e  t o  s c i e n c e  i n  d e s i g n i n g  t h e  
a s t r o p h y s i c a l  exper iments  and o b s e r v a t i o n s  t h a t  w i l l  be c a r r i e d  o u t  i n  t h e  8 0 ' s .  

The s p e c i f i c a t i o n s  f o r  t h e  LTEP p r e c u r s o r  t e l e s c o p e ,  whose f e a s i b i l i t y  i s  
s t u d i e d  i n  t h e s e  volumes,  a r e  a s  f o l l o w s :  

a p e r t u r e  - 
c e n t r a l  o b s c u r a t i o n  r a t i o  - 

wavef ron t  e r r o r  

f i e l d  coverage 

p o i n t i n g  accuracy  

i n s t r u m e n t a l  c a p a b i l i t y  - 

s p e c t r a l  coverage - 
thermal  c o n t r o l  - 
weigh t  ( t e l e s c o p e  on ly )  - 
d i s t a n c e  p e n e t r a t i o n  - 

2  meters 

0 .2  (on d i a m e t e r )  
4% ( a r e a )  

1/25 rms 

30 arc-min 

0 . 0 1  a r c - s e c  rms 
(12th-magnitude s t a r s )  

0.006 a r c - s e c  r m s  
(8 th-magni tude s t a r s )  

can accommodate s e v e n  s c i e n t i f i c  
i n s t r u m e n t  packages u s i n g  f i l m , p l a t e s ,  
and p h o t o - e l e c t r i c  d e t e c t o r s  

0 

800A t o  1p 

s t a b i l i z e d  t empera tu re  a t  -80°c  t 5 " ~  

26 t h  magnitude 
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A model o f  t h e  2-meter LTEP t e l e s c o p e  i s  shown i n  F i g u r e  1. A t h r e e - s e c t i o n  
t e l e s c o p i n g  shroud c o n t a i n s  t h e  t e l e s c o p e  primary m i r r o r ,  secondary m i r r o r  and 
t h e  f i g u r e  s e n s o r  used t o  measure and c o r r e c t  t h e  f i g u r e  of t h e  primary m i r r o r .  
The ATM Experiment P o i n t i n g  C o n t r o l  (EPC) i s  adapted f o r  u s e  i n  some of t h e  
LTEP o p e r a t i o n s ,  w h i l e  e x t r a - f i n e  p o i n t i n g  and s t a b i l i z a t i o n  t echn iques  a r e  
embodied f o r  o t h e r  more c r i t i c a l  a s t r o n o m i c a l  o p e r a t i o n s .  The CMG system i s  
u t i l i z e d  f o r  s t a b i l i z a t i o n  of t h e  s p a c e  s t a t i o n  a s  i n  t h e  AAP-ATM. Because 
t h e  2-meter t e l e s c o p e  i s  j u s t  s m a l l  enough t o  f i t  w i t h i n  t h e  a l r e a d y  developed 
ATM hardware ,  a  s u b s t a n t i a l  c o s t  s a v i n g s  i s  p o s s i b l e  over  any l a r g e r  a p e r t u r e  
t e l e s c o p e  t h a t  might be developed f o r  u s e  i n  c o n j u n c t i o n  w i t h  a  s p a c e  s t a t i o n .  
I n  comparison w i t h  a 3-meter t e l e s c o p e ,  f o r  example, t h e  2-meter technology 
t e l e s c o p e  would c o s t  one f o u r t h  what t h e  l a r g e r  i n s t r u m e n t  would c o s t .  

F i g u r e  1. LTEP Model 
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There a r e  many v e r y  d i f f i c u l t  t e c h n i c a l  problems which must be overcome b e f o r e  a  
s u c c e s s f u l  space  t e l e s c o p e  can be r e a l i z e d .  Foremost among t h e s e  i s  t h e  problem 
of making, t e s t i n g ,  launching,  and f i n a l l y  o p e r a t i n g  i n  space a  primary m i r r o r  
a c c u r a t e  t o  one p a r t  i n  108. Even i f  a  p e r f e c t  m i r r o r  s u r v i v e d  t h e  l aunch  w i t h  
no damage and t h e  t h e n n a l  c o n t r o l  p e r m i t t e d  n e a r  i s o t h e r m a l  c o n d i t i o n s ,  i t s  
o p t i c a l  performance could be s e r i o u s l y  degraded by spontaneous r e l a x a t i o n s  o f  
i n t e r n a l  s t r a i n s ,  perhaps  a f f e c t e d  by t h e  cosmic r a d i a t i o n  on t h e  c r y s t a l l i n e  
s t r u c t u r e  of t h e  m i r r o r  m a t e r i a l  i t s e l f .  U n t i l  a  m i r r o r  of t h i s  s i z e  i s  p laced  
i n  space  w i t h  t h e  h i g h  o p t i c a l  q u a l i t y  demanded by t h e  astronomy m i s s i o n  and a  
means f o r  measur ing t h e  o p t i c a l  performance w i t h  commensurate p r e c i s i o n ,  t h e r e  
i s  r e a l l y  no way t o  de te rmine  t h e  type  o r  d e g r e e  of d e g r a d a t i o n .  There i s ,  
however, a  means t o  c o n t i n u o u s l y  a d a p t  t o  i n t e r n a l  s t r u c t u r a l  changes and a t  
t h e  same t ime, measure,  r ecord  and t r a n s m i t  ev idence  of t h e s e  changes t o  e n g i n e e r s  
on e a r t h ,  through t h e  a p p l i c a t i o n  of t h e  A c t i v e  O p t i c s  s e r v o  c o n t r o l  concep t .  
Thus, a  h i g h  d e g r e e  of immunity t o  o p t i c a l  performance d e g r a d a t i o n ,  wha tever  t h e  
cause ,  w i t h  v a l u a b l e  technology c o n t r i b u t i o n s  are a f f o r d e d  by t h e  LTEP c o n f i g u r a t i o n .  

The second most s e r i o u s  problem b e s e t t i n g  a l a r g e  space  t e l e s c o p e  i s  t h a t  of p o i n t -  
i n g  w i t h  a s t a b i l i t y  s u f f i c i e n t  t o  p reven t  b l u r r i n g  of t h e  f i n e s t  d e t a i l .  F o r  
t h e  two-meter t e l e s c o p e ,  t h i s  amounts t o  h o l d i n g  a  g i v e n  p o i n t i n g  d i r e c t i o n  w i t h  
a n  e r r o r  of no more t h a n  1/100 arc-second f o r  a n  o r b i t a l  h a l f  p e r i o d .  

Third ,  i t  i s  no s i m p l e  t a s k  t o  m a i n t a i n  t h e  e x t r e m e l y  c l o s e  mechanical  t o l e r a n c e s  
demanded by a n  o p t i c a l  i n s t r u m e n t  o f  t h i s  s i z e  and r e l a t i v e  compactness. Nor, 
of c o u r s e ,  i s  i t  a  s imple  m a t t e r  t o  deve lop  o p t i c a l  d e s i g n s  which a r e  t o l e r a n t  
of mechanical  and f a b r i c a t i o n  i m p e r f e c t i o n s .  S i n c e  t h e  a l ignment  of t h e  p r imary  
and secondary m i r r o r s  i s  s o  c r i t i c a l  (amounting t o  t o l e r a n c e s  on t h e  o r d e r  of 
t e n t h s  of thousand ths  o f  a n  i n c h ) ,  development of s e r v o  c o n t r o l  o f  t h e  o p t i c a l  
a l ignment  ( f i r s t  t r i e d  i n  t h e  S t r a t o s c o p e  I1 t e l e s c o p e )  f o r  t h e  space  o b s e r v a t o r y  
i s  i n d i c a t e d .  

These a r e  t h e  pr imary technology problems t o  which t h e  LTEP two-meter t e l e s c o p e  
i s  addressed .  There  are a  h o s t  of o t h e r  problems i n  s p a c e  o p t i c s  technology 
which have  been c o n s i d e r e d  i n  t h e s e  volumes, i n c l u d i n g  thermal  c o n t r o l ,  ach ieve-  
ment of h i g h  o p t i c a l  e f f i c i e n c y  a t  t h e  wavelength  extremes,  o p t i m i z a t i o n  of t h e  
o p t i c a l  d e s i g n  f o r  a b e r r a t i o n - f r e e  performance over  t h e  w i d e s t  p o s s i b l e  t e l e s c o p e  
f i e l d ,  t echn iques  f o r  enhancing t h e  r e s o l u t i o n  of t e l e s c o p e  i n  s p e c i a l i z e d  ways 
("superresolution"), and t h e  d e s i g n  of s c i e n t i f i c  i n s t r u m e n t a t i o n  packages such 
a s  s p e c t r o g r a p h s  and photometers  t o  a s s u r e  t h a t  t h e  g r e a t e s t  p o s s i b l e  s c i e n t i f i c  
i n f o r m a t i o n  i s  o b t a i n e d  from t h e  t e l e s c o p e .  

I n  volume 11, t h e  s p a c e c r a f t  and l aunch  v e h i c l e s  which a r e  l i k e l y  c a n d i d a t e s  f o r  
t h e  LTEP launches  a r e  i d e n t i f i e d .  Four launch v e h i c l e / o p e r a t i o n a l  modes have 
been nominated.  These are summarized i n  F i g u r e s  2 ,  3 ,  and 4. The s u p p o r t  
s t r u c t u r e ,  l i f e  c e l l s  f o r  t h e  a s t r o n a u t s ,  m i s s i o n  p r o f i l e s  and t ime  l i n e s ,  s o l a r  
a r r a y s ,  t h e  p r o p u l s i o n  and s u p p o r t  modules f o r  autonomous o p e r a t i o n s  have been 
s t u d i e d  and f e a s i b l e  d e s i g n s  a r e  r e p o r t e d .  These a r e  summarized i n  F i g u r e s  5 ,  
6 ,  7 ,  8,  and 9. 

Thermal c o n t r o l  of t h e  t e l e s c o p e  h a s  a l s o  r e c e i v e d  s p e c i a l  a t t e n t i o n ,  w i t h  p a s s i v e  
c o n t r o l  u s i n g  t h e  O p t i c a l  S o l a r  R e f l e c t o r  (OSR) c o a t i n g s  developed by Lockheed 
and a  more a c t i v e  c o n t r o l  based on h e a t - p i p e  technology s t u d i e d  by C h r y s l e r  and 
r e p o r t e d  on Volume I. Both t echn iques  are f e a s i b l e  t o  p rov ide  t h e  d e s i r e d  i n t e r n a l  
t empera tu re  a t  t h e  primary m i r r o r  of - 8 0 ' ~  k 4 . 5 ° ~ ,  
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MODE 3 - THE RENDEZVOUS LTEP 
111 

IN DEPENDENT LAUNCH -CLUSTER OPERATION 

ORBIT CON FIGURATION 

\ U 

LAUNCH CONFIGURATION ', \SOLAR ARRAY e 
\ ri 

AAP DRY WORKSHOP CLUSTER-' z 
0 

F i g u r e  8. LTEP Mode 3 - Independen t  L a u n c h - C l u s t e r  O p e r a t i o n  
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Research in space is extremely expensive. Recognizing  his, the Large Telescope 
Experiment program has delineated a series of non-space expcrimcnts which will most 
economically accomplish the needed advances in technology which have been identified 
in this and the previous Optical Technology Exlension System (OTES) and Optical 
Technology System (OTS). These experiments are of e he supporting research and technology 
ilk, but because they are cast in the frame of reference of a particular telescope 
configuration and particular spacecraft parameters, are in reality the same as the 
development testing phase of a prototype design. This approach is designed LO achieve 
highly productive and directed SRT without the inefficiencies, overruns, and schedule 
delays of the conventional aerospace program in which development and production are 
attempted concurrently. 

These non-space experiments are: 

e Fabrication and laboratory demonstration of a full-scale 2-meter aperture 
aspheric primary mirror utilizing the active optics principle 

Q Development of automatic alignment techniques for incorporation into the 
demonstration and development of the 2-meter mirror 

e Full scale testing of fused silica, CerVit*, ULE* and other primary mirrors 
(some of which already exist) after exposure to the thermovacuum and vibration 
environment 

e Operation of a ground-based Active Optics telescope for use by the astronomical 
community 

e Additional laboratory development of the Free Float technique for achieving 
pointing control to 0.01 arc-second or better 

e Development of silicon and beryllium "X" as primary mirror materials, and 
full scale thermovacuum and vibration testing 

e Construction of high-efficiency echelle spectrograph and filter spectrometers 
for the ultraviolet and infrared regions based on new developments in grating 
and filter technology 

e Further developments in image tubes and infrared detectors 

e Fabrication and laboratory testing of large deformable mirrors 

e Research in contamination control and contamination susceptibility in 
optical coatings to overcome the present outgassing problems in ATM 

@ Research in photographic films to reduce their susceptibility to radiation 
damage, thereby reducing the shielding requirements 

s Information processing techniques to enhance the resolution of the telescope 
("Superresolution"), extend the faint limit of telescopes, and apply the 
synthetic aperture concept to the problem of detecting faint companions of 
stars. 

These non-space developmental activities are acheduled and costed in the Phase B re- 
commendations contained in the section on Technology Planning and Resource Analysis. 
Accomplishment of these non-space experiments will require three years if funded for 
about $14,000,000. The interrelation of these experiments with the development of the 
LTEP two-meter telescope is shown in Figure 10. 

Product of Corning Glass Co., Corning, N.Y. 
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CHAPTER 3 -. 

TECHNICAL CHARACTERISTICS OF THE 2-METER LTEP 

A 2-meter d i f  f r a c t i o n - l i m i t e d  spaceborne t e l e s c o p e  i s  a  power- 
f u l  t o o l  f o r  new a s t r o n o m i c a l  r e s e a r c h .  Opera t ing  i n  o r b i t  n o t  o n l y  Eemoves 
t h e  atmosphere s p e c t r a l  window and t h e  a tmospher ic  image d e g r a d a t i o n s ,  " see ing"  
s c i n t i l l a t i o n ,  r e f r a c t i o n  and d i s p e r s i o n ,  b u t  a l s o  p r o v i d e s  a c c e s s  t o  more 
d i s t a n t ,  f a i n t  o b j e c t s  of a s t r o n o m i c a l  i n t e r e s t .  The e s s e n t i a l  advantages  
i n  c a p a b i l i t y  ach ieved  by a  l a r g e  o r b i t i n g  t e l e s c o p e  a r e :  

1 )  Wide s p e c t r a l  coverage 

2) Very f i n e  a n g u l a r  r e s o l u t i o n  

3)  Marked improvement i n  f a i n t  l i m i t  

Because o f  t h e  absence  o f  t h e  atmosphere,  t h e  t e c h n i c a l  c a p a b i l i t i e s  of a n  
o r b i t i n g  t e l e s c o p e  a r e  t h e  prime f a c t o r s  which l i m i t  t h e  performance i n  
each of t h e  above t h r e e  a r e a s .  To r e a l i z e  t h e  p o t e n t i a l  improvements t h a t  
a r e  a v a i l a b l e  from o r b i t a l  o p e r a t i o n ,  ve ry  s t r i n g e n t  requ i rements  a r e  p l a c e d  
on: (1)  t h e  i n s t r u m e n t a l  s p e c t r a l  bandpass,  and (2)  t h e  o p t i c a l  imagery 
and t r a c k i n g .  

Wide s p e c t r a l  coverage  e s p e c i a l l y  i n  t h e  vacuum u l t r a v i o l e t  can on ly  be 
achieved f o r  l a r g e  a p e r t u r e s  us ing  an  e n t i r e l y  r e f l e c t i v e  o p t i c a l  sys tem.  
The 2-meter LTEP o p t i c a l  c o n f i g u r a t i o n  i s  d e s c r i b e d  i n  d e t a i l  e lsewhere  i n  

/ 
t h i s  r e p o r t .  The t e l e s c o p e  i s  a  Ri tchey-Chre t i en  employing a n  f / 2  pr imary and 
a  secondary w i t h  a  m a g n i f i c a t i o n  of 5 .  The optimum d e s i g n  f o r  t h i s  two- 
r e f l e c t i n g  e lement  c o n f i g u r a t i o n  y i e l d s  a  f l a t  f i e l d  o f  about  5 . 5  a rc -minu tes  
over  which d i f f r a c t i o n -  l i m i t e d  images a r e  produced. The 5.5-arc-minute f i e l d  
i s  l i m i t e d  by f i e l d  c u r v a t u r e  and as t igmat i sm.  I n  o r d e r  t o  a c h i e v e  t h i s  pe r -  
formance a  pr imary m i r r o r  f i g u r e  good t o  h/50 ms i s  r e q u i r e d .  S ince  t h e  
5.5-arc-minute f i e l d  i s  much s m a l l e r  t h a n  t h e  20- t o  30-arc-minute d i a m e t e r  
f i e l d  r e q u i r e d  by t h e  p o i n t i n g  system, it i s  n e c e s s a r y  t o  extend t h e  f i e l d  
f u r t h e r  w i t h  a  Ross t y p e  of r e f r a c t i v e  c o r r e c t o r  s i t u a t e d  n e a r  t h e  f o c a l  
p l a n e .  O r d i n a r i l y ,  t h e  a d d i t i o n  of r e f r a c t i v e  e lements  p l a c e s  narrow l i m i t s  
on t h e  s p e c t r a l  bandpass of a t e l e s c o p e .  However, t h i s  l i m i t a t i o n  i s  avoided 
i n  t h e  p r e s e n t  c o n f i g u r a t i o n  by c u t i . n g  a  h o l e  th rough  t h e  c e n t e r  of e a c h  of 
t h e  c o r r e c t o r  e lements  s o  t h a t  t h e  c e n t e r  5 .5-arc-minute  p o r t i o n  of t h e  f i e l d  
remains a l l - r e f l e c t i v e  f o r  imagery and spec t roscopy  i n  t h e  vacuum u l t r a v i o l e t .  
By c o a t i n g  t h e  a luminized s u r f a c e s  of t h e  pr imary and secgndary w i t h  L iF ,  
t h e  s h o r t  wavelength  l i m i t  of t h e  t e l e s c o p e  i s  about  1080A. 
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To r e a l i z e  t h e  v e r y  f i n e  a n g u l a r  r e s o l u t i o n  c a p a b i l i t y ,  i t  is  n e c e s s a r y  t o  
r e q u i r e  d i f f r a c t i o n - l i m i t e d  performance over  a s  l a r g e  a  f i e l d  a s  p o s s i b l e .  
For  ground-based t e l e s c o p e s ,  t h e  s t e l l a r  image d i a m e t e r s  a r e  de te rmined  by 
t h e  a tmosphere  and a r e  r a r e l y  l e s s  t h a n  1 a rc - second  i n  d i a m e t e r .  For  a  2- 
meter  a p e r t u r e ,  t h e  d i f f r a c t i o n - l i m i t e d  image s i z e  is  abou t  0 . 0 5  a r c - s e c o n d s .  
Thus, t h e  p o t e n t i a l  e x i s t s  f o r  i n c r e a s i n g  by a t  l e a s t  a  f a c t o r  o f  400, t h e  
number o f  r e s o l u t i o n  e lements  r e c o r d e d  p e r  u n i t  a r e a  of  t h e  c e l e s t i a l  s p h e r e .  
F i g u r e  l l s h o w s  t h e  i n t e n s i t y  p r o f i l e s  expec ted  w i t h  2-meter ea r th -bound  
t e l e s c o p e s  and a 2-meter  d i f f r a c t i o n - l i m i t e d  o r b i t i n g  t e l e s c o p e .  I n  o r d e r  t o  
r e a l i z e  t h e  0 .05-arc-second image s i z e  l i m i t ,  s t r i n g e n t  r equ i rements  a r e  
p laced  on t h e  p o i n t i n g  a c c u r a c y .  It i s  n e c e s s a r y  t o  s t a b i l i z e  t h e  f i e l d  of  
view t o  a  f r a c t i o n  o f  t h e  d i f f r a c t i o n - l i m i t e d  image s i z e  f o r  p e r i o d s  which 
might t y p i c a l l y  be s e v e ' r a l  hours  d u r a t i o n .  Thus, t h e  p o i n t i n g  a c c u r a c y  
requ i rement  i s  abou t  0  . O 1  a r c - s e c o n d .  

The o n l y  f e a s i b l e  method o f  a c h i e v i n g  t h e  0 .01-arc-second p o i n t i n g  requ i rement  
is  t o  use  s t a r s  w i t h i n  t h e  t e l e s c o p e  f i e l d  o f  view a s  a  p o i n t i n g  r e f e r e n c e .  
Any o t h e r  method, s u c h  a s  a  s e p a r a t e  b o r e s i g h t e d  guidance system, i s  prone t o  
f a i l u r e  because  of  t h e  t h e r m o e l a s t i c  de fo rmat ions  o c c u r r i n g  i n  t h e  e n t i r e  
t e l e s c o p e  s t r u c t u r e  a s  t h e  s a t e l l i t e  sweeps i n  and o u t  of  t h e  e a r t h ' s  shadow. 
With common p o i n t i n g  and imaging o p t i c s ,  i t  i s  p o s s i b l e  t o  a c h i e v e  a  v e r y  
h igh  d e g r e e  of immunity t o  s t r u c t u r a l  changes s i n c e  t h e s e  produce i d e n t i c a l  
changes i n  t h e  p o i n t i n g  and image f i e l d s  which a r e  i n d i s t i n g u i s h a b l e  from 
p o i n t i n g  e r r o r s  and which a r e  n u l l e d  by t h e  p o i n t i n g  sys tem.  

F a i n t  L i m i t  Performance 

The f a i n t  l i m i t  of a  t e l e s c o p e  d e n o t e s  t h e  f a i n t e s t  v i s u a l  magnitude a c c e s s -  
i b l e  i n  a g i v e n  i n t e g r a t i o n  t ime t o  c a r r p  o u t  some s p e c i f i e d  o b s e r v a t i o n  
w i t h  a  g i v e n  p e r c e n t a g e  of a c c u r a c y .  A 1 0 - p e r c e n t  a c c u r a c y  i s  used f o r  t h e  
a n a l y s i s  t h a t  f o l l o w s .  

When u s i n g  p h o t o e l e c t r i c  d e t e c t i o n ,  t h e  f a i n t  l i m i t  of a n  e a r t h - b a s e d  t e l e -  
scope  is  sky-background l i m i t e d .  T h i s  occurs  f o r  two r e a s o n s :  ( 1 )  t h e  
n i g h t - t i m e  s k y  i s  e q u i v a l e n t  t o  a  background of  a  one 2 2 . 5 t h  v i s u a l  magnitude, 
(Mv), s t a r  p e r  s q u a r e  a rc - second  of a r e a  on t h e  c e l e s t i a l  s p h e r e  whereas i n  
o r b i t  t h e  background is  e q u i v a l e n t  t o  l e s s  t h a n  one 29th-visual -magni tude s t a r  
p e r  s q u a r e  a rc - second  o f  a r e a ,  and ( 2 )  t h e  a tmospher ic  "seeing"  broadens t h e  
image. 

Using c o n v e n t i o n a l  photography, it  i s  f e a s i b l e  f o r  t h e  2-meter LTEP t o  work 
t o  about  Mv = 2 5  w i t h  one day  exposures .  * 

Using p h o t o e l e c t r i c  d e t e c t i o n ,  t h e  f a i n t  l i m i t  o f  a  %-meter o r b i t i n g  t e l e s c o p e  
i s  d a r k  c u r r e n t  l i m i t e d .  

* 
T i f f t ,  W . G .  : Space Asirronomy of t h e  Steward O b s e r v a t o r y .  Repor t  T68-12, 
U n i v e r s i t y  of Arizona,  Tucson, Arizona,  1968, p .  1 0 .  
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Tab le  1 shows t h e  compara t ive  p h o t o e l e c t r i c  p e r f o m a n c e  of  a  2-meter 
o r b i t i n g  t e l e s c o p e  and a  200-inch (5m) e a r t h - b a s e d  t e l e s c o p e .  

'GABLE' 1. COMPAMTIVE PNOTOELECTREC PERFOWNCE 

V i s u a l  5m Earth-Based 
Magnitude Z n t e p a t i o n  Times ( S i g n a l  t o  n o i s e  = 10) 

20.0 2.5 Sec 5 . 8  Sec .  

23.0 1.1 Min 22.5 Min, 

25.0 26.3 Min. 

27.0 1 5  Hours 

A s  i n d i c a t e d  by T a b l e  1, t h e  advan tages  of  a  2-meter s p a c e  t e l e s c o p e  a r e  
s t r i k i n g .  For  a  Mv = 23.0, t h e  i n t e g r a t i o n  t ime  f o r  t h e  2-meter s p a c e  
t e l e s c o p e  i s  abou t  1 /20  t h a t  f o r  t h e  5-meter e a r t h - b a s e d  t e l e s c o p e .  More 
important ,  t h e  f a i n t  l i m i t  o f  t h e  2-meter s p a c e  t e l e s c o p e  i s  abou t  4 
v i s u a l  magni tudes  f a i n t e r  t h a n  t h a t  of  a  5-meter e a r t h - b a s e d  t e l e s c o p e .  
T h i s  r e p r e s e n t s  a  f a c t o r  o f  40 lower l e v e l  i n  s t e l l a r  l i g h t  f l u x  o f  t h e  
t e l e s c o p e .  

I n  summary, t h e  2-meter s p a c e  t e l e s c o p e  w i t h  t h e  c h a r a c t e r i s t i c s  o u t l i n e d  
above r e p r e s e n t s  a  p o t e n t i a l l y  powerful  i n s t r u m e n t  f o r  e x c i t i n g  a s t r o n o m i c a l  
r e s e a r c h .  It cou ld  b e  of  prime importance  not  on ly  f o r  a s t r o n o m i c a l  r e s e a r c h  
b u t  a l s o  cosmolog ica l  r e s e a r c h .  Undoubtedly, some o f  t h e  most e x c i t i n g  
r e s u l t s  o b t a i n e d  by such  a n  i n s t r u m e n t  a r e  l i k e l y  t o  be t h o s e  which a r e  n o t  
p r e s e n t l y  f o r e s e e n .  

ULTRAVIOLGT SPECTROSCOPY 

The s c i e n t i f i c  importance  of u l t r a v i o l e t  astronomy h a s  been recogn ized  f o r  a  
long  t i m e  and h a s  p rov ided  t h e  impetus  f o r  r o c k e t  and ba l loon-borne  e x p e r i -  
ments. The wide wavelength  coverage p e r m i t t e d  above t h e  ahnosphere  i s  a  prime 
j u s t i f i c a t i o n  f o r  spaceborne  u l t r a v i o l e t  astronomy. F i g u r e  12 d e p i c t s  t h e  
s p e c t r a l  e x t i n c t i o n  of  t h e  e a r t h ' s  a tmosphere  i n  t h e  u l t r a v i o l e t  r e g i o n .  
T h i s  f i g u r e  g i v e s  t h e  a l t i t u d e s  a t  which normal ly  i n c i d e n t  r a d i a t i o n  i s  reduced  
by a  f a c t o r  of  e-' of  i t s  i n i t i a l  i n t e n s i t y .  From F i g u r e  1% it i s  a p p a r e n t  
t h a t  h i g h  a l t i t u d e  b a l l o o n s  o p e r a t i n g  between 30 t o  40 km can conduct e x p e r i -  
ments i n  t h e  2000-30001 r e g i o n .  I n  o r d e r  t o  cover  t h e  e n t i r e  u l t r a v i o l e t  
r e g i o n ,  i t  i s  n e c e s s a r y  t o  u s e  r o c k e t  v e h i c l e s  t o  c a r r y  t h e  i n s t r u m e n t a t i o n  
above 100 h, It i s  n e c e s s a r y  t o  go above 200 km t o  conduct o b s e r v a t i o n s  f r e e  
o f  a tmospher ic  e x t i n c t i o n  o v e r  t h e  e n t i r e  u l t s a v i o b e t  s p e c t r a l  r e g i o n .  



E'igure12. Altitude at which radiation incident no 1 to the Earth's atmosphere is 
reduced to e-1 of its initial intensity. (The chemical constituents that 
are the main contributors to the absorption in various spectra1 regions are 
shown on the curve. ) * 

* 
Wilson, R. and Bokensberg, A.: Ultraviolet Astronomy. Annual Review of Astronomy and Phys i c s .  
Vol. 7, 1969, p. 422. 
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A wide range of important a s t rophys i ca l  i n v e s t i g a t i o n s  a r e  of importance i n  
the  u l t r a v i o l e t  reg ion .  Table 2 gives  some of t h e  important phenomona, 
t he  important s p e c t r a l  ranges, and the  s p e c t r a l  widths t o  be expected. It 
i s  evidenf; from Tafrle 2  t h a t  access  t o  t he  f u l l  u l t r a v i o l e t  s p e c t r a l  range, 
i . e .  900A t o  3000A, i s  extremely important and t h a t  f o r  many i n v e s t i g a t i o n s  

0 ' 
0.1A r e s o l u t i o n  i s  r equ i r ed .  

The two u l t r a v i o l e t  instruments  suggested a s  p a r t  of LTEP a r e  1) a  Rowland 
c i r c l e  spectrometer  and 2) an e c h e l l e  spectrograph.  

(Equipment Module E) 

I n  t h e  f a r  u l t r a v i g l e t  reg ion  the  e f f i c i e n c y  of the  b e s t  r e f l e c t i v e  coa t ings  i s  
very low. A t  1200A a r e f J e c t i v i t y  of b e t t e r  than 50 percent  i s  considered 
e x c e l l e n t ,  and below lOOOA e f f i c i e n c i e s  a r e  somewhat l e s s  than  20 percent ,  even 
i f  platinum o r  rhodium coa t ings  a r e  used. Figure 13 shows r e f l e c t i v i t y  f o r  
aluminum with MgF2 and LiF over -coa ts .  This  absorp,tion l o s s  i s  f u r t h e r  com- 
pounded by the  l a r g e  s c a t t e r i n g  lo s ses  which occur a t  these  wavelengths.  Even 
on good su r f aces ,  t h e  s c a t t e r e d  r a d i a t i o n  gene ra l ly  a c t s  t o  obscure the  des i r ed  
images. It i s  t h e r e f o r e  imperat ive t h a t  t he  number of o p t i c a l  su r f aces  be kept  
t o  an  abso lu t e  minimum i n  instruments  designed t o  ope ra t e  i n  t h i s  region.  The 
Rowland c i r c l e  spectrometer  f u l f i l l s  t h i s  condi t ion  and, i n  add i t i on ,  can  be 
designed so t h a t  t h e  inhe ren t ly  lower d a t a  r a t e  of t h i s  type of instrument i s  
p a r t i a l l y  o f f s e t  by i t s  v e r s a t i l i t y .  

The 0A0-C, buh l t  f o r  P r i m e t o n  U d v e r s i t y  by Perkin-Elmer, i s  based upon 
t h e  Rowland c i r c l e  spectrometer .  This  instrumant  and a n  adapt ion  f o r  t h e  
LTEP a r e  descr ibed  elsewhere i n  t h i s  r e p o r t .  Some of t h e  par fomance  test 
d a t a  i s  bacomiw a v a i l s b l e ,  and i n  Figure  14 , s p e c t r a l  scaps  i l l u s t r a t i v e  of 
t h e  r g s o l u t i o n  a r e  shown, As noted on t h e  record, t h e  3131 A Msrcury doublet: 
(0.28A sepa ra t ion )  i s  very  w e l l  resolved,  showing t h a t  0.1A w i l l  r e a d i l y  be 
accomplished by t h e  imt rumen t  , 

The p o t e n t i a l  advantages of inc luding  t h i s  s p c t r m e t e r  i n  a  2 l n e t e r  t e l e -  
scope a r e  c l e a r :  t h e  photon ga ther ing  power i s  more t h a n  quadrupled, s i z e  
t h e  four- t imas-larger  a p e r t u r e  of LTEP and t h e  behind-thewmirror l o c a t i o n  
f o r  t h e  spectrometer  reduces t h e  obscura t ion  from 35 percent  i n  0AO-C t o  only  
4 percent  i n  t h e  LTEP conf igu ra t ion .  The t o t a l  n e t  g a i n  i n  photon c o l l e c t i o n ,  
then,  i s  a  f a c t o r  of  10 i n  favor  of t h e  LTEP over OAO-C. 

I n i t i a l l y  a t  l e a s t ,  the  g r e a t e s t  need w i l l  be f o r  an instrument of moderately 
high s p e c t r a l  r e s o l u t i o n  but  capable of performing a  spec t rographic  survey 
of a  f a i n t  s t e l l a r  spectrum i n  a  minimum length  of t ime.  

This  requirement appears  t o  be met by an  e c h e l l e  spectrograph modified from 
the  one developed by Perkin-Elmer i n  the Advanced Pr ince ton  Study and adapted 
t o  t he  LTEP. The echelle spectrograph i s  descr ibed i n  d e t a i l  elsewhere i n  t h i s  
r e p o r t ,  but  b r i e t l y ,  t h e  spectrograph c o n s i s t s  of two g r a t i n g s  ru led  a t  r i g h t  



TABLE 2 . AN I N D I C A T I O N  OF T H E  IMPORTANT SPECTRAL RANGE AND S P E C T R 4 L  
WIDTHS T O  BE EXPECTED I N  Ul' SPECTRA F O R  VARIOUS ASTROP,-1YSIC4L GPOUPS* 

I m p o r t a n t  

STELLAR PHOTOSPHERES 
(ABSORPTION LINE) O,B,A 
G i a n t s  

Broad l i n e  

Narrow l i n e  

Ear ly -Type  S t a r s  

EXTENDED ATMOSPHERES 
(Emiss ion  l i n e )  (3 )  

I P. Cygni  S t a r s  ( s u p e r g i a n t s ;  
expand ing  enve lope)  

Be S t a r s  
( R o t a t i n g  e n v e l o p e )  

S h e l l  S t a r s  

Wol f -Ra le t  S t a r s  

S p e c t r a l  Range S p e c t r a l  Wid ths  Remarks 
I I Y 

S t r o n g  l i n e  1-50 A  

F a i n t  l i n e  d . 4  A  

S t r o n g  l i n e s  1-50 A  

F a i n t  l i n e s  X . 0 5  A  

1220-3000 A  (1 )  

S t r o n g  l i n e s  1-50 A  

F a i n t  l i n e s  X . 0 5  (2 )  

S t r o n g  l i n e s  2-50 A  

F a i n t  l i n e s  -2 A  

R a d i a t i o n  damping;  s e v e r a l  r e s o n a n c e  
l i n e s  covered  

T u r b u l e n c e  b r o a d e n i n g  
3 
v 

R a d i a t i o n  damping; s e v e r a l  r e s o n a n c e  
A 
c..l 

l i n e s  covered  
R o t a t i o n  b r o a d e n i n g  z 

I 

R a d i a t i o n  damping;  r e s o n a n c e  l i n e s  
c o v e r e d  

Lower l i m i t  from t h e r m a l  b r o a d e n i n g ;  no 
r o t a t i o n  o r  po le -on  v i e w i n g  i 

R a d i a t i o n  damr ing ;  a l s o  S t a r k  b r o a d e n i n g  
m 

i n  H,  HeI .  He11 
Lower l i m i t  from t h e r m a l  b r o a d e n i n g  

912-3000 A  

I 91.2-3000 A  Emiss ion  l i n c s  . 3 0  A Energy i n  e m ~ s s i o n  l i n e s  r o u g h l y  e q u a l  t o  
t h a t  i n  cont inuum 

A b s o r p t i o n  l i n e  s h i f t  -1 A  

P h o t o s p h e r i c  a b s o r p t i ~ n ~ l i n e  4A 
S h e l l  e m i s s i o n  l i n e  3 A ,> 

S h e l l  a b s o r p t i o n  l i n e  M . 0 5  A 

Emiss ion  g e n e r a l l y  v a r i a b l e  on a  t i m e  s c a l e  
o f  some y e a r s  

Cepheid V a r i a b l e s  

Late-Type S t a r s  
(F ,G ,K,M)  

V a r i a b i e  S t a r s  

I I I I 

~ h r o m o s p h e r i c / ~ o r o n a l  F e a t u r e s  

1500-3000 A ( 7 )  

Magne t i c  S t a r s  

912-2000 A ( 4 )  

S t r o n g  l i n e s  1-50 A  

F a i n t  l i n e s  S . 1  A 

PCephei S t a r s  

R a d i a t i o n  damping;  s e v e r a l  r e s o n a n c e  
l i n e s  covered  

Lower l i m i t  ma in ly  from t u r b u l e n c e  

1200-3000 A 

MgII  l i n e s  0 .3 -3 .0  6 ( 5 )  
Corona l  l i n e s  - 0 . 5  A (6)  

S t r o n g  l i n e s  1-50 A 

F a i n t  l i n e s  0 .2 -0 .8  A 

Lyman t o ?  i1 o b s e r v a b l e  -1 A  

R a d i a t i o n  damping: s e v e r a l  r e s o n a n c e  
l i n e s  covered  

R o t a t i o n  b r o a d e n i n g  

S t r o n g  l i n e s  1-50 A 

F a i n t  l i n e s  X . l  A 

INTERSTELLAR DUST 
E a r l y  t y p e  0,B S t a r s  (8 )  

R a d i a t i o n  damping;  s e v e r a l  r e s o n a n c e  
l i n e s  covered  

Lower l i m i t  irom t h e r m a l  p l u s  Zeeman 

I n t e ? s t t l l  > r  Mediuui 

-8- 

' ' ~ i l s ~ n .  R .  and Boksenberg, A . :  U l t r a a i o l e t  Astronsmy. Annzal P e ~ i e w  of A s t r o n o m y  and P h y s i c s .  
Vol. 7, 1969, pp. 424-425. 

Novae 

E c l i p s i n g  B i n a r i e s  

912-3000 A 

912-3000 A 

V a r i o u s  u p  t o  20 A 

S t r o n g  l i n e s  b road  

F a i n t  l i n e s  M .  1  A 

b r o a d e n i n g  

Grea t  v a r i a t i o n s  i n  s p e c t r u m :  a b s o r p t i o n  -0 

and e m i s s i o n  l i n e s ;  complex s t r u c t u r e  0 
e 
7: 

R a d i a t i o n  damping;  s e v e r a l  r e s o n a n c e  
l i n e s  covered  

Lower l i m i t  from t u r b u l e n c e  b r o a d e n i n g  
z 



TABLE 2 . AN INDICATION'OF T d E  D P 3 R T A N C  SPECTRAL PANGE AM) SPECTRAL WIDT;-IS TO 
BE EXPECTED I N  W SPECTR4 FOR VARIOUS ASTROPHYSICAL GRDJPS* ( C o n t i n u e d )  

Impor tan t  
S p e c t r a l  Range S p e c t r a l  Widths Remarks 

I n t e r s t e l l a r  Medium 
(Cont inued)  

NOTES TO TABLE I 

1. Neavy b l a n k e t i n g  below 1220 A  from model a tmosphere  c a l c u l a t i o n s  f o r  e a r l y  B  s t a r s .  T h i s  b l a n k e t i n g  s h o u l d  e x t e n d  t o  A-type b u t  may b e  much l e s s e n e d  i n  
0 - type  s t a r s .  

2. Lower l i m i t  i g n o r e s  p o s s i b l e  c o n t r i b u t i o n  of  p r e s s u r e  b r o a d e n i n g  which may b e  s i g n i f i c a n t  f o r  some l i n e s .  
3.  E a r l y  W s p e c t r a  i n d i c a t e  p r e s e n c e  o f  pronounced ex tended  a tmospheres  i n  a  number o f  e a r l y - t y p e  s u p e r g i a n t s  and g i a n t s .  These  a r e  o f  t h e  P  Cygni t y p e  b u t  w i t h  

l a r g e  expans ion  v e l o c i t i e s  o f  t h e  o r d e r  obse rved  i n  Wolf-Rayet s t a r s  (3) .  
4. Chromespheric e m i s s i o n  l i n e s  w i l l  p robab ly  b e  swamped by p h o t o s p h e r i c  r a d i a t i o n  a t  wave leng ths  above  2000 A  w i t h  t h e  e x c e p t i o n  o f  Mg I1 resonance  l i n e s  a t  

2796 and  2803 A. 
5. Obta ined  Erom Wilson-Bappu r e l a t i o n  between wid th  and l u m i n o s i t y  f o r  Ca I1 l i n e s .  
6.  Obta ined  from v a l u e s  f o r  t h e  Sun. 
7. S i n c e  t h e  s p e c t r a l  t y p e s  i n v o l v e d  a r e  main ly  l a t e  A.K. and  e a r l y  F, p h o t o s p h e r i c  e m i s s i o n  s h o u l d  b e  a p p r e c i a b l e  o n l y  above  1500 A. O b s e r v a t i o n s  o f  Mg I1 l i n e s  

w i l l  b e  i m p o r t a n t  
8 .  E a r l y  o b s e r v a t i o n s  o f  W o s t e l l a r  f l u x  have  a l r e a d y  ex tended  t h e  i n t e r s t e l l a r  e x t i n c t i o n  c u r v e d  down t o  1115 8 . ( 4 ) .  
9. O b s e r v a t i o n s  below 1200 A  may b e  d i f f i c u l t  f o r  d i s t a n t  s t a r s  due t o  a b s o r p t i o n  o f  i n t e r s t e l l a r  a t o m i c  hydrogen.  ? 

10 .  A  W s t e l l a r  spec t rum h a s  p l a c e d  a n  upper  l i m i t  on t h e  abundance o f  i n t e r s t e l l a r  Hz a s  10% o f  H  (5) .  ''0 
0 

11. The i n t r i n s i c  l i n e  w i d t h s  o f  v e r y  f a i n t  l i n e s  a r e  v e r y  narrow, b u t  t h e  components  due t o  i n d i v i d u a l  c l o u d s  a r e  s h i f t e d  by t h e  o r d e r  o f  0 . 1  A  due  t o  t h e  random mot ions  o f  i-$ 

t h e  c l o u d s .  R 

12. These  v a l u e s  a r e  o b t a i n e d  from expans ion  v a l o c i t i c s  which o f t e n  c a u s e  a  s p l i t t i n g  of  t h e  l i n e  i n t o  two components. I n  some c a s e s ,  much h i g h e r  v e l o c i t i e s  a r e  o b s e r v e d  
f o r  l i n e s  o f  low s t a g e s  o f  i o n i z a t i o n .  

z 
0 

13. E s t i m a t e d  Lyman a f l u x e s  o b t a i n e d  from Burb idge  (6) .  The Galaxy w i l l  b e  t r a n s p a r e n t  t o  t h i s  l i n e  f o r  r e d s h i f t s  v / c  > 3 x 1 0 - ~  

w 
00 --- 0 

-*- 0 

"8ilson, R. and B o k s e n b e r g ,  A. : U l t r a v i o l e t  A s t r o n o m y ,  A n n u a l  R e v i e w  of A s t r o n o m y  and Physics. 
Vol ,  7 ,  1969, pp. 424-425. 

- ---- 

G a l a c t i c  Nebulae 

H E x t e r n a l  G a l a x i e s  
I 
h) 

Cn 

- - - - -- 
STELLAR PHOTOSPHERES 
(ABSORPTION LINE) 0, B, A  
G i a n t s  

INTERSTELLAR GAS 
Atomic Hydrogen .; N e a r e s t  0,B 

S t a r s  
Molecu la r  Hydrogen 

R e l a t i v e l y  n e a r  abundan t  e l e m e n t s  
0,B S t a r s  C, N, 0, Mg, e t c .  

P l a n e t a r y  Nebulae 

D i f f u s e  Nebulae 

Crab Nebulae 

Normal G a l a x i e s  

Abnormal G a l a x i e s  
( S t r o n g  Radio E m i t t e r s ,  q u a s i s t e l l a r  

o b j e c t s ,  S e y f e r t  G a l a x i e s )  

912-1220 A  

1040-1120 A  

1100-3000 A  

912-.3000 A  

912-3000 A  

912-3000 A 

1250-3000 A  

1250-3000 A  

-------------- --------- 

Lyman 0-5 A  

r 
Values  f o r  n e a r e s t  s t a r s .  ~ = 1 0 ' ~  atoms 

Lyman p-1.5 A  an-z 

1 7  +-1L +,.B.5A; HD S h i f t  Abundance unknown, s t a t e d  v a l u e  f o r  
a m  ii 
-3A 

10% o f  H (10) 
HD o b s e r v a t i o n  a l s o  p o s s i b l e  i f  abundance 

s i g n i f i c a n t  

Resonance l i n e s d .  1-0.4 A v a l u e s  f o r  N = 5x1020 atoms cm-2 
(11) 

Emission l i n e s  0.1-0.3 A  (12) S t r o n g  W f l u x  e x p e c t e d  from n u c l e u s  

Emiss ion  l i n e s  - 0 . 1  A  K i n e t i c  t e m p e r a t u r e s  -lo4 " K  

Cont inuous  s y n c h r o t r o n  spec-  Cont inuous  spec t rum main ly  from 
trum amorphous c e n t e r  

Emission l i n e s  s p l i t  -10 A  Emiss ion  l i n e s  main ly  from expand ing  
f i l a m e n t s  

Emiss ion  l i n e s :  Lyman c T 1  4 - 12 -2 -1 
Lyman n f l u x  -10 e r g  cm s e c  (13)  

O t h e r s A .  lA 

Emiss ion  l i n e s  up t o  2 0  A  
-2 -1 

Lyman s f l u x  e r g  cm s e c  (13) 
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A1 + MgF2 (d = 250A) 

Unflashed A1 
Replica Grating 

0 

1000 1200 1400 1500 1800 

Wavelength in Angstrom Units 

Figure 13, Improvement in efficiency produced by overcoating an 
aluminum replica grating with fresh aluminum and with 
fresh aluminum plus 250 A of MgF2. (600 lines/m 
grating at h1200 A.) * 

* 
bss, George, ed.8 Physics of ThinFilms. VoP. 1, Academic Press, 
New York and London, 1963, p ,  183. 
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a n g l e s  t o  each o t h e r  and a  f o l d i n g  f l a t  l o c a t e d  n e a r  t h e  v i d i c o n  image s u r f a c e .  
The f i r s t  g r a t i n g  i s  concave,  o p e r a t e s  i n  t h e  f i r s t  o r d e r ,  and y i e l d s  a  spectrum 
s t r e t c h i n g  from one s i d e  of t h e  v i d i c o n  t o  t h e  o t h e r .  The second g r a t i n g  i s  
f l a t ,  o p e r a t e s  a t  v e r y  h i g h  o r d e r s  t y p i c a l l y  between 10 and 40,  and h a s  a  v e r y  
h i g h  d i s p e r s i o n .  The f u n c t i o n  of t h e  f i r s t  g r a t i n g  i s  t o  s e p a r a t e  t h e  over-  
l app ing  o r d e r s  of t h e  second g r a t i n g  so  t h a t  a  n i c e l y  f o l d e d  spectrum i s  formed 
a t  t h e  v i d i c o n  much l i k e  t h e  l i n e s  of t y p e  on a  p r i n t e d  page.  The v i d i c o n  
a x i s  i s  t i l t e d  w i t h  r e s p e c t  t o  t h e  f o l d e d  s p e c t r o g r a p h  a x i s  i n  o r d e r  t h a t  t h e  
a s t i g m a t i c  image p l a n e  c o n t a i n i n g  t h e  h i g h  d i s p e r s i o n  f o c u s  c o i n c i d e s  w i t h  t h e  
v i d i c o n  s e n s i t i v e  s u r f a c e .  

The v i d i c o n s  a r e  an  i d e a l  d a t a  t r a n s d u c e r  f o r  a  s p e c t r o g r a p h i c  survey i n s t r u -  
ment s i n c e  they  p o s s e s s  t h e  quantum e f f i c i e n c y  of a  pho to tube  y e t  have t h e  
c a p a b i l i t y  of i n t e g r a t i n g  t h e  s i g n a l s  from a  l a r g e  number of r e s o l u t i o n  e l e -  
ments s i m u l t a n e o u s l y .  However, t h e  s p e c t r a l  r esponse  o f  p r e s e n t  t u b e s  i s  
l i m i t e d  t o  wavelengths  l o n g e r  t h a n  about  1250A by t h e  l i t h i u m  f l u o r i d e  
window, t h e  s e n s i t i v i t y  c a n  v a r y  c o n s i d e r a b l y  from p o i n t  t o  p o i n t  on t h e  
p h o t o - s e n s i t i v e  s u r f a c e ,  and t h e  s i z e  of t h e  s e n s i t i v e  s u r f a c e  i s  l i m i t e d  
t o  about  1 . 6  inches  d i a m e t e r  f o r  t h e  l a r g e s t .  During t h e  manned p o r t i o n  o f  t h e  
t e l e s c o p e  o p e r a t i o n  program i t  may t h e r e f o r e  be d e s i r a b l e  t o  use  f i l m  i n  t h e  
s p e c t r o g r a p h  a s  w e l l  a s  i n  t h e  f /10  imagery package.  T h i s  p o s s i b i l i t y  cou ld  
be i n c o r p o r a t e d  i n  t h e  d e s i g n ,  probably  wi thou t  a l t e r i n g  s i g n i f i c a n t l y  t h e  
v i d i c o n  arrangement .  The u s e  of v i d i c o n s  f o r  astronomy i s  d i s c u s s e d  i n  Appendix C. 

For  s t e l l a r  spec t roscopy  an  e n t r a n c e  s l i t  i s  n o t  r e q u i r e d  a t  a l l  s i n c e  t h e  
s t e l l a r  image i s  ex t remely  s m a l l  (approximately  5  microns  i n  t h e  v i s i b l e ) .  
However, w i t h  l a r g e  nebu la  o r  s t a r  c l u s t e r s ,  a  v a r i a b l e  s l i t  s e r v e s  t o  i s o l a t e  
t h e  p o r t i o n  t o  be s t u d i e d  and a l s o  t o  de te rmine  t h e  r e s o l u t i o n .  

PHOTOGRAPHIC PHOTOMETRY AND HIGH RESOLUTION IMAGERY (Equipment ~ o d u l e  C)  

The a b i l i t y  o f  t h e  pho tograph ic  p l a t e  t o  record  s i m u l t a n e o u s l y  a  l a r g e  
number o f  o b j e c t s  makes t h e  u s e  o f  photography an  e f f i c i e n t  method f o r  
g a t h e r i n g  d a t a  on a  l a r g e  number of s t a r s  i n  a  l i m i t e d  f i e l d .  Pho tograph ic  
methods a r e  u s e f u l  i n  s t u d i e s  aimed a t  o b t a i n i n g  s t e l l a r  s t a t i s t i c s ,  
v a r i a b l e - s t a r  su rveys ,  o r  s t u d i e s  of r i c h  s t a r  c l u s t e r s .  

The prime advantages  of a  spaceborne 2-meter d i f f r a c t i o n - l i m i t e d  t e l e s c o p e  
when used i n  c o n j u n c t i o n  w i t h  pho tograph ic  t e c h n i q u e s  a r e  i n  t h e  achievement 
o f  h i g h  a n g u l a r  r e s o l u t i o n  and t h e  a b i l i t y  t o  measure t h e  luminos i ty  o f  
f a i n t e r ,  more d i s t a n t  o b j e c t s .  S p e c i f i c a l l y ,  a  2-meter LTEP i s  of unique v a l u e  
i n  s e t t i n g  l i m i t s  on t h e  s i z e s  of t h e  compact n u c l e i  of g a l a x i e s .  I n  a d d i t i o n ,  
i t  i s  p o s s i b l e  t o  o b t a i n  pho tograph ic  measures of t h e  a n g u l a r  d i a m e t e r s  of 
g a l a x i e s  from d e t a i l e d  l u m i n o s i t y  p r o f i l e s  which a r e  unper tu rbed  by t h e  
atmosphere.  A f u r t h e r  powerful  pho tograph ic  a p p l i c a t i o n  of t h e  2-meter LTEP 
would be i n  t h e  f i e l d  o f  cosmology. I n  p a r t i c u l a r ,  i t  would be p o s s i b l e  t o  
d e t e c t  and measure t h e  luminos i ty  of Cepheid v a r i a b l e s  a t  a d i s t a n c e  of 108 



Report  No, 9800 

l i g h t  y e a r s ,  which i s  a  d i s t a n c e  10 t imes  g r e a t e r  t h a n  t h a t  a t t a i n a b l e  from 
e a r t h .  At d i s t a n c e s  of lo8 l i g h t - y e a r s ,  t h e  v e l o c l t y  o f  expansion i s  s u f f i c i e n t l y  
l a r g e  compared t o  t h e  random g a l a c t i c  mot ions ,  t h a t . t h e  two a r e  s u f f i c i e n t l y  * 
decoupled t o  pe rmi t  d e d u c t i o n  of a  much more a c c u r a t e  Hubble c o n s t a n t .  

The a p p l i c a t i o n  of t h e  LTEP t o  t h e  d e t e r m i n a t i o n  o f  t h e  magni tudes  and 
c o l o r s  o f  s t a r s  and o b j e c t s  n o t  a c c e s s i b l e  from t h e  e a r t h  i s  most i m p o r t a n t .  
F i g u r e  15 d e p i c t s  t h e  s p e c t r a l  c u r v e s  f o r  t h e  v a r i o u s  c o l o r  ass ignments .  
T a b l e  3  g i v e s  n e c e s s a r y  p l a t e - f i l t e r  combinat ions  r e q u i r e d  t o  c a r r y  o u t  t h e  
measurements.  

** 
TABLE 3 .  PUTE-FILTER COMBINATIONS FOR VARIOUS MAGNITUDE SYSTEMS 

System P l a t e - F i l t e r  Combination 

V Kodak 103a-M-2-mm S c h o t t  G G l l  
B Kodak 103a-0+2 -mm Schot t GG13 
U Kodak 103a-0-1-2-mm S c h o t t  UG2 
B Kodak 103a-0+2-mm S c h o t t  BG3+1 
G Kodak 103a-0+2-rnm S c h o t t  GG5 
0 Kodak 103a-Gt-2-mm S c h o t t  0G5 
R A s t r o  Pan+2-mrn S c h o t t  RG1 
I Kodak IN+2-mm S c h o t t  RG8 

5750 
4330 
3540 

-mm S c h o t t  GG13 4250 
4690 
5  600 
6340 
8040 

Astrometry  d e a l s  w i t h  t h e  p r e c i s e  measurement of p o s i t i o n ,  changes  i n  
p o s i t i o n ,  and dimensions  o f  o b j e c t s  on t h e  c e l e s t i a l  sphere .  The main a r e a s  
of i n t e r e s t  i n  a s t r o m e t r y  a r e :  

Jr 
Spi tze r - JL . ,  Jr.: S c i e n c e .  Vol. 161, 1968, p. 225. 

Jc* 
Stock,  J .  and Wil l iams,  D,: Astronomical  Techniques ,  W,A, H i l t n e r ,  e d . ,  
The U n i v e r s i t y  of Chicago P r e s s ,  Chicago, 1962, p. 374. 

f- For  e q u a l  energy a t  a l l  wavelengths ,  n e g l e c t i n g  t e l e s c o p i c  and a tmospher ic  
a b s o r p t i o n .  
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Wavelength 

Figure 15 . Relative spectral responses .of sane typical plate-filter 
combinations used for the determination of magnitudes and 
colors. (The curves have been plotted for equal energy at 
all wavelengths, neglecting absorption by the tel.escope and 
atmosphere and taking the maximum sensitivity of each com- 
bination as unity. The various combinations are tabulated 
in Table 1$* 

* 
Stock, J. and Williams, D.: Astronomical Techniques. W.A. Hiltner, ed., 
The University of Chicago Press, Chicago, 1962, p. 374. 
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I. Measurement of proper  motions of s t a r s ,  nebulae, 
and ga l ax ie s .  

2.  Measurement of t r igonometr ic  p a r a l l a x e s .  

3 .  Measurement of double s t a r  o r b i t s .  

4 .  Search f o r  p l ane t a ry  companions of s t a r s ,  

5.  Measurement of t h e  dimensions of nebulae and d i f f u s e  o b j e c t s .  

Measurements of the  proper motions of d i s t a n t  g a l a x i e s  a r e  important i n  o r d e r  
t o  e s t a b l i s h  t h e  l o c a l  i n e r t i a l  r e s t  frame. Th i s  problem i s  f r equen t ly  
r e f e r r e d  t o  a s  t h e  de te rmina t ion  of t h e  cons t an t s  of precess ion .  The proper  
motions of d i s t a n t  g a l a x i e s  should not  be cha rac t e r i zed  by a  sys temat ic  ro- 
t a t i o n  w i t h  r e spec t  t o  t h e  l o c a l  i n e r t i a l  r e s t  frame. Furthermore, proper  
motion d a t a  c o n t r i b u t e  t o  t h e  knowledge of t h e  t r u e , s p a t i a l  motion of s t a r s  
so t h a t  a  more accu ra t e  understanding of g a l a c t i c  r o t a t i o n ,  v e l o c i t y  d i spe r -  
s i o n  a s  a  func t ion  of s p e c t r a l  type, and the  dynamic c h a r a c t e r i s t i c s  of s t a r  
c l u s t e r s  i s  poss ib l e .  

P a r a l l a x  measurements a r e  c r u c i a l  t o  a s t rophys i ca l  theory because t h e  s t a r s  
of known t r igonometr ic  p a r a l l a x  a r e  t h e  means fog c a l i b r a t i n g  t h e  abso lu t e  
s t e l l a r  l uminos i t i e s  and bolometr ic  co r r ec t ions .  

Double s t a r  o r b i t  and period de termina t ions  lead t o  d i r e c t  va lues  f o r  s t e l l a r  ** 
masses which can then be compared t o  those predic ted  mass-luminosity r e l a t i o n s .  

A spaceborne, d i f f r a c t i o n - l i m i t e d  2-meter te lescope  opera t ing  a t  an £110- 
f /50 conf igu ra t ion  over a  5-arc-minute x  30-arc-minute f i e l d  wi th  zero coma 
i s  p o t e n t i a l l y  an extremely u s e f u l  source of a s t rome t r i c  d a t a  because: 

1. The sys temat ic  atmospheric e f f e c t s  such a s  d i f f e r e n t i a l  
r e f r a c t i o n  and atmospheric d i s p e r s i o n  a r e  e l imina ted .  

2 .  The s t e l l a r  images are  about 1/20 a s  wide because the  widths 
a r e  determined by the  d i f f r a c t i o n  l i m i t  r a t h e r  than  by 
atmospheric "seeing". 

Jz 
Schwarzschild,  M.: S t r u c t u r e  and Evaluat ion of t he  S t a r s .  Pr ince ton  
Univers i ty  P re s s ,  Pr ince ton ,  N.J., 1958, Chapter I. 

** 
van den Bos, W.H.: Astronomical Techniques, W.A. H i l t n e r ,  ed. ,  The 
Un ive r s i t y  of Chicago Press ,  Chicago, 1962, p, 537. 
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3 .  F a i n t e r  ob jec t s  can be photographed wi th  expusure t imes 
s h o r t e r  than those t h a t  must be used i n  earthbound 
photography. 

4 .  It i s  poss ib l e  t o  cover the Southern Hemisphere. 

A spaceborne t e l e scope  i s  r e a d i l y  u se fu l  f o r  ob ta in ing  r e l a t i v e  coo rd ina t e s  
and proper  motions photographical ly .  It i s  no t  a s  e a s i l y  s u i t e d  t o  t h e  measure- 
ment of abso lu t e  coo rd ina t e s  which have been determined by meridian-type 
instruments  .* A d i f  f r ac t ion - l imi t ed  t e l e scope  opera t ing  without  atmospheric 
e f f e c t s  u t i l i z i n g  photographic p l a t e s ,  a t  l e a s t  i n i t i a l l y ,  would provide .  
a l a r g e  amount of new as t rorne t r ica l  da t a .  

Since f a i n t  o b j e c t s  r e q u i r e  exposure t imes t h a t  a r e  cons iderably  longer  than  
t h e  per iods  oil- good "seeing", i . e . ,  s t e l l a r  images one second i n  s i z e ,  t h e  
atmospheric "seeing" thereby increases  the  exposure time requi red  because of 
t h e  image broadening. From a spaceborne d i f f r a c t i o n - l i m i t e d  2-meter t e l e scope ,  
i t  i s  poss ib l e  t o  photograph s t a r s  of Mv = 23.0 i n  a  t iwe of 1 .5 h r  whereas 
t e r r e s t r i a l l y  t h i s  would r equ i r e  a  5.0-m (200 in . )  t e lescope  wi th  an 8-hr 
exposure. ** 

For astrometry,  t he  atmospheric r e f r a c t i o n  of t he  s t a r  l i g h t  produces two 
systematic  e f f e c t s .  F i r s t ,  the  d i f f e r e n t i a l  r e f r a c t i o n  along a  meridian 

2 
A% = ("-1) ( s ec  2) AZ, 

- .. 

where i s  t he  d i s t a n c e  between two s t a r s  near  a  z e n i t h  angle Z bu t  separa ted  
by an  angle of AZ. A t  Z = 45 degrees,  and Z = 1 arc-minute, ARD = 0.03 a r c -  
second. The d i f f e r e n t i a l  r e f r a c t i o n  orthogonal t o  t he  obse rve r ' s  meridian i s  
comparable t o  t h a t  along t h e  meridian.  For a  5-arc-minute f i e l d  ARD = 0.15 
arc-seconds. I n  a d d i t i o n ,  atmospheric r e f r a c t i o n  i s  d i s p e r s i v e  s ince  i t  bends 
d i f f e r e n t  c o l o r s  by d i f f e r e n t  amounts. This  d i spe r s ion  mani fes t s  i t s e l f  a s  
a l a t e r a l  chromatic abe r r a t ion .  

( t a n  2) Ah, 

* 
Podobed, V.V. : Fundamental Astrometry . The Univers i ty  or' Chicago P res s ,  
Chicago, 1962, p, 14. 

Jirk 
T i f f t ?  W.G.: Theore t i ca l  Performance Capab i l i t y  of an Astronomical O p t i c a l  
Space Telescope f o r  Photography and Pho toe l ec t r i c  Photometry, Space 
Astronomy of t he  Steward Observatory, Univers i ty  of Arizona, Report T68-12, 1968, 
p. 7. 
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where ARC i s  t h e  angular  s epa ra t ion  of t he  images produced by l i g h t  separa ted  
by a  wavelength d i f f e r e n c e  Ah, and n i s  t he  r e f r ac t ive .&ndex  of a i s .  For 
example, a t  a  z e n i t h  angle of 45 degrees,  t he  red (7000A) and b lue  (40001) 
images of a  s t a r  a r e  separated by 1.4 arc-seconds..  

Thus, not  only w i l l  t he  te lescope  provide improved a s t rome t r i c  da t a ,  bu t  
i t  can provide va luab le  new da ta  f o r  more d i s t a n t  s t a r s .  The ex tens ion  of 
p a r a l l a x  measurements t o  a  sphere of g r e a t e r  r ad ius  than  i s  now a v a i l a b l e  
extends not  only t h e  number of c a l i b r a t i o n  s t a r s  bu t  a l s o  extends t h e  range 
of s p e c t r a l  types and luminosi ty  c l a s s e s  included i n  t h e  c a l i b r a t i o n .  

Ins t rumenta t ion  

The a s t rome t r i c  ins t rumenta t ion  i s  s i m i l a r  t o  t h a t  descr ibed  i n  t h e  i n s t r u -  
mentat ion subsec t ion  of t h e  Photographic Photometry and High Resolut ion 
Imagery s e c t i o n .  A major d i f f e r ence ,  of course,  i s  t h a t  f o r  t he  astrometry,  
use i s  made of pho'tographic p l a t e s  r a t h e r  than film'. A c on a s t rome t r i c  
p l a t e  used f o r  t h e  v i s i b l e  i s  t he  Kodak 103-AD emulsion on a  1116-inch 
t h i c k  g l a s s  backing. The p l a t e  s i z e s  a r e  4 i n .  x  6 i n .  The f a c t  t h a t  many 
exposures can be taken on a  s i n g l e  p l a t e  reduces t h e  amount of p l a t e  handl ing.  
A p l a t e  handl ing camera has not y e t  been designed f o r  LTEP. However,a 
r e p r e s e n t a t i v e  scheme i s  given i n  the  paragraphs which follow. 

An arrangement of t he  p l a t e  camera assembly i s  i l l u s t r a t e d  i n  F igure  16  . 
Light  from the  t e l e scope  o p t i c a l  system passes  through the  1:l t r a n s f e r  
l ens  system t o  form an  image a t  t he  f o c a l  plane.  The main p a r t  of t he  l i g h t  
passes  through the  beam s p l i t t e r  and exposes t h e  photographic p l a t e  dur ing  t h e  
i n t e r v a l  i n  which t h e  s h u t t e r  i s  open. A reseau p l a t e  i s  f ixed  a t  t he  f o c a l  
p lane .  t o  enable record ing  p l a t e  c a l i b r a t i o n  d a t a  a s  each photographic p l a t e  
i s  exposed. A time p re sen ta t ion  device ,cons is t ing  of an i l luminated  c lock  
and image-forming o p t i c s ,  i d e n t i f i e s  each p l a t e  exposed. F igure  1 7  pro" 
v ides  two a d d i t i o n a l  views of t h e  p l a t e  camera. Addi t iona l  d e t a i l s  of 
t he  p l a t e  camera a r e  provided i n  F igures  18, 1g3 20., and 21. 0 

The p l a t e  magazine assembly i s  bo l ted  t o  t h e  camera frame and i s  removable 
f o r  loading.  P l a t e s  a r e  arranged i n  the  magazine i n  two s t a c k s  of f i v e  p l a t e  
assemblies  each. Each p l a t e  assembly, i l l u s t r a t e d  i n  F igure  18 , c o n s i s t s  
of a  shee t  meta l  con ta ine r  l ined  wi th  foam-type m a t e r i a l  and t h e  photographic 
plate.* P l a t e  changing i s  accomplished by l i f t i n g  t h e  p l a t e  assembly from the  
exposure p o s i t i o n  and a c t u a t i n g  t r a n s f e r  mechanisms"A" and "B". Thi s  causes  
the  top p l a t e  assembly i n  s t a c k  "A" t o  be s h i f t e d  l a t e r a l l y  t o  the  top  of s t a c k  
"B'? a t  t h e  same t i m %  t h e  bottom p l a t e  assembly (unexposed) on s t a c k  "B" i s  s h i f t e d  
t o  t he  bottom of s t a c k  "A". F igures  19, 20, and 21 i l lus t sdte  t k i a ' o p e r e t i o n ,  - .  
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Figure 16. Arrangement of Camera 

I - 45 



PERKIN-ELMER 
Report  No. 9800 

F i g u r e  17.  P l a t e  Magazine and Change Mechanism 
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During t h e  p a s t  decade t h e  measurement of p o l a r i z a t i o n  h a s  become i n c r e a s i n g l y  
impor tan t  i n  s t e l l a r  astronomy. These measurements a r e  u s u a l l y  made because  
o f  t h e i r  useEulness  i n  e s t a b l i s h i n g  t h e  p resence  and n a t u r e  of magne t ic  f i e l d s r  
e i t h e r  t h e  g e n e r a l  f i e l d  of t h e  galaxy o r  e x t r a g a l a c t i c  gebu lae  o r  more r e s t r i c t e d  
f i e l d s ,  such a s  t h a t  found i n  t h e  Crab Nebula o r  i n  M87. 

The p o l a r i z a t i o n  s t a t e  o f  s t a r l i g h t  a f t e r  passage  through d u s t  c louds  is  
~ c k  

modi f ied .  The s i z e ,  shape index,  and o r i e n t a t i o n  o f  p a r t  c l e s  can be e s t i m a t e d .  
A wavelength dependence o f  p o l a r i z a t i o n  has  been observedt  s o  t h a t  broadband 
p o l a r i m e t e r s  a r e  v e r y  u s e f u l .  I n  t h e  wavelength range  0 . 3 ~  t o  l.Op, p a r t i c l e  
d i a m e t e r s  r a n g i n g  from 0 . 1 7 ~  t o  0 . 4 ~  a r e  observed (n = 1.33 assumed). L a r g e r  
and s m a l l e r  p a r t i c l e s ,  i f  p r e s e n t ,  can on ly  be  observed by longer  and s h o r t e r  
wavelengths  r e s p e c t i v e l y .  

P o l a r i z e r s  which p rov ide  a n  undev ia ted  beam s u  as t h e  Rochon o r  Senarmont 
p r i s m , t f  a p i l e  of p l a t e s , r  o r  m i r r o r  systemsCB o f f e r  advantages  i n  t h e  

* 
H i l t n e r ,  W.A., ed. :  Astronomical  Techniques,  U n i v e r s i t y  of Chicago P r e s s ,  
1962, Chapter 10. 

d;-k 
Greenberg, J. Mayo, Mel tze r ,  A.S.: A s t r o p h y s i c a l  J o u r n a l ,  Vol. 132, 1960. 

t 
Coyne, G.V., Gehrels ,  T I :  Astronomical  J o u r n a l .  Vol. 71, No. 6, June,  1966, 
pp. 355-363. 

Gehrels,  T., and Teska,  Thomas M.: Appl ied Opt ics . ,  Vol. 2, No. 1, January  
1963, pp. 67-77. 

f t ~ t e i n m e t z ,  D.L., P h i l l i p ~ ,  W.G.; Wirick,  M., and Forbes ,  F.F. : Appl ied  
O p t i c s .  Vol. 6,  No. 6, June 1967, pp. 1001-1004. 

'gird, G.R., S h u r c l i f  f ,  W.A. S h u r c l i f f ,  J. : J. Opt. Soc Amer. Vol, 37, 
No. 818, pp. 235-237. 

Walker, Will iam C.: Appl ied Opt ics .  Vol. 3,  No. 12, December 1964, 
pp. 145791459. 

$ f Rosenbaum, G., Feure rbacher ,  B., Godwin, R.Po, Skibowski, M . :  Appl ied O p t i c s ,  
Vol. 7, No. 10, October 1968, pp. 1917-1920. 

Hamm, R.N., MacRae, R.A., Arakawa, E.T.: J. Opt, Soc. Amer. Vol. 55, 
No. 11, November 1965, pp. 1460-1463. 
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Jc 
t e c h n i q u e s  of d e t e c t i o n  and measurements. .  These  advan tages  r e l a t e  t o  t h e  
f a c t  t h a t  t h e  p o l a r i z e r  can be r o t a t e d  w h i l e  t h e  d e t e c t o r  remains f i x e d ,  a l l  
w i t h o u t  t h e  u s e  o f  a u x i l i a r y  r e f l e c t o r s .  S e d ' F i g u r e  22 f o r  t h e  o p t i c a l  arrangement.  

** 
For i n t e r n a l  c a l i b r a t i o n  purposes  a  Lyot-type d e p o l a r i z e r  shou ld  be f l i p p e d  
i n  t h e  beam between t h e  t e l e s c o p e  o u t p u t  and t h e  p o l a r i z i n g  prism. 

A Lyot d e p o l a r i z e r  c o n s i s t s  o f  two r e t a r d a t i o n  p l a t e s ,  one t w i c e  t h e  t h i c k -  
n e s s  of t h e  o t h e r ,  w i t h  t h e  a x i s  of one o r i e n t e d  a t  a  45- degree  a n g l e  t o  t h a t  
o f  t h e  o t h e r .  The d e p o l a r i z a t i o n  i s  e f f e c t i v e  i f  t h e  p l a t e s  a r e  t h i c k  enough 
t o  p r o v i d e  a  200F change i n  t h e  r e t a r d a t i o n  a n g l e  f o r  changes i n  A d e f i n e d  by 
t h e  bandwidth. The Lyot d e p o l a r i z e r  i s  n o t  e f f e c t i v e  i n  monochromatic l i g h t .  

Only t h e  range  of wavelengths  from 0 . 1 3 ~  t o  1 . 0 ~  w i l l  be  cons idered .  Because 
o f  t h e  s p e c i a l  n a t u r e  and s e v e r i t y  of t h e  problems r e l a t i n g  t o  wavelengths  
below 0.13p, they  w i l l  n o t  be  d e a l t  w i t h  h e r e .  

P i l e s  of p l a t e s  o r  m i r r o r  sys tems,  because  of t h e i r  i n e f f i c i e n c i e s ,  w i l l  n o t  
b e  c o n s i d e r e d  and f o r t u n a t e l y  nee  n o t  b e  c o n s i d e r e d  because  of r e c e n t  develop-  
ments i n  a  ' doub le '  Rochon prism. Th is  pr ism c o n s i s t s  o f  MgF c r y s t a l s  and 
i s  good f o r  t h e  range  0 . 1 3 ~  t o  0 . 3 0 ~ .  A double  Rochon can be f a i r i c a t e d  
more e a s i l y  and h a s  a s m a l l e r  o p t i c a l  p a t h  which a l l o w s  l e s s  a b s o r p t i o n  l o s s .  

For t h e  wavelength range 0 . 3 0 ~  t o  1 . 0 ~ )  c a l c i t e  i s  a  good m a t e r i a l .  It h a s  
a h i g h  b i - r e f r i n g e n c e  and consequent ly  h i g h e r  pr ism a n g l e s ,  which make f o r  
e a s i e r  f a b r i c a t i o n .  The t r a n s m i s s i o n  is  good f o r  t h e  whole range  ( 0 . 3 ~  t o  
1 . 0 )  For c o l o r  p o l a r i m e t r y  Lt i s  d e s i r a b l e  t o  p r o v i d e  f i v e  band p a s s  
f i l t e r s ,  e q u a l l y  spaced i n  l / h ,  t h a t  i s ,  f i l t e r s  c e n t e r e d  a t :  0.322, 0.379, 
0,463, 0.500 and 0.813 microns ,  a l l  o f  h a l f - w i d t h  0.47 r e c r i p r o c a l  microns .  

Measurements may b e  c a r r i e d  o u t  w i t h  any one o f  t h e  f i v e  f i l t e r s  o r  w i t h  t h e  
Lyot d e p o l a r i z e r .  

* 
Pernicone,  C.V., Hemstreet ,  H.S., P a t r i c k ,  K.W.: Ar izona P h o t o p o l a r i m e t e r  
Telescope - OAO. Vol. 1, Perkin-Elmer Engineer ing  Report  No. 8527 (I), 
October 26, 1966. 

** 
B i l l i n g s ,  Bruce H.: J. Opt. Soc. Amer. Vol.  41, No. 12, December 1951, 
pp. 966-973. 

t 
Ste inmetz ,  D.L., P h i l l i p s ,  W.G., Wirick,  M.,  and Forbes ,  F.F.: Appl ied 
Opt ics .  Vol. 6, No. 6, June 1967, pp. 1001-10040 
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F i l t e r s  f o r  t h e  range  0 . 1 3 ~  t o  0 . 3 ~  a r e  d i f f i c u l t  t o  make and r e q u i r e  develop-  
ment. M e t a l . . $ i e l e c t r i c  t y p e s  have been made by Ba tes  and ~ r a d l e ~ , *  and by ** Bamef s t a r .  

F i g u r e  23. P o l a r i z a t i o n  of t h e  Telescope M i r r o r s  

Consider  t h e  t e l e c c o p e  
l i n e s  and ~ a ! ?  Not 
o f  t h e  azimuth a n g l e  8, 

system shown i n  F i g u t e  2 3 w i t h . i n c i d e n c e  plane-def ined by t h e  
e t h a t  t h e  i n c i d e n c e  a n g l e s  I, and 12 a r e  independent  

b u t  a r e  f u n c t i o n s  of t h e  coopdina te ,  re * .  

* 
Bateg)  B. and Bradley,  D. J. : I n t e r f e r e n c e  F i l t e r s  f o r  t h e  f a r  ~ ( 1 7 0 0 %  t o  
2400A), J. App. 0pt.Vol. 5 M.6:, p. 971, June 1966. 

.kk 
Baumeister ,  POW., Cost ich,  V.R.,  P i e p e r ,  S.C.: Paper  WB11, P r e s .  Opt. Soc. 
h e r . ,  October 7 ,  1964. 

' ~ i l t n e r ,  W.A.,  ed.  : Astronomical  Techniques,  U n i v e r s i t y  of Chicago P r e s s ,  
1962, Chapter 10. 
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For an  incoming beam p o l a r i z e d  i n  t h e  y  d i r e c t i o n ,  where E i s  t h e  a m p l i t u d e  
one h a s  : Y 

E  
- E ' ~  - s i n e  cos8 [R, , ( r )  - R ( r )  r d r  de  

- I 
f i e  complex r e f l e c t a n c e  ampl i tudes ,  R and R a r e  independent  of 8, s o  
t h a t :  I i L 

R 

E? = S o  [ I ? ,  ( r )  i R I ( r )  r d r  = P(R) 
Y R  1 

The c i r c u l a r l y  symmetric system causes  no p o l a r i z a t i o n .  

The amount o f  p o l a r i z a t i o n  a t  wavelength 0 . 6 ~  i n t r o d u c e d  by t h e  f l i p  m i r r o r  i s :  

T h i s  must be compensated f o r  by a n o t h e r  m i r r o r  u s i n g  t h e  same - /&degree  i n c i d e n c e  
a n g l e  a s  t h e  f l i p  m i r r o r  b u t  w i t h  i t s  p l a n e  of i n c i d e n c e  normal t o  t h a t  o f  t h e  
f l i p  m i r r o r .  E l e c t r o n i c  compensation i s  o u t  of t h e  q u e s t i o n  because  t h e  amount 
of c o r r e c t i o n  i s  f a r  g r e a t e r  t h a n  t h e  p o l a r i z a t i o n  t o  be observed.  

Any asymmetry in t roduced  by t h e  c o a t i n g  p r o c e s s  w i l l  cause  s u b s t a n t i a l  p o l a r i -  
z a t i o n  e r r o r s .  I f  t h e  e v a p o r a t i o n  s o u r c e s  do n o t  p rov ide  enough symmetry 
under s t a t i c  c o n d i t i o n s ,  t h e  m i r r o r  must be  r o t a t e d  d u r i n g  e v a p o r a t i o n ,  The 
e v a p o r a t i o n  t imes  a r e  v e r y  s h o r t  s o  t h a t  h i g h  speed r o t a t i o n  would be needed. 
T h i s  requirement  i s  r e l a x e d  i f  t h e  asymmetry i s  p e r i o d i c  and o f  many p e r i o d s  i n  t h e  
course  of 1 r e v o l u t i o n .  

'61ae d e t e c t i o n  ie a c c m g l % s h e d  by r o t a t i ~  the  h h o n  a t  a c o m t a n t  amulcs r  
rate t o  provide an ac  s i g n a l ,  The phase  and ampl i tude  of t h e  f requency  
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compomnt a t  a f r e q u a m y  of t w i e a  t h e  p o l a r i z a t i o n  r o t a t i o n  r a t e ,  
v a l u e  c o n s t i t u t e  t h e  d a t a  from which t h e  p o l a r i z a t i o n  P = 2.5 l o g (  
t h e  p l a n e  of v i b r a t i o n  can be c a l c u l a t e d .  F i g u r e  24 shows t h e  
f u n c t i o n a l  b l o c k  diagram. 

SATELLnE INP RAmD ASTRONOMY 

The atmosphere l i m i t s  i n f r a r e d  astronomy i n  two ways: a b s o r p t i o n  of incoming 
l i g h t  and background emiss ion.  Absorpt ion d e c r e a s e s  c o n s i d e r a b l y  a t  a i r p l a n e  
a l t i t u d e s  (15 km o r  50,000 f t )  and i s  q u i t e  s m a l l  ( l e s s  t h a n  10 p e r c e n d a t  
b a l l o o n  a l t i t u d e s  (30 kin), excep t  f o r  a  few narrow bands from wate r ,  carbon 
d i o x i d e ,  and ozone. Atmospheric emiss ion  o c c u r s  a s  l i n e  emiss ion  and the rmal  
graybody emiss ion  i n  t h e  many a b s o r p t i o n  bands. L ine  emiss ion ,  i n  p a r t i c u l a r  
OH, h a s  been observed a t  h e i g h t s  o f  60 o r  70 km. I f  one goes t o  s a t e l l i t e  
i n f r a r e d  astronomy, one has  z e r o  a b s o r p t i o n  and ze ro  emiss ion  i n  t h e  p r i s t i n e  
environment .  

The p r e s e n t  problems i n  i n f r a r e d  astronomy a r e :  

(1) I n t e r s t e l l a r  l i n e  a b o r p t i o n  and emiss ion  by i o n s  and molecu les .  

(2) P l a n e t a r y  emiss ion,  b o t h  l i n e  and the rmal ,  b u t  predominant ly  
t h e r m a l  i n  t h e  i n f r a r e d  r e g i o n  longer  t h a n  a  few microns .  

(3)  Thermal emiss ion  by gas  c louds  ( p r o t o s t a r s ) ,  and h e a t e d  
i n s  t e  l l a r  g r a i n s .  

(4) Cool s t a r s  and c i r c u m s t e l l a r  d u s t  (both  o f  which imply 
" i n f r a r e d  s t a r s  ") . 

(5) Cosmic blackbody background. 

( 6 )  R a d i a t i o n  from our  galaxy and o t h e r  normal and p r o t o g a l a x i e s .  

(7) Quasars,  p u l s a r s ,  and S e y f e r t  g a l a x i e s .  

Only problem (1) b e n e f i t s  g r e a t l y  from t h e  d i f f e r e n c e  i n  a b s o r p t i o n  a t  b a l l o o n  
and s a t e l l i t e  a l t i t u d e s ,  and t h e n  o n l y  f o r  t h o s e  l i n e s  which a r e  c l o s e  t o  atmos- 
p h e r i c  a b s o r p t i o n  l i n e s ,  The p r i n c i p a l  l i n e  which would be  a v a i l a b l e  o n l y  i n  
a  r o c k e t  o r  s a t e l l i t e  t e l e s c o p e  i s  t h e  28p l i n e  of molecular  hydrogen (HZ) which 
i s  v e r y  c l o s e  ( w i t h i n  0002p) t o  a  w a t e r  vapor  a b s o r p t i o n  l i n e ,  Other  l i n e s  
which a r e  c l o s e  t o  a tmospher ic  a b s o r p t i o n  P ines  a r e :  (1) ~ e * ,  15,38p, near  
C02, 15p and, of c o u r s e  (2) t h e  w a t e r  vapor  and carbon d i o x i d e  l i n e s  themselves.  

Problems (2)  through (7) r e q u i r e  o n l y  broadband measurements, and do no t  bene- 
f i t  v e r y  much from t h e  l a c k  of l i n e  a b s o r p t i o n  a t  s a t e l l i t e  a l t i t u d e s ,  These 
problems might b e n e f i t  from t h e  l a c k  of background emiss ion  which would have 
two e f f e c t s ,  
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F i p r e  24. P o h r i z a t i o n  Amplitude a d  Phaae Detection System 
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1) Reduct ion o f  s h o t  n o i s e  a l l o w i n g  f a i n t e r  s o u r c e s  t o  b e  
s e e n ,  and 

2) E l i m i n a t i o n  of a tmospher ic  f l u c t u a t i o n s  from one p o s i t i o n  i n  
t h e  sky t o  a n o t h e r ,  a l l o w i n g  o b s e r v a t i o n  of d i f f u s e  s o u r c e s  
and  background r a d i a t i o n ,  as w e l l  a s  a b s o l u t e  f l u x  measure- 
ment s 

There  i s  l i t t l e  o r  no q u a n t i t a t i v e  e x p e r i m e n t a l  d a t a  on a tmospher ic  emiss ion  
as a f u n c t i o n  of h e i g h t  and wavelength.  Order o f  magnitude c a l c u l a t i o n s  mul- 
t i p l y i n g  t h e  a b s o r p t i v i t y  o f  t h e  atmosphere by a  blackbody spectrum a t  a tmospher ic  
t empera tu res  a r e  shown i n  Table  4  These do n o t  seem t o  c o n f l i c t  w i t h  t h e  
few o t h e r  q u a n t i t a t i v e  e s t i m a t e s . *  Comparing t h e s e  background r a d i a n c e s  w i t h  
t y p i c a l  ( b r i g h t )  i n f r a r e d  o b j e c t s  (Table 5  ), i t  appears  a t  f i r s t  g l a n c e  t h a t  
t h e  background shou ld  mask even b r i g h t  o b j e c t s .  But i f  we compute t h e  "no i se  
e q u i v a l e n t  power", NEP, o f  t h i s  background r a d i a t i o n ,  which i s  t h e  l i m i t i n g  
number, we g e t  much more r e a s o n a b l e  v a l u e s .  Comparing t h e s e  NEP 'S  w i t h  t h o s e  
of good d e t e c t o r s  (Tab le  6  ), we s e e  t h a t  d e t e c t o r  n o i s e  i s  of t h e  o r d e r  o f ,  
o r  much g r e a t e r  t h a n ,  background n o i s e .  

** Atmospheric f l u c t u a t i o n s  appear  t o  be s i g n i f i c a n t  on t h e  ground, but no 
e s t i m a t e  i s  a v a i l a b l e  of t h e i r  magnitude a t  a i r p l a n e  and b a l l o o n  a l t i t u d e s .  

A l l  o t h e r  t h i n g s  e q u a l ,  a s a t e l l i t e  i n f r a r e d  t e l e s c o p e  would g ive  i n c r e a s e d  
s i g n a l - t o - n o i s e  r a t i o s  of a  maximum of  2  o r  3  over  a i r p l a n e  o r  b a l l o o n  t e l e s c o p e s  
i n  a b s o r p t i o n  r e g i o n s  of t h e  spectrum w i t h  p r e s e n t  p r a c t i c a l  d e t e c t o r s .  A 
r e d u c t i o n  i n  NEP of d e t e c t o r s  t o  1om15 W ~ z - 1 / 2  i n  t h e  5-200p range  would make 
t h e  g a i n  i n  s i g n a l  t o  n o i s e  on t h e  o r d e r  o f  10, r a t h e r  t h a n  2, i n  go ing  from 
a i r p l a n e  t o  s a t e l l i t e  a l t i t u d e s .  It would a l s o  b e  of s i g n i f i c a n t  h e l p  a t  t h a t  
p o i n t  t o  c o o l  t h e  t e l e s c o p e ,  s i n c e  i t s  the rmal  r a d i a t i o n  i s  t h e  same o r d e r  o f  
magnitude a s  t h a t  o f  t h e  sky.  

An i n d i r e c t  advan tage  of a  s a t e l l i t e  i n f r a r e d  t e l e s c o p e  i s  t h e  i n c r e a s e d  observ-  
i n g  t ime  a v a i l a b l e  o v e r  a n  a i r p l a n e  o r  b a l l o o n  t e l e s c o p e .  Looking a t  T a b l e  5 
we s e e  t h a t  t h e  t y p i c a l  i n t e g r a t i o n  t imes  n e c e s s a r y  i n  i n f r a r e d  astronomy f o r  
one broadband measurement range from t o  lo3 seconds .  The upper  l i m i t  f o r  

4  b a l l o o n  o b s e r v a t i o n s  i s  about  4  x 10 seconds ,  and as t ronomers  would be d i s i n -  
c l i n e d  t o  u s e  a  b a l l o o n  f l i g h t  f o r  one measurement of o n e  o b j e c t  i n  one 

* 
Wark, D . Q . ,  Al ishouse ,  J., and Yamsmoto, G.:  Appl ied Opt ics .  Vol. 3 ,  1964, 
p. 221. 

Turon-Lacarrieu,  P I ,  and Verdet ,  J . P . :  Annals d 'As t rophys ique ,  Vol. 31, 
1968, p. 1. 

S t e i n ,  W . :  A s t r o p h y s i c s  J o u r n a l .  Vol. 144, 1966, p. 318. 

Jx* 
Beckl in ,  E.E. ,  and Neugebauer, G. :  As t rophys ics  J o u r n a l ,  Vol. 151, 1968, p.  145. 
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TABLE 4 

ATMOSPHeR1.C LIMITATIONS 

Emission i n  w a t t s  and t h e  cor responding  n o i s e  e q u i v a l e n t  power, NET, a t  t h e  
d e t e c t o r  for a 100-inch t e l e s c o p e  w i t h  a 1-arc-minute diaphragm i n  t h e  
d e s i g n a t e d  s p e c t r a l  bandwidth. NEP = ( h ~  x w a t t s ) l I 2  

SPECTRAL SEA LEVEL 
AIRPLANE-BALLOON 

SATELLITE 

Band (P) Watts  NEF(watts Hz Watts NET 0  
-1/2) 

( w a t t s  HZ-112) 

80 - 120 100% a b s o r p t i o n  i n  t h i s  band low8 4 x 10 -14 
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TABLE 5 

T y p i c a l  S i g n a l  S t r e n g t h s  of I n t e r e s t i n g  Objec t s  and I n t e g r a t i o n  Times 
Necessary  f o r  S/N = lo* 

K o r  M S t a r  
(mv = 4)  

K o r  M S t a r  
(mv = 9 )  

K o r  M S t a r  
(mv = 14) 

S a t u r n  

G a l a c t i c  
Center  

P l a n e t a r y  
Nebula 
(NGC 7027) 

S e y f e r t  
Galaxy 
(NGC 1068) 

** 
-8 - 4 

10 w, 10 s e c  10-I 

t 
5 lom2 log1 

f t  9 
g r e a t e r  

2  5 10-13, 10 
t h a n  10 

Allowing f o r  p r a c t i c a l  f i l t e r  t r a n s m i t t a n c e s  and  non-optimum d e t e c t o r  
o p e r a t i o n  w i t h  t h e  same t e l e s c o p e  parameters  a s  f o r  a tmospher ic  emiss ion  
( u n i t s ,  watts, and seconds) .  

** 
Allen ,  C.W., ed.  : A s t r o p h y s i c a l  Q u a n t i t i e s .  Athlone P r e s s ,  London, 1963, p. 125. 

f  Aumann, H.H., G i l l e s p i e ,  C.M., and Low, F.J . :  As t rophys ics  J o u r n a l  L e t t e r s .  
Vol. 157, 1969, p. L69, 

.F t SteFn, W . :  As t rophys ics  J o u r n a l ,  V o l .  144, 1966, p. 318, 

' Hoffman, W.F., and F r e d e r i c k ,  C.L.: As t rophys ics  J o u r n a l  L e t t e r s .  Vol. 155, p. L9. 

"Low, F . J . ,  and Kleinmann, D.E. : Astronomical  J o u r n a l .  Vol. 73, 1968, p. 868. 

1-5 0 
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TABLE 5 (Continued) 

BAND ( ~ i c r o n s )  

Quasar 
(3C273) 

I n t e r s t e l l a r  
Grains i n  
t h e  Galaxy 

Grains Near 
S t a r s  (Tro- 
pezium i n  
Orion) (15- 
a r m s e c  Dia- 
phragm) 

Max 28p 
H2 Bniss ion  

1 2 . 8 ~  
N e  L ine  

* 
Low, F.  J. : A s t r o p h y s i c s  J o u r n a l .  Vol. 142, 1965, p. 1287. 

** 
S t e i n ,  W' .: A s t r o p h y s i c s  J o u r n a l .  Vol. 144, 1966, p. 318. 

tS;ein W.A., and G i l l e t t ,  F.C. : Ast rophys ics  J o u r n a l .  Vol. 155, 1969, 
p. L197. 

t t G i l l e t t ,  F.C., and S t e i n ,  W . A . :  As t rophys ics  J o u r n a l .  Vol. 155, 1969, p. L97. 
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TABLE 6 

* 
INFRAREU DETECTOR S 

Wavelength Noise Equiva len t  D e t e c t o r  and Temperature  
S i z e  
P 

S-1 PM Tube 
Photoemiss ive  

Doped Germanium 
I n v e r s e  Photocond. 

Hg o r  Au doped Ge 
Photoconduct ive  

* 
Cu doped Ge 
Photoconduct ive  

* 
Ga doped Ge 
Photoconduc t ive  

InSb 
Photoconduct ive  

Ge Bolometer 
Thermal (1. Om)  

2 
4 

(0 .25m)  
2 

2 
Ge Bolometer 
Thermal 

T h e o r e t i c a l  
Bolometer 

T h e o r e t i c a l  
Bolometer 

* 
Unless  o t h e r w i s e  s t a t e d ,  from Low, F. :  I n f r a r e d  Detec t ion .  Space Research 
D i r e c t i o n s  f o r  t h e  Fu ture .  N a t i o n a l  Academy of Science,  Woods Hole, 1965. 

** 
Harwit ,  Houck, and Fuhmann : Rocket-Borne L i q u i d  Helium Telescope.  Applied O p t i c s .  
Vol. 8, No. 2 ,  February  1969, p. 475. 
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wavelength  band, I n  t h e  n e x t  few y e a r s  i n t e r e s t  w i l l  p robably  t u r n  t o  o t h e r  
t h a n  t h e  b r i g h t e s t  i n f r a r e d  s o u r c e s  a s  r eprese r l t ed  i n  T a b l e  5 and a l s o  t o  
na r rower  bandwidths than  2 t o  20 p e r c e n t ,  and an i n c r e a s e  i n  i n t e g r a t i n g  t ime  
w i l l  be  mandatory, 

The advan tages  o f  s a t e l l i t e  i n f r a r e d  astronomy over  a i r p l a n e  astronomy a t  t h e  
p r e s e n t  t i m e  a r e  t h e n :  

1) S l i g h t l y  reduced a b s o r p t i o n  and background n o i s e ,  t o g e t h e r  a l l o w i n g  
a ga in  i n  s i g n a l  t o  n o i s e  of  perhaps  2 i n  many b u t  no t  a l l  
o b s e r v a t i o n s ,  

2) A b i l i t y  t o  o b s e r v e  v e r y  broad s o u r c e s  and make a b s o l u t e  f l u x  
measurements (g iven  a t e l e s c o p e  coo led  t o  a t  l e a s t  1 0 ' ~ ) ~  

3 )  Longer a v a i l a b l e  o b s e r v i n g  t i m e o  

4) Grea te r  p l a t f o r m  s t a b i l i t y o  

Conclus ions  

There  a r e  two major a r e a s  which r e q u i r e  s u b s t a n t i a l  development e f f o r t  b e f o r e  
t h e  p o t e n t i a l  u s e f u l n e s s  o f  o r b i t a l  i n f r a r e d  astronomy can  be  r e a l i z e d ,  

1 )  P r e s e n t l y  a v a i l a b l e  d e t e c t o r s :  even when coo led ,  p r e s e n t  
day d e t e c t o r s  e x h i b i t  n o i s e  e q u i v a l e n t  powers comparable t o  
a tmospher ic  background, and 

2) Cryogenic Te lescopes :  The p r imary  m i r r o r  and t e l e s c o p e  
t empera tu re ,  i f  o v e r  l o 0 &  y i e l d s  a l a r g e  background comparable 
i n  magnitude t o  t h e  a tmospher ic  background, 

T a b l e s  6, 7, 8, and 9 show t h a t  i n  t h e  b e s t  c a s e s ,  t h e  t h r e e  n o i s e  s o u r c e s ,  
t h e  d e t e c t o r ,  t h e  t e l e s c o p e ,  and t h e  a tmosphere ,  c o n t r i b u t e  e q u a l  amounts o f  
background, Fur thermore ,  t h e  s i z e a b l e  background due t o  h o t  t e l e s c o p e  i s  
c l e a r l y  e v i d e n t  i n  T a b l e  9 . 
The i n t e r e s t  i n  i n f r a r e d  astronomy w i l l  mount a s  s u c c e s s e s  i n  t h e  s h o r t e r  
wavelengths  a r e  ach ieved .  The a r e a s  where t echno logy  must b e  developed a r e  
c l e a r l y  i d e n t i f i e d ,  A break th rough  i n  low-noise  d e t e c t o r s  o r  imagers ,  
a s  w e l l  a s  i n  l o n g - l i f e ,  c r y o g e n i c a l l y  coo led  t e l e s c o p e  m i r r o r s  and s t r u c t u r e  
must be  ach ieved  b e f o r e  s i g n i f i c a n t  new i n f o r m a t i o n  c o n t a i n e d  i n  t h e  i n f r a r e d  
spect rum w i l l  become a v a i l a b l e ,  Successes  i n  t h e  development of IR t echno logy  
i n  a l l  d i s c i p l i n e s  s h o u l d  b e  c l o s e l y  watched,  s o  t h a t  new t e c h n i q u e s  c a n  be  
a p p l i e d  t o  b e n e f i t  astronomy. 
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Ground 

(See T a b l e  8 - 
Atmospheric Windows 

1-15p windows (20-50% 
a b s o r p t i o n )  i n  
50% o f  spec t rum 
90-100% absorp-  
t i o n  i n  r e s t  of 
spect rum.  

1 5 - 1 0 0 0 ~  v i r t u a l l y  
100% absorp-  
t i o n  i n  a l l  
o f  spect rum.  

15% a b s o r p t i o n  i n  
90% o f  spect rum 
80% a b s o r p t i o n  i n  
bands,  10% of  spec -  
trum. 

40% a b s o r p t i o n  i n  
50% of  spect rum.  
80% a b s o r p t i o n  i n  
30% o f  spectrum. 
100% a b s o r p t i o n  i n  
r emain ing  20% o f  
spectrum. 

Ba l l o o n  S a t e l l i t e  

5% a b s o r p t i o n  i n  No a b s o r p t i o n *  
90% o f  spec t rum 
30% a b s o r p t i o n  i n  
bands,  10% o f  spec -  
trum. 

10% a b s o r p t i o n  i n  No a b s o r p t i o n .  
50% o f  spect rum.  
30% a b s o r p t i o n  i n  
30% o f  spectrum. 
100% a b s o r p t i o n  i n  
r emain ing  20% of  
spect rum.  

* 
Turon-Lacarr ieu ,  P., and Verdet ,  J.P.: Annals d lAs t rophys ique .  Vol. 31,  
1968, p. 1. 

Kondra t i ev ,  K., Nicolsky,  G.A., Budinov, I., and Andreev, S.P.: Appl ied  O p t i c s .  
Vol. 6, 1967, p. 1979 

Gates,  DIM. ,  Murcray, . . , Shaw, C.C., and Herbold,  R. J. : J. Opt. Soc. 
Amer. Vol. 48, 1958, p. 1016. 

m c r a y , ,  D.G., Murcray, F , L ,  and Wi l l i ams ,  W. J. : Appl ied O p t i c s .  Vol. 6, 
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TABLE 8  

ATMOSPHERIC TRANSMISSION "WINDOWS" 

0.3 - 1.1 microns 

1.2 - 1 . 3  microns 

1.5 - 1.7  microns 

2.0 - 2 . 5  microns 

3 .3  - 4.0  microns 

4 .4  - 4 .8  microns 

8 .0  - 13 microns 

2  2 microns 

1000 and up  microns 



TABLE 9 

MCKQZOUND FROM TELESCOPE TH 

(hpeak = 1 1 ~ )  (Apeak = 1 4 . 8 ~ )  (hpeak = 2 3 . 2 ~ )  

Background a t  Detector  Background a t  Detector Background a t  Detector  
(watts/micron) (watts/micron) (watts/micron) 

-k 
A$sming an emis s iv i ty  of 0.01 and 1-arc-minute cooled dfaphtam for a n  £110 eon'figura'tion. 
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CONSEDGRATIONS FOR A MICHlFLSON INTERFEROMmm EXPERIMENT ON LTEP 

The b a s i c  u s e f u l n e s s  o f  a  Michelson S t e l l a r  I n t e r f e r o m e t e r  l i e s  i n  t h e  
f o l l o w i n g  a r e a s .  

1. Measurement of  a p p a r e n t  a n g u l a r  d i a m e t e r s  o f  s t a r s .  

2. Measurements of  b r i g h t n e s s  d i s t r i b u t i o n ,  i . e . ,  l imb darken ing ,  
a t  v a r i o u s  wavelengths  a c r o s s  t h e  Red Gian t s .  

3 .  Sea rch  f o r  f e a t u r e s ,  e .g . ,  d a r k  s p o t s  o r  r e g i o n s  of  i n c r e a s e d  
b r i g h t n e s s ,  on t h e  s u r f a c e s  of t h e  Red Gian t s .  

4. S e t  l i m i t s  on t h e  shape,  i . e . ,  o b l a t e n e s s ,  o f  t h e  Red Gian t s .  

5. Search f o r  f e a t u r e s  on t h e  s u r f a c e s  of  t h e  p l a n e t s .  

6 .  S e t  l i m i t s  on t h e  a p p a r e n t  a n g u l a r  s i z e  o f  t h e  n u c l e i  of S e y f e r t  
Ga lax ies .  

7. S e t  l i m i t s  on t h e  a p p a r e n t  a n g u l a r  s i z e  o f  q u a s i - s t e l l a r  s o u r c e s ,  
e .  g., 3C273B. 

8. Measurements of  t h e  s e p a r a t i o n  of  b i n a r i e s .  

The requ i rements  on a Michelson a r e  d i c t a t e d ,  of c o u r s e ,  by t h e  t a s k  t o  which 
i t  i s  o r i e n t e d .  I n  p a r t i c u l a r ,  some of  t h e  p o t e n t i a l  a p p l i c a t i o n s  r e q u i r e  l a r g e  
s e p a r a t i o n s  of t h e  e x t e r n a l  m i r r o r s  and r e l a t i v e l y  s m a l l  l i g h t  c o l l e c t i n g  
a p e r t u r e  a r e a s .  I n  c o n t r a s t ,  o t h e r  a p p l i c a t i o n s  r e q u i r e  o n l y  modest s e p a r a t i o n s  
b u t  l a r g e  l i g h t  c o l l e c t i n g  a p e r t u r e s .  The a p p l i c a t i o n s  which can b e  c a r r i e d  
o u t  w i t h  s m a l l  a p e r t u r e s  a f f o r d  t h e  p o s s i b i l i t y  o f  implementa t ion t e r r e s t r i a l l y .  
However, t h e  a tmosphere  l a c e s  a  s e v e r e  l i m i t  on t h e  s i z e  of  t h e  a p e r t u r e  a r e a s  5 which can be  used.  O . l m  i s  t h e  l a r g e s t  used on t h e  b r i g h t e s t  s t a r s .  The 
a p e r t u r e  a r e a s  on t h e  proposed l a r g e  s e p a r a t i o n  t e r r e s t r i a l  Michelsons  range  
from 0.01m2 t o  0.1m2. The s m a l l  a p e r t u r e s  l i m i t  t h e  domain of  u s e f u l n e s s  
t o  r e l a t i v e l y  b r i g h t  o b j e c t s .  

The fo remos t  advan tage  of  an  e x t r a - t e r r e s t r i a l  Michelson i s  t h e  a b i l i t y  t o  
u s e  l i g h t - c o l l e c t i n g  a p e r t u r e  a r e a s  l i m i t e d  on ly  by t h e  s i z e  o f  t h e  o p t i c s ,  
ioe . ,  t h e  t e l e s c o p e  primary,  and n o t  by a tmospher ic  c o n s i d e r a t i o n s .  F o r  a 2-m 
pr imary used  e x t r a t e r r e s t r i a l l y ,  t h e  c o l l e c t i n g  a r e a s  o f  t h e  Michelson can  b e  
0.75m2. T h i s  number r e p r e s e n t s  an  i n c r e a s e  i n  s i g n a l  by a  f a c t o r  of a t  l e a s t  
7.5. 
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Bes ides  b e i n g  a b l e  t o  i n v e s t i g a t e  f a i n t  o b j e c t s ,  a s p a c e b o r n e  Michelson 
p o s s e s s e s  t h e  f o l l o w i n g  advan tages  : 

1. Removal o f  t h e  a tmospher ic  s p e c t r a l  window s o  t h a t  t h e  i n t e r -  
f e r o m e t e r  can work i n  t h e  u l t r a v i o l e t  r e g i o n  below 3OOOA and 
can a l s o  work c o n t i n u o u s l y  th roughout  t h e  i n f r a r e d  r e g i o n  t o  1 .1~.  

2. E l i m i n a t i o n  o f  t h e  a tmospher ic  s e e i n g  and  s c i n t i l l a t i o n  which degrade  
t h e  f r i n g e  v i s i b i l i t y .  

Conclus ions  

Of t h e  e i g h t  p o t e n t i a l  u s e s  o f  a  Michelson g iven  i n  t h e  i n t r o d u c t i o n ,  a space-  
borne  i n t e r f e r o m e t e r  o f  moderate  s i z e  used i n  c o n j u n c t i o n  w i t h  a  2-meter t e l e -  
scope  pr imary would b e  of  un ique  a p p l i c a b i l i t y  f o r  t h  implementa t ion o f  
I t ems  2  th rough  7. O p e r a t i n g  a t  a  wavelength  o f  5000 1 , a  20-meter i n t e r f e r o m -  
e t e r  can r e s o l v e  a n g u l a r  d i a m e t e r s  of 0.006 arc-second.  S i n c e  r e s o l u t i o n s  o f  
0 . 0 1  a rc - second  a r e  e x t r e m e l y  u s e f u l  f o r  I t ems  2  th rough  7, a  moderate  s i z e  
deno tes  a n  e x t e r n a l  m i r r o r  s e p a r a t i o n  of 10 t o  20 m e t e r s .  

I n  t h e  c a I c u l a t i o n s  which f o l l o w ,  i t  w i l l  be shown t h a t  t o  s i g n i f i c a n t l y  i n c r e a s e  
t h e  a s t r o n o m i c a l  d a t a  on measured s t e l l a r - a p p a r e n t  a n g u l a r  d i a m e t e r s ,  a  100- t o  
200- mete r  e x t e r n a l  m i r r o r  s e p a r a t i o n  i s  r e q u i r e d .  Even a t  t h e s e  s e p a r a t i o n s ,  t h e  
s t a r s  a c c e s s i b l e  a r e  r e l a t i v e l y  b r i g h t ,  i . e . ,  b r i g h t e r , t h a n n  = +6 and,  t h e r e f e r e ,  v 
such  measurements a r e  f e a s i b l e  w i t h  a  s m a l l  a p e r t u r e ,  l a r g e - s e p a r a t i o n  t e r r e s t r i a l  
Michelson. 

With a  r e s o l u t i o n  of 0.006 t o  0.01 arc-second and w i t h  t h e  c a p a b i l i t y  o f  
measur ing  t h e  r e l a t i v e  phase  and ampl i tude  of t h e  p a r t i a l  coherence f u n c t i o n ,  
I t ems  2 ,3 ,4  and 5 can  be implemented i n  o r b i t .  The l a r g e  c o l l e c t i o n  a p e r t u r e  
i s  t h e  key t o  e s t a b l i s h i n g  t h e  implementa t ion of I t ems  6  and 7  s i n c e  t h e  b r i g h t -  
n e s s  of t h e s e  o b j e c t s  i s  l e s s  t h a n  o r  e q u a l   to^ = +13. v  
I n  summary, a 10-to 20-meter Michelson used  e x t r a - t e r r e s t r i a l l y  w i t h  a 2-meter 
t e l e s c o p e  pr imary i s  v a l u a b l e  from t h e  a s t r o n o m i c a l  v iewpoin t  because :  

1. It i s  c a p a b l e  of  g e n e r a t i n g  a  s i g n i f i c a n t  amount of  new and use -  
f u l  a s t r o n o m i c a l  d a t a ,  I tems 2  through 7 on page 5 7 . .  

2. The e n g i n e e r i n g  and  i n s t r u m e n t a t i o n  e x p e r i e n c e  ga ined  on a  10-to 
20-meter i n t e r f e r o m e t e r  s e r v e s  a s  a  m i l e s t o n e  f o r  l a r g e r  Michelsons  
which w i l l  b e  of  g r e a t  i n t e r e s t  a s  l a r g e r  p r i m a r i e s  a r e  p l a c e d  i n  
o r b i t .  

However, s i n c e  a  10- t o  20-meter Michelson i s  a  complex and s i z e a b l e  i n s t r u -  
m e n t a t i o n  package whose i n t e g r a t i o n  w i t h  t h e  LTGP c o n s t i t u t e s  a  major  impac t  
on t h e  LTEP c o n c e p t , i t  i s  n o t  recommended t o  i n c l u d e  such  a package i n  t h e  
i n i t i a l  f l i g h t  package.  F u r t h e m o r e ,  i t  i s  q u i t e  p o s s i b l e  t h a t  i n s t a l l a t i o n  
o f  a  10- to  20-meter Michelson on t h e  ETQ cou ld  b e  a f f e c t e d  d u r i n g  a  s e p a r a t e  
piggy-back o p e r a t i o n .  
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The u t i l i t y  of  a  much s m a l l e r  Michelson,  i . e . ,  2- t o  3 l n e t e r s ,  i s  ex t remely  
marg ina l ,  It i s  d i f f i c u l t  t o  j u s t i f y  t h e  expense  and e f f o r t  r e q u i r e d  f o r  t h e  
r a t h e r  l i m i t e d  new d a t a  s i n c e  t h e  r e s o l u t i o n  i s  on ly  s l i g h t l y  above t h a t  of t h e  
pr imary.  

The fundamental  p r i n c i p l e  u n d e r l y i n g  t h e  o p e r a t i o n  of  t h e  Michelson s t e l l a r  
i n t e r f e r o m e t e r  i s  a  consequence of t h e  Z e r n i k e - v a n c i t t e r t   heo or em.* T h i s  
t h e o r e m g i v e s t h e  complex degree  o f  coherence between two p o i n t s  i n  a n  o p t i c a l  
f i e l d  coming from a  quasi -monochromat ic- incoherent  ex tended  s o u r c e .  The theorem 
s t a t e s  t h a t  t h e  d e g r e e  of p a r t i a l  coherence,  y ( x , y ) ,  between two p o i n t s ,  P1 and 
P2, i l l u m i n a t e d  by a n  ex tended ,  non-coherent  s o u r c e  i s  g i v e n  by t h e  normal ized  
F o u r i e r  t r a n s f o r m  o f  t h e  i n t e n s i t y  d i s t r i b u t i o n  Is ( c x , ~ ) ;  where Is (a,P) i s  t h e  
s o u r c e  i n t e n s i t y  a s  s e e n  from PI  and P2. 

For a d i s t a n t  s t a r  o f  a n g u l a r  r a d i u s  012 and Is = c o n s t a n t ,  one g e t s  y ( x )  = 
2j1  (a x a / h )  / (a  x  a / h ) ,  where J1 = B e s s e l  f u n c t i o n  of  f i r s t  k i n d .  From 
t h i s  r e l a t i o n  i t  i s  p o s s i b l e  t o  make a  p l o t  of  y ( x ) .  (Figure 25.) 

X =------- 
a max. 

/ I \ 
2 P2 

F i g u r e  25, P a r t i a  1 Coherence F u n c t i o n  

When t h e  d i s t a n c e  between PI and P2 i s  ze ro ,  t h e  degree  of  coherence i s  
maximum. As PI and P2 become i n c r e a s i n g l y  s e p a r a t e d ,  t h e  degree  of coherence  
d e c r e a s e s  and goes t o  z e r o  a t  a  s p a c i n g  of  x~ = l . 2 2 h / a e  It i s  p o s s i b l e  

* 
Born, M. and Wolf, E :  P r i n c i p l e s  of  O p t i c s .  Pergamon P r e s s ,  London, 1959, 

p. 510, pp. 271-276. 
175 9 
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t o  u s e  t h i s  b e h a v i o r  o f  t h e  degree  of coherence,  y, t o  measure t h e  a n g u l a r  
d iamete r  o f  a d i s t a n t  extended source .  To do t h i s , a  ~ o u n g ' s  doub le  s l i t  e x p e r i -  
ment i s  set up u s i n g  l i g h t  from t h e  d i s t a n t  source;  As long a s  t h e  two s l i t s  
i n  t h e  young 's  exper iment  a r e  s e p a r a t e d  from each o t h e r  by l e s s  t h a n  t h e  d i s t a n c e  
xO = 1 + 2 2 h ,  t h e n  t h e  ~ o u n ~ ' s  f r i n g e s  w i l l  e x i s t  and have a v i s i b i l i t y  d i r e c t l y  

%ax 
p r o p o r t i o n a l  t o  t h e  d e g r e e  o f  complex coherence,  Y ,  i . e . ,  when t h e  two s l i t s  
a r e  a t  z e r o  spac ing ,  t h e  young 's  f r i n g e s  a r e  of maximum v i s i b i l i t y .  A s  t h e  s p a c -  
i n g  of t h e  young ' s  s l i t s  i s  i n c r e a s e d ,  t h e  v i s i b i l i t y  d e c r e a s e s  and goes t o  z e r o  
when : 

where D = s p a c i n g  o f  Young s l i t s  f o r  z e r o  v i s i b i l i t y ,  h~ = e f f e c t i v e  o p e r a t i n g  
wavelength ,  and a = a n g u l a r  d i a m ~ t e r  of s t a r .  S ince  b o t h  D and X O  a r e  measur- 
a b l e  q u a n t i t i e s ,  a can be i n f e r r e d  from t h e  measurement of D which y i e l d s  z e r o  
f r i n g e  v i s i b i l i t y .  

1w22h, i t  i s  c l e a r  t h a t  t h e  s m a l l e r  t h e  a n g u l a r  From t h e  r e l a t i o n  x g  = ------- a 
diamete r  one wishes  t o  measure,  t h e  l a r g e r  x o  w i l l  be.  Miche l son ' s  S t e l l a r  
I n t e r f e r o m e t e r  i s  i l l u s t r a t e d  i n  F i g u r e  26;. 

F o c a l  P1 

F i g u r e  26. Miche l son ' s  S t e l l a r  I n t e r f e r o m e t e r  
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R a t h e r  t h a n  u s e  t h e  Young s l i t s  t o  measure t h e  s p a t i a l  e x t e n t  of coherence  
from t h e  s t a r ,  t h e  s i d e  m i r r o r s ,  M1 and M2, which f e e d  t h e  young ' s  d o u b l e  
s l i t  s e t u p ,  a r e  used t o  probe t h e  e x t e n t  of s p a t i a l  coherence.  Th i s  o b v i a t e s  
t h e  need f o r  a  l a r g e  o b j e c t i v e ,  and,  of  e q u a l  impor tance ,  i t  p e r m i t s  independen t  
s e l e c t i o n  of s l i t  s e p a r a t i o n  s o  t h a t  t h e  young ' s  f r i n g e s  a r e  spaced s u i t a b l y  
f a r  a p a r t  t o  f a c i l i t a t e  t h e i r  r e s o l u t i o n .  As one s e p a r a t e s  t h e  young 's  s l i t s ,  
t h e  Young f r i n g e s  become more c l o s e l y  spaced  s o  t h a t  measurement of t h e  f r i n g e  
v i s i b i l i t y  i s  impaired.  I f  g d e n o t e s  t h e  s p a c i n g  of  t h e  young ' s  s l i t s ,  t h e n  t h e  
s p a c i n g  o f  t h e  Young's f r i n g e s  i s :  

The Young's f r i n g e s  a r e  modulated,  i . e . ,  have t h e  envelope,  d i c t a t e d  by t h e  s i n g l e  
s l i t  i n t e n s i t y  p a t t e r n .  The form of t h e  envelope i s :  

2  2  
[ s i n  (fibx/h)] /[nbx/h] , 

where b  = s l i t  wid th .  

I f  ; i n d i c a t e s  t h e  number o f  young ' s  f r i n g e s  i n  t h e  main, c e n t r a l  image peak, t h e n  

I n  o r d e r  t o  c o l l e c t  a s  many photons a s  p o s s i b l e ,  one  would l i k e  t o  have 
b  a s  l a r g e  a s  p o s s i b l e .  Fur thermore ,  i f  2 i s  t o o  l a r g e ,  i . e . ,  b s m a l l , ( o r  n t o o  - - 
s m a l l ,  i. e . ,  b la rge) ,  t h e n  a s c e r t a i n i n g  f r i n g e  v i s i b i l i t y  i s  d i f f i c u l t .  n  
= 5  i s  a  r e a s o n a b l e  v a l u e .  There fo re ,  one h a s  f i v e  Young's f r i n g e s  i n  t h e  c e n t r a l  
image peak,  and t h e  a r e a  o f  t h e  young ' s  s l i t s  c o n s t i t u t e  abou t  25 p e r c e n t  o f  t h e  
t o t a l  a p e r t u r e  a r e a .  For  a  2-meter a p e r t u r e ,  t h i s  g i v e s  abou t  0.75m2; f o r  a  
3-meter a p e r t u r e ,  t h e  v a l u e  i s  1.8m2. These v a l u e s  a r e  t o  be compared t o  O . l m  2 

which i s  t h e  maximum a p e r t u r e  a r e a  used  th rough  t h e  a tmosphere .  

A b a s i c  a p p l i c a t i o n  of a  Michelson S t e l l a r  I n t e r f e r o m e t e r  l i e s  i n  t h e  measure- * ment of  a p p a r e n t  a n g u l a r  d i a m e t e r s  of s i n g l e  s t a r s .  Other  t e c h n i q u e s  are 
s u p e r i o r  t o  t h e  Michelson f o r  measur ing  t h e  s e p a r a t i o n  of b i n a r i e s .  An 
a l t e r n a t e  t e c h n i q u e  f o r  measur ing s t e l l a r  d i a m e t e r s  i s  t h e  i n t e n s i t y  t n t e r f e r m e t e r  

* 
M i l l e r ,  R.H.:  Sc ience  153. 1966. p. 581. 

I=+i l 
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Jc 
LI 1 Brown dncl Twis s .  T h e r t . l o r e ,  t h i s  d i s c u s s i o n  w i l l  a d d r e s s  i t s e l f  n o t  
o n l v  t o  t h C  p o t e n t i a l  of a  l a r g e  s p a c e b o r n c ~  Miche l son  i n t e r f e r o m e t e r ,  b u t  
i t  w i l l  a l s o  s p e c i f y  t h e  a r e a s  of  exclusive a c c e s s i b i l i t y  by t h e  M i c h e l s o n  
a 5  opposed t o  a n  i n t e n s i t y  i n t e r f t 7 r o m e t e r .  

Thc ~ i ~ s i r e  t o  measu re  a p p a r e n t  a n g u l a r  d i a m e t e r s  i s  v e r y  s t r o n g  b e c a u s e  i n  
c o n j u n c t i o n  w i t h  p a r a l l a x  measu remen t s ,  s t e l l a r  d i a m e t e r s  can  be deduced .  I f  
a  s t a r  h a s  a  measu red  a n g u l a r  d i a m e t e r ,  CY, i n  a r c - s e c o n d s ,  and a  p a r a l l a x ,  p ,  
t h e n  i t s  d i a m e t e r ,  D t  i n  s o l a r  d i a m e t e r s  i s :  

Kncwin: b o t h  a p p a r e n t  and  a c t u a l  d i a m e t e r s  i s  e x t r e m e l y  i m p o r t a n t  f o r  c h e c k i n g  
m a s s - l u m i n o s i t y - s i z e - m a g n i t u d e - s p e c t r a l - t y p e  r e l a t i o n s  and  p r e d i c t i o n s  f o r  
s t a r s  and  p r e d i c t i o n s  f o r  s t a r s  and  s t e l l a r  models .  

Assuming a  s t a r  i s  a  s p h e r e  e m i t t i n g  a s  a  b l ackbody  w i t h  a  b l ackbody  t e m p e r a t u r e ,  
Tpea l c .  a p p a r e n t  v i s u a l  m3gn i tude ,  q, and a p p a r e n t  a n g u l a r  d i a m e t e r ,  (1, t h e  

# \  ,, 
Lol lowing  r e l a t i o n  h o l d s .  

hK - 

K1/Tpeak  
- 5 l o g  ' - K2 

v I 0  (7 )  

where K and  K2 a r e  c o n s t a n t s  t y p i c a l l y  e q u a l  t o  29400 and  15 .25 ,  r e s p e c t i v e l y .  1 
S i n c e  P& and  Tpealc a r e  r e a d i l y  a c c e s s i b l e ,  a  measurement  of I can  b e  a  f u r t h e r  
r h c c k  on t h e  d e t a i l s  of s t e l l a r  b e h a v i o r  a n d  p r o p e r t i e s .  

T a b l e  10 l i s t s  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  6.2m and t h e  15.2m M i c h e l s o n  
i n t e r f e r o m e t e r s  a t  Mount W i l s o n .  

TABLE 10 .  MT. WILSON INTERFEROMETER RESULTS 

6 . 2 m  : , I ichelson I n t e r f e r o m e t e r  

S t a r  Spec t rum Angular  Diameter  V i s u a l  Magn i tude  

B o o t i ?  K 1 
T a u r i  K 5  

. O r i o n i s  M2 
B P e g a s i  M2 

, I e r c u l i s  M.5 
9 C'et i  M6 

S c o r p i i  M 1 

0 .020  a r c - s e c o n d  
0 .020  a r c - s e c o n d  
0 .047  a r c - s e c o n d  
0 .021  a r c - s e c o n d  
0 .030  a r c - s e c o n d  
0 .047  a r c - s e c o n d  
0 .040  a r c - s e c o n d  

.n. 

Brown, Hanbury,  R . :  Annual Reviews oE Astronomy and  A s t r o p h y s i c s .  Vol .  6 ,  1968, 
p. 13 ,  ( E d i t e d  by L .  Go ldbe rg ) .  

Brown, Hanbury,  R .  a n d  Twiss ,  R.Q.: P r o c e e d i n g s  of  t h e  Royal  S o c i e t y  of  Astronomy. 
1958, p .  248, pp.  199-221.  

9: ;'; 
R u s s e l l ,  H.N., Dugan, R.S . ,  S teward ,  J . O . :  Astronomy 11. Ginn and Co., 1927,  p.  738. 

1-62 
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TABLE 10 (Continued) 

15.2m Michelson I n t e r f e r o m e t e r  

S t a r  
P 

p Andromeda MO 

a C e t i  M2 

Y Aqui lae  K3 

€ P e g a s i  K2 

21 O r i o n i s  M2 

~r. B o o t i s  K 1  

tr. S c o r p i i  M 1  

0.0108 arc-second 2.37 

0.0115 arc-second 2.82 

0.0084 arc-second 2.80 

0.0084 arc-second 2 54 

0.0340 arc-second 0.92 

0.0190 arc-second 0.24 

0.0290 arc-second 1 .23 

T a b l e l l l i s t s  t h e  r e s u l t s  of measurements of a p p a r e n t  s t e l l a r  d iameter  
u s i n g  t h e  Nar rab i  Observatory i n t e n s i t y  i n t e r f e r o m e t e r .  T h i s  l i s t  i s  
c u r r e n t  through February 1967. 

TABLE 11. NARRABI OBSERVATORY ZNTENSITY INTERFEROMETER RESULTS 

S t a r  Spectrum 

p C r u s i s  Bo5 

y O r i o n i s  B2 

C Canis Major i s  B2 

a Pavonis  B3 
E O r i o n i s  BO 

12 E r i d a n i  B 5 

Q: Gruis  B 5 

1 Leonis  B 7 

(3 O r i o n i s  B8 

Q Canis Ma j o r i s  A 1  

hi Lyrae A0 

u Biscus  A 3 
A u s t r i n i  

,2 Car inae  PO ( 

x Aqui l a e  A 7 

Cx Canis  Minor i s  F5 

0.000705 arc-second 

0.000740 arc-second 

0.000780 arc-second 

0.000770 arc-second 
0.000700 arc-second 

0.001086 a rc - second  

0.000980 arc-second 

0.00 1033 arc-second 

0.002074 arc-second 

0.005085 a rc - second  

0.0033 10 arc-second 

0.001980 arc-second 

0.006480 arc-second 

0.002790 arc-second 

0.0053 10 arc-second 

Visua 1 Magnitude 
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The r e s u l t s  of t h e  15.2-111 Michelson were ,  i n  some c a s e s ,  q u i t e  d i f f e r e n t  from 
t h o s e  o b t a i n e d  w i t h  t h e  6.2-m i n t e r f e r o m e t e r .  Much d i f f i c u l t y  was encounte red  
i n  a t t e m p t i n g  t o  use  t h e  15.2-m Michelson.  

The r e s u l t s  from t h e  N a r r a b i  Observatory a r e  q u i t e  good, However, s i n c e  t h e  
i n t e n s i t y  i n t e r f e r o m e t e r  i s  q u i t e  i n s e n s i t i v e ,  i t  c a n  s tudy  on ly  s t a r s  b r i g h t e r  
t h a n  \ -: t3 and h o t t e r  t h a n  4500°K. T h i s  c o n c l u s i o n  ho lds  t r u e  and does  n o t  
change a s  one i n c r e a s e s  t h e  s i z e  o r  spac ing  of t h e  i n t e n s i t y  c o l l e c t o r s .  There -  
f o r e ,  t h e  domain where t h e  Michelson i s  of unique importance l i e s  i n  t h e  
measurement o f  a p p a r e n t  a n g u l a r  d i a m e t e r s  f o r  s t a r s  o f :  1) any s p e c t r a l  
t y p e  w i t h  magni tudes  f a i n t e r  t k n  Mv = +3 and 2) a l l  s t a r s  i n  t h e  K o r  M 
s p e c t r a  1 t y p e .  

I n  o r d e r  t o  a s c e r t a i n  t h e  p o p u l a t i o n  of s t a r s  a c c e s s i b l e  t o  measurement 
w i t h  a  p o t e n t i a l l y  l a r g e  o r b i t i n g  Michelson i n t e r f e r o m e t e r ,  i t  can be shown 
t h a t :  ,. 

29400 , 2 . M A 0  x  10' 
- 

Mv l i m i t  - Tpeak -5 log  10 D - 15.25 

eak 
i s  t h e  e f f e c t i v e  blackbody tempera tu re  o f  t h e  s t a r  and i s  f i x e d  f o r  a  

geven s p e c t r a l  t y p e .  ho i s  t h e  e f f e c t i v e  o p e r a t i n g  wavelength  of t h e  i n t e r -  
fer0meter .D i s  t h e  s e p a r a t i o n  of t h e  two o u t e r  m i r r o r s  of t h e  Michelson.  
.xO and D must be i n  t h e  same u n i t s .  S i n c e  A. and h - Rw 

0  
- -  a r e  n o t  

peak 
Tpeak 

n e c e s s a r i l y  t h e  same, s e v e r a l  modes of o p e r a t i o n ,  i . e . ,  h 1 ho o r  ho 5 

Ti must be c o n s i d e r e d .  Ru i s  t h e  c o n s t a n t  i n  Wein's d~@%acement  law. 
peak 

F i g u r e  27 i l l u s t r a t e s  a  r e p r e s e n t a t i o n  of Equa t ion  (8)  g i v i n g  M f o r  
v l i  i t  

v a r i o u s  s p e c t r a l  t y p e s  and i n t e r f e r o m e t e r  s i z e s .  C l e a r l y ,  i f  ho =mhpeak f o r  

t h e  u l t r a v i o l e t  r e g i o n ,  t h e  r e s o l u t i o n  of t h e  i n t e r f e r o m e t e r  i s  improved 
and t h e  number o f  photons  a v a i l a b l e  i s  maximum. 

I n  t h e  i n f r a r e d  r e g i o n ,  i t  may be d e s i r a b l e  t o  keep i n  t h e  v i s i b l e .  The 
g raphs  a r e  n o t  c o r r e c t e d  f o r  p o s s i b l e  s p e c t r a l  v a r i a t i o n s  i n  quantum e f f i c i e n c y  
of p h o t o - d e t e c t o r s .  The domain a c c e s s i b l e  t o  t h e  i n t e n s i t y  i n t e r f e r o m e t e r  
i s  g i v e n  f o r  comparison.  

From T a b l e s  10  and 11, i t  c a n  be concluded t h a t  abou t  25 a p p a r e n t  
s t e l l a r  d i a m e t e r s  a r e -  p r e s e n t l y  known. A s u r v e y  of The  hie U n i v e r s i t y  

i n d i c a t e s  t h a t  t h e r e  a r e  about  
4 8 0  s t a r s  b r i g h t e r  t h a n  o r  e q u a l  t o  Q =: +6 i n  t h e  K and M s p e c t r a l  c l a s s e s  
which have measured p a r a l l a x e s .  These i n c l u d e  some M-type dwarfs  w i t h i n  10 
p a r s e c s .  T h e r e f o r e ,  i t  i s  p o s s i b l e  t o  conclude t h a t  a  Michelson interfero- 
meter  w i t h  100- t o  200-meter e x t e r n a l  m i r r o r  s e p a r a t i o n  used i n  o r b i t  c a n  
i n c r e a s e  t h e  number of measured apparen t  s t e l l a r  d i a m e t e r s  by a f a c t o r  o f  
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abou t  20.  A 10-meter i n t e r f e r o m e t e r  wi)tild be o i  l i t t l e ,  i T  any ,  v a l u e  i n  
p r o v i d i n g  a n  i n c r e a s e  i n  a s t r o n o m i c a l  d a t a .  A 50-meter s i z e  i s  a l s o  of 
m a r g i n a l  r e t u r n  because  t h e  K and M s p e c t r a l  type  s t a r s  o f  meastired p a r a l l a x  
w i t h  Mv f a i n t e r  t h a n  +4 exceed t h o s e  b r i g h t e r  t h a n  Mv - 1 4  by abou t  
10 t o  1. The 100- t o  200-meter i n t e r f e r o m e t e r  can  r e a c h  t h e  K and M s p e c t r a l  
t y p e s  t o  M, 1 6 .  

I n  o r d e r  t o  o b t a i n  complete  i n f o r m a t i o n  abou t  a  g e n e r a l  b r i g h t n e s s  d i s t r i b u t i o n ,  
i t  i s  n e c e s s a r y  t o  measure  t h e  r e l a t i v e  phase of  t h e  v i s i b i l i t y  i u n c t i  on, 
i . e . ,  t h e  p a r t i a l  coherence  f u n c t i o n .  The p r e s e n c e  of  t h e  a tmosphere  s e v e r e l y  

-8- 

l i m i t s  t h e  phase  measurements."  Above t h e  a tmosphere ,  t e c h n i q u e s  have been 
proposed'"' which a r e  a p p l i c a b l e  t o  t h e  d e t e r m i n a t i o n  of t h e  ampl i tude  and 
r e l a t i v e  phase  of t h e  v i s i b i l i t y  f u n c t i o n .  

P l u t o  h a s  a n  a p p a r e n t  a n g u l a r  d i a m e t e r  of abou t  0 . 2  a r c - s e c .  T h i s  number 
i s  q u i t e  u n c e r t a i n  because  P l u t o ' s  a p p a r e n t  v i s u a l  magni tude,  Mv, i s  !14.  The 
mean d e n s i t y  of m a t t e r  on P l u t o  i s  u n c e r t a i n  because  of  a n  a p p a r e n t  d i s c r e p a n c y  
between t h e  p r e s e n t l y  e s t i m a t e d  d i a m e t e r  of 0 . 2  a r c - s e c  and t h e  mass a s  
de te rmined  from c e l e s t i a l  mechanics .  A f i r m  measurement of  P l u t o ' s  d i a m e t e r  
would c o n t r i b u t e  s i g n i f i c a n t l y  e i t h e r  t o  b r a c k e t i n g  t h e  d e n s i t y  of  m a t t e r  
on P l u t o  o r  t o  g i v i n g  i n s i g h t  i n t o  some p r e s e n t l y  u n c e r t a i n  f a c t o r s  c o n t r i b u t i n g  
t o  i t s  a p p a r e n t  mass .  

S i n c e  q u a s i - s t e l l a r  s o u r c e s  and S e y f e r t  g a l a x i e s  a r e  q u i t e  f a i n t  o b j e c t s ,  
Mv 2 14, t e r r e s t r i a l  o b s e r v a t i o n s  r e q u i r e  long exposure  s o  t h a t  upper l i m i t s  
on t h e i r  a p p a r e n t  a n g u l a r  s i z e  a r e  o n l y  about  1 a rc - second .  A Michelson 
w i t h  a  10- t o  2 0 - m -  m i r r o r  s e p a r a t i o n  used w i t h  a  2- t o  3-m pr imary i n  o r b i t  
c o u l d  improve t h e s e  upper  l i m i t s  by one o r  two o r d e r s  of  magni tude.  

Beavers ,  W . I . :  I n t e r f e r o m e t r i c  I n v e s t i g a t i o n  of A r c t u r u s .  T h e s i s ,  I n d i a n a  
U n i v e r s i t y ,  1965. 

E l l i o t ,  J . :  A S t e l l a r  I n t e r f e r o m e t e r  f o r  F a i n t  As t ronomica l  O b j e c t s .  
T h e s i s ,  Massachuse t t s  I n s t i t u t e  of Technology,  1965. 

-,--I. 8 ,  <, 

Rogstad,  D . H , :  1967 Woodshole Summer Study: S y n t h e t i c  A p e r t u r e s .  V I I ,  
p .  85.  
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T h i s  s e c t i o n  w i l l  d i s c u s s  some of t h e  advan tages  and problems o f  such a n  under-  
t a k i n g  and w i l l  p r e s e n t  a n  o p t i c a l  d e s i g n  u t i l i z i n g  p r i sms  which s i g n i f i c a n t l y  
r e l a x e s  some of  t h e  sys tem t o l e r a n c e s .  The o r i g i n a l  Michelson exper iment  was 
a n  i m p r e s s i v e  accomplishment because  of  s o p h i s t i c a t e d  o p t i c a l  i n s t r u m e n t a t i o n  
and a s  a  fundamental  demons t ra t ion  of o p t i c a l  coherence t h e o r y .  An o p t i m i s t  
w i l l  a r g u e  t h a t  t h e  o r i g i n a l  r e s u l t s  of Michelson can be e a s i l y  ex tended  by a n  
o r b i t i n g  sys tem because  of t h e  absence  of p e r t u r b i n g  a t m o s p h e r i c  e f f e c t s  i n  
space .  The p e s s i m i s t  w i l l  a l s o  q u i t e  c o r r e c t l y  a r g u e  t h a t  t o  l aunch ,  e r e c t ,  
and o p e r a t e  a n  i n s t r u m e n t  of d imensions  e x c e e d i n g  300 f e e t  t o  sub  a rc - second  
accuracy ,  wavelength  t o l e r a n c e s  w i l l  be e x c e e d i n g l y  d i f f i c u l t .  

The f o l l o w i n g  d i s c u s s i o n  w i l l  p r e s e n t  a  sys tem w i t h  s u p p o r t i n g  p r e l i m i n a r y  
c a l c u l a t i o n s  which i s  a  v i a b l e  a l t e r n a t i - v e  t o  t h e  c l a s s i c  c o n f i g u r a t i o n  f o r  
t h e  Michelson i n t e r f e r o m e t e r  ( F i g u r e  28 ). The t e c h n i q u e  u t i l i z e s  t h e  c l a s s  
o f  p r i sms  which has  a  c o n s t a n t  d e v i a t i o n  p r o p e r t y .  The two p r i s m s  which were 
c o n s i d e r e d  i n  t h i s  a n a l y s i s  a r e  t h e  p e n t a  p r i s m  and r o o f  p e n t a  p r i sm (pen ta  
p r i sm w i t h  one r e f l e c t i n g  s u r f a c e  r e p l a c e d  by a  roof  p r i s m ) .  Using m a t r i x  
n o t a t i o n ,  t h e  requ i rement  of  a  p r i sm sys tem f o r  t h e  a p p l i c a t i o n  b e i n g  c o r ~ s i d e r e d  
i s  

- - 
where I and I. a r e  3 v e c t o r s  r e p r e s e n t i n g  t h e  d i r e c t i o n  c o s i n e s  of t h e  i n p u t  

0 and o u t p u t ,  r e s p e c t i v e l y .  

- - 
PI, P  a r e  t h e  m a t r i x  o p e r a t o r s  f o r  t h e  p r i s m s  of  F i g u r e  28 . 

2  

The Michelson s t e l l a r  i n t e r f e r o m e t e r  w i l l  have no e r r o r s  i f  t h e  p r i sms  P and 
P  have t h e  f o l l o w i n g  p r o p e r t y  ; 

1 
2  

where 7 i s  t h e  i d e n t i t y  m a t r i x  

By c a l c u l a t i o n  one de te rmines  t h a t  p a i r s  of  pen ta  p r i sms  (as  i n  F i g u r e  28 ) 
o r  p a i r s  of roof  p e n t a  p r i sms  have t h e  p r o p e r t y  r e q u i r e d  by Equa t ion  (2 ) .  However, 
t h i s  p r o p e r t y  i n  i t s e l f  i s  of no consequence s i n c e  two m i r r o r s  
of  t h e  Michelson s t e l l a r  i n t e r f e r o m e t e r  have t h e  same p r o p e r t y  a s  Equa t ion  (2) .  
The advan tages  of t h e  p r i sm system a r e  r e a l i z e d  when one i n t r o d u c e s  e r r o r s  i n t o  
v a r i o u s  e lements  o f  t h e  sys tem and t h e n  n o t e s  t h e  change i n  sys tem performance.  

Before  p r e s e n t i n g  r e s u l t s  of t h i s  a n a l y s i s ,  a  c u r s o r y  d i s c u s s i o n  of e r r o r s  
f o r  a  ground-based Michelson s t e l l a r  i n t e r f e r o m e t e r  w i l l  be p r e s e n t e d .  
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I R i g i d  S t r u c t u r e  
/ 

I S t e l l a r  
e r f e r -  

Narrow-Band F i l t e r  

F r i n g e  V i s i b i l i t y  A n a l y z e r  

F i g u r e  28 . S t e l l a r  I n t e r f e r o m e t e r  U t i l i z i n g  
P r i s m s  
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Atmospheric 

The e r r o r  caused by a t m o s p h e r i c  t u r b u l e n c e  a r e  c l a s s i f i e d  i n  t h e  f o l l o w i n g  
c a t e g o r i e s .  

a )  Amplitude v a r i a t i o n s  ( f a d i n g )  

b )  Phase  v a r i a t i o n s  (change i n  e f f e c t i v e  p a t h  l e n g t h )  

c )  Angle of  a r r i v a l  

d) C o r r e l a t i o n  d i s t a n c e  which l i m i t s  t h e  upper d iamete r  o f  t h e  
remote m i r r o r  over  which t h e  i n c i d e n t  l i g h t  i s  s p a t i a l l y  
c o h e r e n t  ( t y p i c a l l y  10 cm) . 

The above e f f e c t s  a r e  e l i m i n a t e d  by o r b i t i n g  t h e  i n s t r u m e n t  and t h u s  w i l l  no t  be 
c o n s i d e r e d  f u r t h e r .  

P o l a r i z a t i o n  

S ince  t h e  p o l a r i z a t i o n  p e r t u r b a t i o n  caused by t h e  a tmosphere  i s  on t h e  o r d e r  
o f  a rc -minu tes ,  i t  i s  exc luded  a s  a  s o u r c e  of e r r o r  from a l l  i n t e r f e r e n c e  
exper iments .  

Mechanical  Dis tu rbances  Within  Ins t rument  

The problems of  bo th  "high" f requency (<I Hz) v i b r a t i o n s  and s t r u c t u r a l  bending 
and r o t a t i o n  of t h e  e lements  i n  ~ i c h e l s o n ' s  exper iment  were c i rcumvented by u s i n g  
a  v e r y  s t i f f  (and heavy) s t r u c t u r e  f o r  p o s i t i o n i n g  t h e  remote m i r r o r s .  T h i s  
luxury  cannot  be a c c e p t e d  i n  a  space  miss ion .  Also ,  i t  can be i n f e r r e d  from 
t h e  i n c r e a s e d  b a s e l i n e s  b e i n g  d i s c u s s e d  f o r  o r b i t i n g  s t e l l a r  i n t e r f e r o m e t e r s  
t h a t  a  major  s o u r c e  of e r r o r  i s  expec ted  t o  r e s u l t  from t h e  d i sp lacement  and * 
r o t a t i o n  o f  t h e  remote m i r r o r s .  The compensation o f  t h i s  e r r o r  i s  t h e  m o t i v a t i o n  
f o r  d e v e l o p i n g  t h e  d e s i g n  o f  F i g u r e  2 8 .  

The m i r r o r  a n g u l a r  a l ignment  t o l e r a n c e s  of  t h e  c l a s s i c  Michelson i n t e r f e r o m e t e r  
a r e  a  f r a c t i o n  of h / d ,  where d  i s  t h e  e n t r a n c e  p u p i l  ( t y p i c a l l y  t h e  d i a m e t e r  
o f  t h e  remote m i r r o r ) .  L i n e a r  mot ion p a r a l l e l  t o  t h e  o p t i c  a x i s  w i l l , . i n  
g e n e r a l ,  i n t r o d u c e  v i g n e t t i n g .  A s  w i  11 be d i s c u s s e d ,  t h e  i n t e r f e r o m e t e r  has  t h e  
a d d i t i o n a l  c o n s t r a i n t  t h a t  b o t h  o p t i c a l  p a t h  l e n g t h s  must be e q u a l  t o  w i t h i n  
t e n s  of hundreds of wavelengths .  Thus, a n g u l a r  t o l e r a n c e s  a r e  on t h e  o r d e r  of 

* 
F a c t o r s  such a s  g r a v i t y  g r a d i e n t  may i n t r o d u c e  s i g n i f i c a n t  t o r q u e s  on t h e  
s t r u c t u r e .  
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a  f r a c t i o n  o f  a n  a r c - s e c o n d  and  l i n e a r  c l imens ional  t o l e r a n c e s  p o s s i b l y  a s  sma l l  
a s  0.001 i n c h  can  be e x p e c t e d .  

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

1 )  Each p e n t a  p r i s m  h a s  no i n t r i n s i c  e r r o r s .  

2 )  P r i s m s  P  and  P3 a r e  o r i e n t e d  w i t h i n  r i g i d  s t r u c t u r e  s u c h  t h a t  
2  

a l l  m i r r o r  no rma l s  a r e  c o p l a n a r .  

3 )  The  l i m i t i n g  a p e r t u r e  o f  P  and  P  i s  s u f f i c i e n t l y  l a r g e  t o  
o b v i a t e  v i g n e t t i n g .  

2  3 

4 )  Only e r r o r s  c a u s e d  by t r a n s l a t i o n  o r  r o t a t i o n  of r e m o t e  p r i s m s  
a r e  s i g n i f i c a n t .  

A l though  r e a l i z a t i o n  o f  t h e s e  t o l e r a n c e s  i s  by no means t r i v i a l ,  t h e  t e c h n i q u e  
o f  u t i l i z i n g  p r i s m s  h a s  t r a n s f e r r e d  t h e  d i f f i c u l t y  o f  m a i n t a i n i n g  two m i r r o r s  
s e p a r a t e d  by o v e r  100  f e e t  t o  a c c u r a c i e s  o f  a r c - s e c o n d s  (g round  b a s e d  i n s t r u m e n t )  
t o  t h e  p r o b l e m  of  m a i n t a i n i n g  a l i g n m e n t  o f  t h e  m i r r o r  s u r f a c e s  of  t h e  i n d i v i d u a l  
pr ismsJ-and t h e  a l i g n m e n t  of  D2 t o  D3 t o  t y p i c a l l y  a r c - s e c o n d s  ( o r b i t i n g  i n s t r u -  
ment ) . "  The  r e s u l t i n g  t r a d e  o f  i n c r e a s e d  c o m p l e x i t y  f o r  r e l a x e d  t o l e r a n c e s  f o r  
t h e  a l i g n m e n t  o f  t h e  r emote  m i r r o r s  ( P r i s m s  P  a n d  P ) i s  t h u s  j u s t i f i e d .  1 4 

The r e m a i n i n g  f a c t o r  t o  b e  c o n s i d e r e d  i n  t h e  s y s t e m  e r r o r  t r a d e - o f f  i s  t h e  
-1. 

bandwid th  o f  t h e  na r row band f i l t e r .  Brown " shows t h a t  t h e  f r i n g e  v i s i b i l i t y  
i s  i n c r e a s e d  f o r  t h e  c a s e  when s m a l l  e r r o r s  e x i s t  be tween t h e  p a t h  l e n g t h 2  o f  
t h e  two i n t e r f e r o m e t e r  "arms". F o r  example,  a n  o p t i c a l  bandwid th  o f  l O O O A  
( F i g u r e  28 ) r e q u i r e s  t h a t  t h e  t o t a l  o p t i c a l  p a t h  l e n g t h s  t h r o u g h  t h e  two arms 
o f  t h e  i n s t r u m e n t  pay  n o t  v a r y  more t h a n  1 o r  2  waves.  T h i s  i s  i n c r e a s e d  t o  ove r  
1 , 0 0 0  waves i f  a  1 A  nar row-band f i l t e r  i s  u t i l i z e d .  T h i s  i s  f e a s i b l e ,  however ,  
s i n c e  t h e  development  o f  t h e  s o l i d  s p a c e r  F a b r y - P e r o t  f i l t e r s ( w h i c h  were  f a b r i c a t e d  
f o r  t h e  ATM Hydrogen-Alpha T e l e s c o ~ e )  . 
C o n c l u s i o n  

A c o m p l e t e  e r r o r  a n a l y s i s  i n c l u d i n g  b o t h  f a b r i c a t i o n  e r r o r s  o f  t h e  i n d i v i d u a l  
p r i s m s  and  s t r u c t u r a l  e r r o r s  i s  r e q u i r e d  t o  v e r i f y  t h e  s y s t e m  d e s i g n .  Assuming 
p o s i t i v e  r e s u l t s  f rom t h i s  a n a l y s i s ,  t h e  p r o p o s e d  t e c h n i q u e  p r o v i d e s  a n  a u x i l l i a r y  
e x p e r i m e n t  which w i l l  p r o v i d e  s i g n i f i c a n t  new d a t a  on  s t e l l a r  d i a m e t e r s  w i t h  
a n  a c c e p t a b l e  change i n  t h e  b a s i c  LTEP h a r d w a r e ,  

J. 

P r e l i m i n a r y  a n a l y s i s  of  a  s i m i l a r  o p t i c a l  s y s t e m  (Perk in-Elmer  E n g i n e e r i n g  
R e p o r t  No. 8949) v e r i f i e s  t h i s  c o n c l u s i o n .  

Brown, R.H. :  Annual  Review o f  Astronomy a n d  A s t r o p h y s i c s .  Annual  Reviews,  
I n c . ,  P a l o  A l t o ,  C a l i f .  1968.  
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DIFFRACTION - EIMImD SPACE TEUSCQPES 

A 2-meter,  d i f f r a c t i o n - l i m i t e d ,  spaceborne  t e l e s c o p e  w i l l  be capab le  of r e -  
s o l v i n g  d e t a i l  between 10 and 50 t imes  f i n e r  t h a n  t h a t  o b t a i n a b l e  from e a r t h .  
No one can  guess  t h e  e x t e n t  o r  t h e  n a t u r e  of t h e  knowledge t h a t  w i l l  be ga ined  
from s u c h  a  c lose -up ,  s p a r k l i n g  view of t h e  u n i v e r s e  b u t  i t  i s  c e r t a i n l y  
one o f  t h e  most e x c i t i n g  p o s s i b i l i t i e s  t h a t  t h e  s p a c e  program has  t o  o f f e r  
mankind. 

The 10- t o  50- fo ld  i n c r e a s e  i n  r e s o l u t i o n  comes abou t  p a r t i a l l y  because 
d i f f r a c t i o n  r a t h e r  t h a n  a tmospher ic  t u r b u l e n c e  l i m i t s  s e e i n g  i n  space  and 
a l s o  because  t h e  s h o r t e r  u l t r a v i o l e t  wavelengths  a c c e s s i b l e  i n  space  d i f f r a c t  
l e s s ,  thus  forming images w i t h  f i n e r  d e t a i l .  There  i s  a  wide v a r i e t y  of  t a s k s  
f o r  which a  2-meter, d i f f r a c t i o n - l i m i t e d  t e l e s c o p e  might be used .  They i n c l u d e  
spec t roscopy ,  p o l a r i m e t r y ,  metrology,  i n t e r f e r o m e t r y ,  and many o t h e r s ,  b u t  a s  
long  a s  t h e  2-meter t e l e s c o p e  remains  t h e  l a r g e s t  spaceborne ins t rument ,  
i t s  p r imary  g o a l  w i l l  a lmost  c e r t a i n l y  be imagery.  When l a r g e r  spaceborne  
t e l e s c o p e s  become a v a i l a b l e ,  t h e n  t h e  r o l e  of t h e  2-meter ins t rument  can be 
expec ted  t o  evo lve  i n t o  one o f  t h e  a s t r o n o m i c a l  s p e c i a l t i e s ,  such a s ,  pe rhaps ,  
s p e c t r o s c o p y .  

Along w i t h  t h e  g r e a t  p o t e n t i a l  b e n e f i t s  of a  l a r g e  spaceborne  t e l e s c o p e  
come a  h o s t  of  d i f f i c u l t  t e c h n i c a l  problems. Foremost among t h e s e  i s  t h e  problem 
of making, t e s t i n g ,  l aunch ing ,  and f i n a l l y  o p e r a t i n g  i n  s p a c e  a  pr imary m i r r o r  
w i t h  a  f i g u r e  a c c u r a t e  t o  one p a r t  i n  108.  Even i f  a  p e r f e c t  m i r r o r  were t o  
be p l a c e d  i n  o r b i t  and somehow be comple te ly  i s o l a t e d  from the rmal  inhomogenei t ies ,  
i t s  o p t i c a l  ~ e r f o r m a n c e  could  be s e v e r e l y  a f f e c t e d  by spon taneaus  r e l a x a t i o n  of  
i n t e r n a l  stress@-s a c c e l e r a t e d  by r a d i a t i o n  e f f e c t s .  U n t i l  a m i r r o r  t h i s  s i z e  i s  
p laced  i n  o r b i t ,  i t  i s  i m p r a c t i c a l  t o  de te rmine  t h e  type  o r  degree  of d e g r a d a t i o n ,  
b u t  ~t i s  p o s s i b l e ,  by means of  a  f i g u r e  s e n s i n g  and c o n t r o l  system, t o  c o n t i n u o u s l y  
a d a p t  t o  s t r u c t u r a l  changes,  t h u s  a c h i e v i n g  a  h igh  d e g r e e  of  immunity t o  f i g u r e  
d e g r a d a t i o n ,  whatever t h e  c a u s e .  

The second most s e r i o u s  problem b e s e t t i n g  a  l a r g e  t e l e s c o p e  is t h a t  of p o i n t -  
i n g  w i t h  a  s t a b i l i t y  s u f f i c i e n t  t o  p r e v e n t  t h e  b l u r r i n g  of  t h e  f i n e s t  d e t a i l .  
For  t h e  2-meter t e l e s c o p e  t h i s  amounts t o  ho ld ing  1/100-arc-second s t a b i l i t y  
f o r  h a l f  a n  o r b i t a l  p e r i o d .  Th i rd ,  i t  i s  no s i m p l e  t a s k  t o  deve lop  a  t e l e -  
scope  t h a t  i s  s u f f i c i e n t l y  n e a r  p e r f e c t i o n  t h a t  d i f f r a c t i o n  r a t h e r  than  
a b e r r a t i o n s  o r  o p t i c a l  i m p e r f e c t i o n s  l i m i t s  t h e  performance.  Good o p t i c a l  
systems a r e  n o t  s imply  based on computer-optimized o p t i c a l  d e s i g n s  a l t h o u g h  
computer d e s i g n s  t h a t  t a k e  i n t o  accoun t  p r a c t i c a l  r e a l i t i e s  such  a s  t o l e r a n c e s ,  
and o p t i c a l  f a b r i c a t i o n  and t e s t i n g  d i f f i c u l t i e s  a r e  prime r e q u i s i t e s .  

A s u b s t a n t i a l  p o r t i o n  of t h e  technology n e c e s s a r y  t o  ach ieve  a  d i f f r a c t i o n -  
l i m i t e d  space  t e l e s c o p e  has a l r e a d y  been employed on t h e  36-inch.-dfameter, 
ba l loon-borne,  S t r a t o s c o p e  t e l e s c o p e  of P r i n c e t o n .  The S t r a t o s c o p e  pr imary 
m i r r o r  was f i g u r e d  t o  ~ / 5 0  rms and t h u s  paved t h e  way f o r  o t h e r  l a r g e ,  
d i f f r a c t i o n - l i m i t e d  o p t i c a l  s y s t e m s .  S i m i l a r l y ,  t h e  s t a b i l i z a t i o n  t e c h n i q u a i  t h a t  



PERKIN- ELMER 
Report  No. 9800 

would be used on J. s a L e l l i t e  t c l e s c o p e  a r e  e s s e n t i a l l y  tllt: :,amc as ~ l t o s e  t h a t  
have been proven capab le  o f  s L a b i l i z i n g  the  f i e l d  of view o P  S t r a t o s c o p c  t o  
w i t h i n  \ I 5 0  a r c - s e c  rms. The d e c i s i o n  t o  use a  s e r v o  methanism l o r  m a i n t a i n i n g  
t h e  a l ignment  of t h e  o p t i c a l  sys tem on S t r a t o s c o p e ,  h a s  p roven  t o  be sound and now 
every  spaceborne opLica l  system i s  a c t i v e  t o  some d e g r e e .  Tlle e x t e n s i o n  of  a c t i v c  
c o n t r o l  t o  t h e  f i g u r e  of t h e  primary m i r r o r  i s  n o t  wi thout  p receden t ,  but  r a t h e r  
i s  a  n a t u r a l  e x t e n s i o n  of t h e  t echn iques  developed on P r o j e c t  S t r a t o s c o p e  t o  
m a i n t a i n  d i f f r a c t i o n - l i m i t e d  imagery. This  approach i s  i n h e r e n t  i n  t h e  LTEP. 

The e v o l u t i o n  of a  spaceborne t e l e s c o p e  was taken one s t e p  f u r t h e r  d u r i n g  the  
P r i n c e t o n  Advanced S a t e l l i t e  Study (NASA-NGR-31-001-044). This s t u d y  r e s u l t e d  
i n  a  1-meter  t e l e s c o p e  t h a t  could  be f i t t e d  w i t h i n  t h e  l i m i t e d  geometry o f  a n  
OAO s a t e l l i t e  package t o o y i e l d  d i g f r a c t i o n - l i m i t e d  imagery and h i g h - r e s o l u t i o n  
s p e c t r o s c o p y  i n  t h e  l O O O A  t o  3000A s p e c t r a l  r e g i o n .  This amounts t o  s h r i n k i n g  
t h e  l e n g t h  of t h e  S t r a t o s c o p e  t e l e s c o p e  by a  f a c t o r  of t h r e e  w h i l e  a t  t h e  same 
t ime i n c r e a s i n g  t h e  a p e r t u r e  from 36 i n c h e s  t o  1 mete r  and add ing  a  s p e c t r o s c o p i c  
c a p a b i l i t y .  A h i g h  degree  of r e l i a b i l i t y  was planned by u s i n g  two image tubes ,  
e i t h e r  of which could  be used f o r  imagery o r  s p e c t r o s c o p y ,  and a l s o  by u s i n g  
redundant  pho to tubes  i n  t h e  p o i n t i n g  system. 

The key o p t i c a l  f e a t u r e s  o r i g i n a t e d  i n  t h e  P r i n c t o n  Advanced S a t e l l i t e  t h a t  
impact on t h e  LTEP Design Concept a r e :  

e A v e r y  s h o r t  C a s s e g r a i n  t e l e s c o p e  hav ing  r e f r a c t i v e  
c o r r e c t o r  e lements  t o  produce a  s u f f i c i e n t l y  l a r g e  
w e l l - c o r r e c t e d  f i e l d  f o r  f i n d i n g  a t  l e a s t  two guide 
s t a r s  s u i t a b l e  f o r  guidance.  

e A h o l e  through t h e  r e f r a c t i v e  c o r r e c t o r  e lements ,  
which passes  t h e  c e n t r a l  f i e l d ,  t h e r e f o r e  i s  n o t  
s p e c t r a l l y  l i m i t e d  and i s  of prime i n t e r e s t  f o r  imagery 
o r  spec t roscopy  i n  t h e  f a r  u l t r a v i o l e t  r e g i o n .  

@ Two v e r y  compact o p t i c a l  r e l a y  systems t h a t  f i t  between 
t h e  l a s t  t e l e s c o p e  c o r r e c t o r  and t h e  f o c a l  p lane  and 
a l l o w  two gu ide  s t a r s  i n  a r b i t r a r y  p o s i t i o n s  i n  t h e  
t e l e s c o p e  f i e l d  t o  be p o s i t i o n e d  a t  f i x e d  l o c a t i o n s  
c l o s e  t o  t h e  c e n t r a l  f i e l d .  These a r e  c a l l e d  "Image 
Movers" o r  "Guide S t a r  P o s i t i o n e r s " .  

e A two-element, a l l  r e f l e c t i v e ,  o f f - a x i s  microscope 
capab le  of re imaging t h e  s m a l l  c e n t r a l  image f i e l d  a s  
w e l l  a s  t h e  gu ide  s t a r  images on e i t h e r  image tube  and 
i t s  a s s o c i a t e d  image d i v i d e r s .  
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An e c h e l l e  s p e c t r o g r a p h  capab le  o f  p roduc ing  a  fo lded  
spec t rum on e i t h e r  image tube,  t h u s  p e r m i t t i n g  a  l a r g e  
s p e c t r a l  r ange  t o  be  i n t e g r a t e d  and r e a d  o u t  i n  a  
s i n g l e  s t e p .  

Taken t o g e t h e r  t h e s e  f e a t u r e s  r e s u l t  i n  an  ex t remely  u s e f u l ,  compact a s t r o n o m i c a l  
i n s t r u m e n t  t h a t  undoubtedly  w i l l  be c l o s e l y  r e l a t e d  t o  t h e  l a r g e - a p e r t u r e  
imaging t e l e s c o p e s  i n  t h e  coming g e n e r a t i o n .  Thus, t h e  b a s e l i n e  d e s i g n  f o r  
t h e  LTEP c o n f i g u r a t i o n ,  i s  a  s c a l e d - u p  v e r s i o n  of t h e  P r i n c e t o n  Advanced 
S a t e l l i t e  Experiment Package which has been modif ied  f o r  o t h e r  a s t r o n o m i c a l  o b s e r v a t i o n s .  

APERTURE SELECT ION 

Larger  a p e r t u r e s  c o l l e c t  more l i g h t  and,  p r o v i d i n g  t h e  o p t i c s  can  be made 
d i f f r a c t i o n - l i m i t e d ,  p rov ide  g r e a t e r  r e s o l u t i o n .  The o n l y  r a t i o n a l e  f o r  t h e  s e l e c t i o n  
o f  a n  a p e r t u r e  s i z e  i g  t h e r e f o r e , t o  use  t h e  Larges t  p o s s i b l e  a p e r t u r e  w i t h i n  
t h e  economics o r  p h y s i c a l  bounds imposed on t h e  t e l e s c o p e .  For  t h e  LTEP 
exper iment  package, t h e  economical  and p h y s i c a l  bounds a r e  t h e  ATM gimbals 
and LM r a c k .  These l i m i t  t h e  a p e r t u r e  s i z e  t o  2 meters ,  a  r a t h e r  modest s i z e  
w i t h  r e s p e c t  t o  some of t h e  l a r g e r  ground-based t e l e s c o p e s ,  but, i n  ofact, a 
d a r i n g  and e x c i t i n g  s t e p  f o r  space  as t ronomy.  For  example, a t  2000A, t h e t h e o -  
r a t i c a l  r e s o l u t i o n  of  a  2-meker t e l e s c o p e  i s  1/50 a rc - seconds ,  T h i s  i s  a f a c t o r  
of 50 g r e a t e r  than  t h e  r e s o l u t i o n  f o r  a  ground-based t e l e s c o p e  even  when t h e  
s e e i n g  is good, and i s  even beyond t h e  l i m i t s  o f  t h e  S t r a t o s c o p e  t e l e s c o p e  
by a  f a c t o r  of 5, s i n c e  t h e  upper atmosphere s t i l l  l i m i t s  t h e  uv s p e c t r a l  r e g i o n  
from ba l loon-borne  t e l e s c o p e s .  

THE PRIMARY MIRROR 

S u r e l y  one of t h e  soundes t  t e c h n i c a l  p r e d i c t i o n s  t h a t  can  be made i n  t h i s  
age  i s  t h a t  as t ronomers  w i l l  always need l a r g e r  a p e r t u r e s  and g r e a t e r  r e -  
s o l u t i o n .  The 2-meter t e l e s c o p e  w i l l  i n e v i t a b l y  be fo l lowed by a  3- o r  a 5-  
me te r  t e l e s c o p e  which, i n  tu rn ,  w i l l  be succeeded by s t i l l  l a r g e r  t e l e s c o p e s  
u n t i l  perhaps  economics and advancing technology permit  v e r y  l a r g e  space  
t e l e s c o p e s  t o  be f a b r i c a t e d  i n  s i t u .  F a i r l y  e a r l y  i n  t h i s  p rogress ion ,  t h e  
s i z e  o f  t h e  t e l e s c o p e  a p e r t u r e  w i l l  exceed t h e  maximum a l l o w a b l e  payload 
d i a m e t e f l a n d  i t  w i l l  be n e c e s s a r y  t o  assemble  t h e  p r imary  m i r r o r  o u t  of a 
number o f  p i e c e s  c a r e f u l l y  n e s t e d  t o g e t h e r  t o  s u r v i v e  t h e  r i g o r s  of  l aunch .  
A t  t h i s  s t a g e ,  segmented m i r r o r s  and " a c t i v e "  o p t i c a l  sys tems w i l l  be a  v i t a l  
n e c e s s i t y .  The e v o l u t i o n  of  t h i s  technology might s t a r t  w i t h  t h e  a d d i t i o n  
of  a  few a c t u a t o r s  t o  a  s m a l l  m o n o l i t h i c  m i r r o r  t o  c o r r e c t  f o r  any a s t i g m a t i s m .  
It  might proceed t o  a  v e r y  t h i n ,  medium-sized pr imary having a n  a r r a y  of 
a c t u a t o r s  on t h e  back and then  t o  a n  a r r a y  of segments launched i n  t h e i r  c o r r e c t  
r e l a t i v e  p o s i t i o n s  bu t  r e q u i r i n g  s m a l l  ad jus tments  p r i o r  t o  use, and f i n a l l y  
c u l m i n a t e  i n  t h e  v e r y  l a r g e  pr imary m i r r o r  t h a t  i s  launched a s  a  group o f  n e s t e d  
e l e m e n t s .  Of course,  t h e r e  a r e  many o t h e r  development p a t h g  and t h e  c h o i c e  
depends upon how techno logy  and astronomy a r e  appor t ioned  a t  e a c h  s t e p  and 
a l s o  on t h e  r e l a t i v e  t e c h n i c a l  d i f f i c u l t i e s .  For example, t h e  2-meter LTEP 
m i r r o r  could  be e i t h e r  a  s i n g l e  monol ikhnic  m i r r o r  t h a t  i s  b e n t  i h t o  shape  

*For e x m p l e ,  even  t h e  new Space S h u t t l e  i s  l f m f t e d  t o  15 feet  i n  d i a m e t e r .  
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by a n  a r r a y  of a c t u a t o r s  behind i t ,  o r  a n  a r r a y  of seven hexagona l ly  shaped 
m i r r o r s  each of which i s  o p t i m a l l y  a l i g n e d  by t h r e e  a c t u a t o r s .  Only t h r e e  
a c t u a t o r s  a r e  r e q u i r e d  s i n c e  t h e  o t h e r  t h r e e  degrees  of freedom can be t aken  
c a r e  of by mechanical  r e s t r a i n t s  t h a t  l o c a t e  t h e  segment w i t h i n  about  k0.005 
inch  of i t s  nominal p o s i t i o n .  Both approaches  i n v o l v e  a  comparable number of 
a c t u a t o r s  and o f f e r  a  s u b s t a n t i a l  t e c h n o l o g i c a l  g a i n  and improvement i n  f i g u r e  
compared t o  what might  be expected from a  s i n g l e  m o n o l i t h i c  m i r r o r .  Fur the rmore ,  
m o n o l i t h i c  segmented o r  f l e x  m i r r o r s  must be f a b r i c a t e d  wi th  new t e c h n i q u e s .  

D i s t o r t i o n  due t o  s t r e s s  r e l i e f  can be minimized t o  some e x t e n t  by t h e  u s e  o f  
c a r e f u l l y  annea led  g l a s s e s  s e l e c t e d  f o r  v e r y  low r e s i d u a l  s t r e s s .  Advances i n  
t h e  s t a t e - o f - t h e  a r t  may make i t  p o s s i b l e  t o  f i g u r e  segments s e p a r a t e l y  o r  t o  
f a b r i c a t e  and tes t  a t h i n  m i r r o r  w i t h o u t  f i r s t  making a  t h i c k  m i r r o r .  C l e a r l y  
i n  making any c h o i c e  between m o n o l i t h i c ,  t h i n  o r  segmented m i r r o r  approaches ,  
environmental ,  f a b r i c a t i o n ,  and t e s t i n g  problems must be cons idered .  The 
m o n o l i t h i c  and t h i n  m i r r o r s  r e q u i r s  no ambigui ty  s e n s o r s ,  and even w i t h o u t  a c t i v e  
c o n t r o l  would f u n c t i o n  a s  a l i g h t  bucke t .  For  r e l i a b i l i t y ,  t h e  deformable m i r r o r  
a p p r o a c h o f f e r s  t e c h n i c a l  advantages  over  m o n o l i t h i c .  The a c t u a t o r s  i n  a  de formable  
m i r r o r  do have t h e  c a p a b i l i t y  of p a r t i a l l y  compensating f o r  a  f a i l u r e  of a  ne ighbor ing  
a c t u a t o r  s i n c e  t h e r e  i s  a  f o r c e  i n t e r a c t i o n  between a d j a c e n t  a c t u a t o r s .  

STRUCTURAL DEVELOPMENT 

I n  comparison t o  t h e  e x o t i c  p o s s i b i l i t i e s  a f f o r d e d  by a c t i v e  i n t e r f e r o m e t r i c  
s e n s i n g  and f i g u r e  c o r r e c t i o n  i n  a n  a s t r o n o m i c a l  t e l e s c o p e ,  t h e  problems of  
s t r u c t u r a l  d e s i g n  seem mundane. However, i f  t h e  s t r u c t u r a l  d e s i g n  i s  no t  c a r e f u l l y  
a t t u n e d  t o  t h e  s t r e n g t h s  and weaknesses of t h e  a c t i v e  o p t i c s  approach,  many of t h e  
advantages  can t h e n  be  l o s t  through a  p e d e s t r i a n ,  i n e f f i c i e n t  s t r u c t u r a l  d e s i g n .  
The a c t i v e  t e l e s c o p e  concep t  pe rmi t s  a  much d i f f e r e n t  b a s i s  f o r  t h e  s t r u c t u r a l  
d e s i g n ,  emphasiz ing load  c a r r y i n g  c a p a b i l i t y  ( through t h e  launch phase) r a t h e r  
t h a n  r i g i d i t y  a s  i n  t h e  c o n v e n t i o n a l  approach.  More c o n v e n t i o n a l  m a t e r i a l s  such 
a s  aluminum can be used f o r  t h e  s t r u c t u r e  s i n c e  a b s o l u t e  s t a b i l i t y  i s  no l o n g e r  a  
p r e r e q u i s i t e .  

The most impor tan t  p a r t  of t h e  t e l e s c o p e  s t r u c t u r e  i s  t h e  pr imary m i r r o r  c e l l .  The 
t e l e s c o p e  tube and t h e  s c i e n t i f i c  i n s t r u m e n t s  w i l l  be coupled t o  t h e  m i r r o r  c e l l  
and t h e  c e n t e r  of g r a v i t y  of t h e  t e l e s c o p e  w i l l  t h e r e f o r e  be v e r y  c l o s e  t o  t h e  
primary m i r r o r .  For  t h i s  r eason ,  t h e  s t r u c t u r a l  connec t ions  f o r  launch c a g i n g  w i l l  
a l s o  be made t o  t h e  pr imary m i r r o r  c e l l .  

Launch and b o o s t  c o n d i t i o n s  a r e  t h e  primary f a c t o r s  governing t h e  d e s i g n  o f  t h e  
primary m i r r o r  c e l l .  These c o n d i t i o n s  a r e ,  f o r  t h e  S a t u r n  Work Shop launch 
environment:  6 .0g l o n g i t u d i n a l  s t e a d y - s t a t e  a c c e l e r a t i o n ,  2 .0g 
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l a t e r a l  s t e a d y - s t a t e  a c c e l e r a t i o n ,  w i t h  t h e  v i b r a t o r y  c o n d i t i o n s  d e s c r i b e d  by 
NASA/MSFC document 50M02408 superimposed.  The maximum a c c e l e r a t i o n  under  t h i s  
s e t  o f  c o n d i t i o n s  would b e  7.0g. Thus, t h e  main s t r u c t u r a l  members of t h e  p r imary  
c e l l ,  f o r  example, would be  des igned  t o  s u p p o r t  l o a d s  i n  t h e  neighborhood of 
23,000 pounds. Th i s  i s  based on a m i r r o r  we igh t  i n c l u d i n g  a c t u a t o r s  o f  1400 
pounds, exper iment  w e i g h t s  t o t a l l i n g  1000 pounds, e l e c t r o n i c s  we igh t  of  200 pounds, 
and s t r u c t u r e  weight  of  500 pounds, f o r  a  t o t a l  weight  of approx imate ly  330U 
pounds. To t h e s e  l o a d s  must b e  added t h e  n e c e s s a r y  s t r u c t u r a l  s a f e t y  f a c t o r s  
and any v i b r a t i o n  m a g n i f i c a t i o n  f a c t o r s .  

F i g u r e  29 shows a  concept  f o r  t h e  pr imary c e l l  s t r u c t u r e .  The b a s i c  l o a d -  
c a r r y i n g  member i s  a r i n g  w i t h  r e c t a n g u l a r  c r o s s  s e c t i o n .  The c l o s e d  c r o s s  
s e c t i o n  i s  chosen t o  op t imize  t h e  r i g i d i t y  of  t h e  r i n g .  The r i n g  c r o s s  s e c t i o n  
i s  12 i n c h e s  deep and 5  i n c h e s  wide, and h a s  w a l l  t h i c k n e s s  o f  1 / 4  inch .  
As shown i n  F i g u r e  2 9  , t h e  backing p l a t e  f o r  t h e  m i r r o r  e x t e n d s  a c r o s s  t h e  
midplane o f  t h e  b a s i c  r i n g  s t r u c t u r e .  The back ing  p l a t e  i s  s t i f f e n e d  by webbing 
t h a t  e x t e n d s  between t h e  m i r r o r  segments. These s t i f f e n i n g  webs a r e  c a r r i e d  
th rough  t h e  exper iment  ins t rument  compartments,  forming c l o s e d  c e l l s  of  h i g h  
r i g i d i t y ,  The o v e r a l l  t e l e s c o p e  c o n f i g u r a t i o n  i s  shown i n  F i g u r e  304 

An impor tan t  a s p e c t  of  t h e  m i r r o r  c e l l  d e s i g n  i s  t h e  method f o r  v i b r a t i o n  
i s o l a t i o n  ( i f  any)  o r  of d e s i g n i n g  f o r  s u r v i v a l  i f  t h e r e  i s  no v i b r a t i o n  
i s o l a t i o n .  From t h e  s t a n d p o i n t  of  s i m p l i c i t y ,  a  c o n f i g u r a t i o n  t h a t  would 
pe rmi t  c a g i n g  of  t h e  e n t i r e  t e l e s c o p e  sys tem d u r i n g  launch on damper s t r u t s  
( s i m i l a r  t o  a i r c r a f t  l a n d i n g  g e a r )  i s  a t t r a c t i v e .  A sway space  of  on ly  '0.5 
i n c h  would pe rmi t  a t t e n u a t i o n  of  f r e q u e n c i e s  above approx imate ly  seven  c y c l e s  
p e r  second. T h i s  would permit  r e j e c t i o n  of a  g r e a t  p o r t i o n  of t h e  v i b r a t i o n  
spectrum, a s  shown i n  F i g u r e  31. 

I f  t h i s  i s  n o t  f e a s i b l e  (which can on ly  b e  determined i n  c o n j u n c t i o n  w i t h  NASA), 
t h e  l o c a l  v i b r a t i o n  m a g n i f i c a t i o n  f a c t o r s  f o r  t h e  m i r r o r  s t r u c t u r e  must be 
computed, which i s  a  d i f f i c u l t  p r o c e s s .  Once t h e  l o c a l  load f a c t o r s  a r e  known, 
t h e  s t r e n g t h  of  t h e  s t r u c t u r e  can be  i n c r e a s e d  a s  r e q u i r e d .  I n  t h e  c a s e  o f  
g l a s s  componen t s , th i s  cannot  be  done, of c o u r s e .  I n  t h o s e  i n s t a n c e s  when t h e  
m a t e r i a l  p r o p e r t i e s  and f u n c t i o n  cannot  accommodate a n  i n c r e a s e  i n  s t r e n g t h  t o  
w i t h s t a n d  t h e  l o c a l  v i b r a t i o n  environment,  a  v i b r a t i o n  i s o l a t i o n  scheme w i l l  
b e  n e c e s s a r y ,  I f  i n d i v i d u a l  i s o l a t o r s  a r e  r e q u i r e d ,  t h e n  mechanisms t o  d i s c o n n e c t  
t h e  i s o l a t o r s  and o p t i c a l l y  a l i g n  t h e  component i n  o r b i t  w i l l  a l s o  b e  r e q u i r e d .  
It i s  t h i s  c o m p l i c a t i o n  t h a t  v i b r a t i o n  i s o l a t i o n  of  t h e  e n t i r e  package would 
avo id .  

I n  Volume I1 o f  t h i s  s tudy ,  Lockheed h a s  e x p l o r e d  i n  d e t a i l  many of  t h e  f e a t u r e s  
o f  t h e  t e l e s c o p e  mechan ica l  con£ i g u r a t i o n ,  i n c l u d i n g  t h e  means f o r  e r e c t i n g  t h e  
t e l e s c o p e  t u b e .  The r e a d e r  i s  r e f e r r e d  t o  t h i s  s e c t i o n  of  t h e  r e p o r t  f o r  
t h e  d e t a i l s  of  t h e  con£ i g u r a t  i o n .  
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F i g u r e  30 . 2-Meter LTEP M e c h a n i c a l  C o n f i g u r a t i o n  
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Tilts op t  i c . . ~  1 p~iraniet  e r s  i ~ s e c l  i n  t l i c ~  deve lopmen t  of  the LTCP o p i i c a l  desl,:;) 
i r e  1 i  L C ~ L I  I n  T a b l e  12.  

TABLE 1 2 .  

LTEP OPTICAL PARAMETERS 

T e l e s c o p e  

TY pe £110 R i t c h e y - ~ h r b t i a n  C a s s e g r a i n  

P r i m a r y  £/number f /  2  

Seconda ry  M a g n i f i c a t i o n  5  

O b s c u r a t i o n  R a t i o  0 . 2  

U n c o r r e c t e d  F i e l d  5 - a r c - m i n u t e s  d i a m e t e r  

U n c o r r e c t e d  F o c a l  Leng th  20 m e t e r s .  

T e l e s c o p e  C o r r e c t o r  

Number o f  e l e m e n t s  

M a g n i f i c a t i o n  

C o r r e c t e d  F i e l d  

Image Mover 

Number of e l e m e n t s  

Accep tance  Cone 

U s e f u l  I n s t a n t a n e o u s  F i e l d  

5X M i c r o s c o p e  

Type 

M a g n i f i c a t i o n  

Accep tance  Cone 

Image F i e l d  P o s i t i o n  

Guide S t a r  F i e l d  P o s i t i o n  

Image F i e l d  

4 

1 . 1 2  

3 0 - a r z - m i n u t e s  d i a m e t e r  

Of f - a x i s ,  A l l  r e f l e c t i v e ,  2 -e lement  

5 

£13 .725  

1 i n c h  o f f - a x i s  

1 . 2 8  i n c h e s  o f f  - a x i s  

52 .2  s e c o n d s  diam on a 1 - i n c h  diam v i c l i c n n  
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The e s s e n t i a l  coingonents of t h e  LTEP experiment a r e  a Cassegrain t e l e scope  
havin;: a r o t a t a b l e  f l a t  near  t h e  f o c a l  plane, and seven hexagonally shaped 
experiment packages grouped behind t h e  primary mir ror .  S i x  of t h e  experiment 
packages can  be o p t i c a l l y  I i rked  t o  t h e  te lescope  by indexing t h e  f o l d i n s  
f l a t  about t h e  o p t i c a l  ax i s ,  and t h e  seventh experiment package, which i s  
i n  t h e  c e n t e r  of t h e  c l u s t e r ,  i s  accessed by f l i p p i n g  t h e  fo ld ing  f l a t  ou t  
of t h e  o p t i c a l  path,  Each of t h e  seven experiment packages con ta ins  a f i n e  
poin t ing  e r r o r  sensor ,  an  o p t i c a l  instrument (microscope, spectrograph,  e t c  .) , 
and a d a t a  t ransducer  such a s  an  image tube  o r  phototube. For  d i f f r a c t i o n -  
l imi t ed  imaging it i s  e s s e n t i a l  t h a t  t h e  t e l e scope  f i e l d  be s t a b i l i z e d  by 
bores ight ing  on two guide s t a r s  w i t h i n  t h e  t e l e scope  f i e l d .  For spectroscopy 
it  i s  sometimes poss ib l e  t o  use t h e  same s t a r  a s  i s  used f o r  po in t ing .  

A Cassegrain te lescope  arrangement was s e l e c t e d  f o r  t h e  LTEP conf igu ra t ion  
p r imar i ly  because t h i s  arrangement provides a maximum s m u n t  of room f o r  t h e  
experiment packages. In  add i t i on ,  t h e  Cassegrain has a sma l l  obscura t ion  
r a t i o  and provides a ~ o n v e n i e n t l y  l a r g e  f-number f o r  guidance o r  image r e l a y  
systems. By using a Ritchey-Chretien modi f ica t ion  of t h e  Cassegrain, it i s  
p o s s i b l e  t o  ob ta in  a d i f f r a c t i o n - l i m i t e d  image f i e l d  of about 5 arc-minutes 
i n  diameter .  This  i s  s u b s t a n t i a l l y  l a r g e r  than  can  be handled wi th  present  
image tubes  but  i s  t o o  smal l  by a f a c t o r  of 6 i f  two guide s t a r s  of 
s u f f i c i e n t  b r igh tnes s  a r e  t o  be founi  i n  t he  f i e l d  of view when t h e  t e l e -  
scope i s  o r i en t ed  toward t h e  poles  of t h e  galaxy. F igure  32 shows a 
r e f r a c t i v e  c o r r e c t o r  system added t o  the  te lescope t o  y i e l d  a w e l l -  
co r r ec t ed ,  30-arc-minute guidance f i e l d .  A ho le  through each of t h e  
r e f r a c t i v e  c o r r e c t o r  elements passes  t h e  small  u s e f u l  c e n t r a l  f i e l d  of t h e  
t e l e scope  so  t h a t  t h e  f a r  u l t r a v i o l e t  por t ion  of t h e  spectrum i s  a v a i l a b l e  
i n  t h i s  f i e l d ,  This  o p t i c a l  arrangement i s  u t i l i z e d  f o r  t h e  imagery 
experiments which r e q u i r e  d i f f r ac t ion - l imi t ed  s t a b i l i z a t i o n  f o r  t he  s tudy  of 
f a r  u l t r a v i o l e t  sources.  The 6-inch space between t h e  l a s t  c o r r e c t o r  element 
and t h e  f o c a l  plane i s  s u f f i c i e n t  f o r  two smal l  o p t i c a l  r e l a y  s y s t e m  which 
can  be o r i en t ed  s o  t h a t  t h e  two guide s t a r s  i n  t he  t e l e scope  f i e l d  appear t o  
be loca ted  i n  two f ixed  p o s i t i o n s  on e i t h e r  s i d e  of and c l o s e  t o  t h e  c e n t r a l  
image f i e l d .  This g r e a t l y  reduces t h e  space requi red  f o r  po in t ing  sens ing  
and a l s o  permits t h e  poin t ing  and imaging systems t o  sha re  t h e  same microscope. 
Thus, any displacement of a microscope conponant dur ing  an exposure r e s u l t s  
i n  a n  e r r o r  d e t e c t e d  by t h e  guidance system which i s  nul led .  Since the  poin t ing  
s t a r  r e l a y  systems a r e  ngt  common t o  both poin t ing  and image t r a i n s ,  any 
inotion of t h e  component p a r t s  of t h e s e  systems produces image b l u r .  Ca re fu l  
deshgn of t h e s e  components i s  t h e r e f o r e  extremely important .  

The iower experiment shown i n  F igure  32  is  t h e  f /50  image systam which, 
being a l l - r e f l e c t i v e ,  is1 capable of imaging the  f a r  u l t r a v i o l e t  
r eg ion ,  %he upper experiment i s  f o r  £ / l o  f i lm  imaging i n  t h e  v i s i b l e  and 
near  u l t r a v i o l e t  reg ion .  I n  t h i s  case,  an a l l - r e f l e c t i v e  pa th  Is m t  warrant& 
and t h e  t e l e scope  c o r r e c t o r  elernents pass both poin t ing  and imq%ng  baaers, 
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A Ri tchey-Chre t i en  t e l e s c o p e  was s e l e c t e d  f o r  t h e  LTEP m i s s i o n  a f t e r  compar ison 
w i t h  a l t e r n a t i v e  sys tems such  a s  t h e  Baker t h r e e - m i r r o r  t e l e s c o p e .  I n  genera  1, 
t h e  C a s s e g r a i n  h a s  few r e f l e c t i o n s ,  a  s m a l l  o b s c u r a t i o n ,  a  c o n v e n i e n t l y  l a r g e  
f-number, and a c o n f i g u r a t i o n  t h a t  pe rmi t s  a  l a r g e  mul t i -purpose  i n s t r u m e n t  package.  
Unl ike  t h e  Baker system, t h e  Cassegra in  does n o t  have a  l a r g e  w e l l - c o r r e c t e d  
f i e l d .  The minimum a c c e p t a b l e  f i e l d  s i z e  i s  de te rmined  by t h e  p r o b a b i l i t y  of 
f i n d i n g  a t  l e a s t  two guide  s t a r s  o f  s u f f i c i e n t  b r i g h t n e s s  s u f f i c i e n t l y  c l o s e  
t o  a n  a r b i t r a r y  image f i e l d  t h a t  t h e y  may be used f o r  p o i n t i n g .  For  a  2-meter 
a p e r t u r e  t e l e s c o p e  o p e r a t i n g  on 1 2 t h  and lower  magnitude p o i n t i n g  s t a r s ,  a 
p o i n t i n g  f i e l d  between 20 and 3 0  a rc -minu tes  i n  d iamete r  i s  r e q u i r e d .  T h i s  
i s  a  r a t h e r  l a r g e  f i e l d  f o r  a  2-meter,  d i f f r a c t i o n - l i m i t e d  t e l e s c o p e ,  e s p e c i a l l y  
i f  i t  h a s  t o  have a  f a s t ,  £12 primary i n  o r d e r  t o  keep t h e  o v e r a l l  l e n g t h  
w i t h i n  bounds. Without t h e  r e f r a c t i v e  e lements  t h e  pr imary-secondary combina- 
t i o n  i s  f r e e  o f  s p h e r i c a l  a b e r r a t i o n  and coma b u t  i s , l i m i t e d  by f i e l d  c u r v a t u r e  
and as t igmat i sm.  Using t h e  Ray le igh  q u a r t e r  wavelength  t o l e r a n c e  c r i t e r i o n  
and a  wavelength  of  0.5 micron,  t h e  u n c o r r e c t e d  f i e l d  i s  abou t  5 .5  a r c - m i n u t e s  
i n  d i a m e t e r .  T h i s  i s  i n c r e a s e d  t o  30 a rc -minu tes  i n  d iamete r  by a  four-e lement  
r e f r a c t i v e  c o r r e c t o r  a r r a y  p o s i t i o n e d  a  s h o r t  d i s t a n c e  i n  f r o n t  of  the f o c a l  p lane .  
The c o r r e c t o r  d e t a i l s  a r e  shown i n  F i g u r e  33. . 
O r d i n a r i l y ,  t h e  a d d i t i o n  of  r e f r a c t i v e  components p l a c e s  narrow bounds on t h e  
s p e c t r a l  r ange  o f  a t e l e s c o p e ,  b u t  t h i s  can  be avo ided  by c u t t i n g  a  h o l e  
th rough  t h e  c e n t e r  o f  each o f  t h e  c o r r e c t o r  e lements  s o  t h a t  t h e  c e n t e r  por -  
t i o n  of  t h e  t e l e s c o p e  f i e l d ,  used  f o r  imaging o r  spec t roscopy ,  remains  
a l l - r e f l e c t i v e ,  and t h e  o u t e r  p o r t i o n  of t h e  t e l e s c o p e  f i e l d ,  used f o r  
p o i n t i n g ,  and f o r  some of the imaging sys tems c o n t a i n s  t h e  r e f r a c t i v e  components. 

A w e l l - c o r r e c t e d  Ri tchey-Chre t i en  t e l e s c o p e  might t y p i c a l l y  have a n  image 
s i z e  o f  abou t  1 arc-second a t  t h e  edge o f  a  112-degree f i e l d .  Th i s  
i s  adequa te  f o r  e a r t h - b a s e d  astronomy, b u t  i s  t o o  l a r g e  by a  f a c t o r  o f  
20 f o r  d i f f r a c t i o n - l i m i t e d  imagery i n  a  2-meter a p e r t u r e  spaceborne  t e l e s c o p e .  
S i n c e  t h e  guidance e r r o r  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  image s i z e ,  a l - a r c -  
second image s i z e  would be p r o h i b i t i v e  on any b u t  t h e  b r i g h t e s t  s t a r s  o f  which 
t h e r e  a r e  t o o  few. P r e v i o u s  o p t i c a l  d e s i g n  on a  s i m i l a r  o p t i c a l  system* had 
i n d i c a t e d  t h a t  v e r y  s i g n i f i c a n t  improvements cou ld  be  o b t a i n e d  on t h e  f i e l d  
performance o f  t h e  Ri tchey-Chre t i en  des ign .  C o n t i n u a t i o n  o f  t h i s  work on a n  
a p p r o p r i a t e l y  s c a l e d  sys tem f i n a l l y  l e d  t o  a  four-e lement  c o r r e c t o r  d e s i g n  
which i s  c l o s e  t o  d i f f r a c t i o n - l i m i t e d  o u t  t o  t h e  edge of  a  30-minute d i a m e t e r  
f i e l d .  

The l a r g e  w e l l  c o r r e c t e d  f i e l d  y i e l d e d  by t h i s  c o r r e c t o r  d e s i g n  i s  p a r t i c u l a r l y  
remarkab le  s i n c e  t h e  p o s i t i o n  of  t h e  r e f r a c t i v e  e lements  i n  t h e  d e s i g n  were  
c o n s t r a i n e d  t o  p l a c e s  between t h e  p r e s e n t  p o s i t i o n  of t h e  f i r s t  and l a s t  

Jc 
Wiss inger ,  A . B . :  Advanced P r i n c e t o n  S a t e l l i t e  Study. Perkin-Elmer E n g i n e e r i n g  
Repor t  No. 8688, June 1967. 
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e lement ;  and t h e  e x i t  p u p i l  was l i m i t e d  s o  t h a t  t h e  c h i e f  r a y  a t  t h e  edge of  
t h e  f i e l d  d i d  n o t  exceed t h e  4  d e g r e e s  - 45 minutes  shown i n  F i g u r e  33 * 
The r e a s o n  f o r  t h e s e  c o n s t r a i n t s ,  which undoubtedly  l i m i t  t h e  d e g r e e  of c o r r e c t i o n ,  
i s  t h a t  t h e y  have a  v e r y  b e n e f i c i a l  e f f e c t  on t h e  remainder  of  t h e  o p t i c a l  
sys tem and t h e r e f o r e  on t h e  complete  system. For example, t h e  s p a c e  between 
t h e  l a s t  c o r r e c t o r  e lement  and t h e  u n c o r r e c t e d  £110 f o c a l  p l a n e  i s  used by 
t h e  image movers which p o s i t i o n  t h e  two gu ide  s t a r s  i n  t h e  f i x e d  f i e l d  o f  t h e  
p o i n t i n g  system, The s p a c e  between t h e  f i r s t  c o r r e c t o r  e lement  and t h e  f o c a l  
p l a n e  i s  k e p t  s h o r t  t o  keep t h e  t r a n s i t i o n  between t h e  c o r r e c t e d  and u n c o r r e c t e d  
f i e l d s  s m a l l  and a l s o  t o  avo id  mechanical  i n t e r f e r e n c e  w i t h  t h e  f l i p  m i r r o r ,  
One o f  t h e  p r o p e r t i e s  o f  t h e  image movers i s  t h a t  t h e y  move t h e  a p p a r e n t  
p o s i t i o n  of  t h e  s t e l l a r  image w i t h o u t  a f f e c t i n g  t h e  a n g l e  between t h e  c h i e f  
r a y  and t h e  o p t i c a l  a x i s .  T h i s  a n g l e  must t h e r e f o r e  b e  i n c o r p o r a t e d  i n t o  
t h e  f-number o r  t he  f i e l d  coverage of  t h e  microscope and h a s  a marked e f f e c t  on 
t h e  microscope performance.  

F i g u r e  3 4  shows t h e  r e s u l t s  of  a n  e x a c t  g e o m e t r i c a l  r a y  t r a c e  th rough  t h e  
Ri tchey-Chre t i en  t e l e s c o p e  and c o r r e c t o r .  The m e r i d i o n a l  and skew r a y  
f a n s  used  i n  t h e  r a y  t r a c e  a r e  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g u r e  35 
The f i e l d  a n g l e  i s  assumed t o  l i e  i n  t h e  y-z p lane  and i s  d e f i n e d  a s  t h e  a n g l e  
between t h e  o p t i c a l  a x i s  and an incoming c h i e f  r a y  which p a s s e s  th rough  t h e  
c e n t e r  of t h e  e n t r a n c e  a p e r t u r e ,  I n  most a s t r o n o m i c a l  t e l e s c o p e s  ( t h e  
Schmidt b e i n g  a n  obv ious  e x c e p t i o n )  t h e  pr imary m i r r o r  a c t s  a s  t h e  e n t r a n c e  
a p e r t u r e .  The a b e r r a t i o n s  a r e  c a l c u l a t e d  by s u b t r a c t i n g  t h e  foca  1 p l a n e  
c o o r d i n a t e s  of t h e  c h i e f  r a y  q, yk from t h e  c o o r d i n a t e s  of a  skew o r  
m e r i d i o n a l  r ay .  S i n c e  m e r i d i o n a l  r a y s  a r e  c o n f i n e d  t o  t h e  y-z p l a n e  by 
d e f i n i t i o n ,  t h e  a b e r r a t i o n s  o f  t h e s e  r a y s  a r e  g iven by jik - yko I n  
g e n e r a l ,  t h e  c o o r d i n a t e s  of skew r a y s  d i f f e r  from t h o s e  o f  t h e  c h i e f  r a y  i n  
b o t h  x  and y  d i r e c t i o n s .  However, t h e  x - d i r e c t i o n  a b e r r a t i o n  u s u a l l y  predomin- 
a t e s  and s i n c e  Fk e q u a l s  z e r o ,  t h e  skew r a y  a b e r r a t i o n s  a r e  d e s c r i b e d  a p p r o x i -  
mate ly  by xk. The skew fan  p l o t s  c o v e r  o n l y  h a l f  o f  t h e  a p e r t u r e  s i n c e  t h e  
a b e r r a t i o n s  a r e  symmetr ica l  a c r o s s  t h e  a p e r t u r e .  The a b e r r a t i o n s  of  c o l o r s  
on e i t h e r  s i d e  of t h e  c e n t r a l  4861A c o l o r  f o r  which t h e  sys tem i s  c o r r e c t e d  
a r e  a l s o  shown i n  F i g u r e  34 . I n  t h i s  c a s e ,  t h e  c h i e f  r a y  i s  d e f i n e d  from 
t h e  c e n t r a l  c o l o r  o n l y  and t h e  c e n t r a l  r a y s  f o r  t h e  o t h e r  c o l o r s  do no t  pass  
th rough  z e r o  because  o f  ch romat ic  a b e r r a t i o n s .  

There  a r e  s e v e r a l  ways of  a s s e s s i n g  image q u a l i t y .  One of  t h e  s i m p l e s t  i s  
t o  compare t h e  g e o m e t r i c a l  image s i z e  w i t h  t h e  d i f f r a c t i o n  image s i z e .  
A t  0 .5  micron wavelength  t h e  l a t t e r  i s  abou t  6 . 8  microns  r a d i u s  o r  
13.6 microns  d iamete r  a t  t h e  f i r s t  d i f f r a c t i o n - l i m i t e d  da rk - r ing .  T h i s  
compares f a v o r a b l y  w i t h  a  g e o m e t r i c a l  image s i z e  o f  12 microns  a t  10.2 
a rc -minu tes  o f f - a x i s  and l e s s  f a v o r a b l y  w i t h  an  image s i z e  of  abou t  20 
microns  a t  15 a rc -minu tes  o f f - a x i s .  The comparison depends on t h e  f o c a l  
p l a n e  chosen and cou ld  b e  a l t e r e d  s o  t h a t  t h e  image s i z e  a t  b o t h  o f f - a x i s  
p o s i t i o n s  were e q u a l  t o  15 microns .  
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An a l t e r n a t e  method of a s s e s s i n g  t h e  e f f e c t s  o f  a b e r r a t i o n s  on t h e  t h e o r e t i c a l  
d i f f r a c t i o n - l i m i t e d  performance i s  t o  compare t h e  a b e r r a t i o n s  w i t h  t h e  
t o l e r a n c e s  d e r i v e d  by Ray le igh  on t h e  b a s i s  s f  a 114-wavelength wave f r o n t  
de fo rmat ion .  I n  t h e  p resence  of  s e v e r a l  a b e r r a t i o n s  t h i s  t e c h n i q u e  b r e a k s  
down somewhat b u t  i s  s t i l l  u s e f u l  i f  a p p l i e d  t o  t h e  predominant a b e r r a t i o n s .  
A t  t h e  edge o f  t h e  f i e l d  t h e  wors t  a b e r r a t i o n  a p p e a r s  t o  b e  l a t e r a l  c o l o r  
which amounts t o  about  8  microns .  T h i s  compares t o  a  114-wave t o l e r a n c e  o f  
5 .5  microns  f o r  l a t e r a l  c o l o r s .  It may t h e r e f o r e  be  concluded t h a t  a l t h o u g h  
t h e  p r e s e n t  c o r r e c t o r  does no t  q u i t e  meet t h e  most s t r i n g e n t  c r i t e r i a  f o r  
imagery a t  t h e  edge of t h e  f i e l d ,  i t  does  p rov ide  a d e q u a t e  imagery f o r  
p o i n t i n g  e r r o r  s e n s i n g .  

One o f  t h e  prime requ i rements  on t h e  LTEP t e l e s c o p e  i s  a  p o i n t i n g  sys tem 
c a p a b l e  of  p r o v i d i n g  image s t a b i l i t y  of  0 .01  a rc - second  o v e r  v e r y  long 
t ime  p e r i o d s .  The on ly  o p e r a t i o n a l  sys tem coming c l o s e  t o  f u l f i l l i n g  t h i s  
requirement  i s  S t r a t o s c o p e  11, a  3 6 - i n c h - a p e r t u r e  ba l loon-borne  t e l e s c o p e  
des igned  and b u i l t  f o r  P r i n c e t o n  U n i v e r s i t y  Observa to ry  by Perkin-Elmer.  
P o i n t i n g  on S t r a t o s c o p e  I1 i s  a c h i e v e d  by s p l i t t i n g  two g u i d e  s t a r  images 
i n  t h e  t e l e s c o p e  f i e l d  on t h e  apex of pr isms s e t  t o  c o i n c i d e  w i t h  t h e  image 
c e n t e r .  The l o g i c  system compares t h e  i n t e n s i t y  i n  each image quadran t  
w i t h  t h e  i n t e n s i t y  o f  t h e  o t h e r  image q u a d r a n t s  t h e r e b y  d e r i v i n g  p i t c h ,  r o l l ,  
and yaw p o i n t i n g  s i g n a l s .  

The p r i n c i p l e  advan tage  of t h e  S t r a t o s c o p e  scheme i s  t h a t  i t  does n o t  depend 
on t h e  r e l a t i v e  a l ignment  between d i f f e r e n t  o p t i c a l  sys tems.  Both p o i n t i n g  
and image sys tems  u t i l i z e  t h e  same o p t i c a l  e lements  s o  t h a t  t h e m e e l a s t i c  
de fo rmat ions  i n  t h e  t e l e s c o p e  s t r u c t u r e  produce i d e n t i c a l  e f f e c t s  i n  b o t h  sys tems.  
I f  t h e  n u l l  s e e k i n g  p o i n t i n g  sys tem i s  o p e r a t i o n a l ,  t h e n  image d i sp lacements  
due t o  d e f o r m a t i o n s  i n  t h e  t e l e s c o p e  s t r u c t u r e  a r e  immediate ly  compensated by 
changes i n  t h e  p o i n t i n g  d i r e c t i o n  of  t h e  t e l e s c o p e .  

The d i f f i c u l t y  of implementing a  s i m i l a r  scheme on a  s a t e l l i t e - b o r n e  t e l e s c o p e  
i s  t h e  l a r g e  volume of space  r e q u i r e d o  A 30 a ic -minu te  d i a m e t e r  f i e l d  c o r r e -  
sponds t o  a  c i r c u l a r  a r e a  87 cm i n  d i a m e t e r  i n  a  2-meter,  f / 5 0  t e l e s c o p e .  
Fur thermore ,  k e e p i n g  t h e  r e l a y  microscope f i e l d  a n g l e  i n  bounds would probably  
r e q u i r e  about  8 .7  m e t e r s  between foca  1 p l a n e s .  

The image mover i s  t h e  i n g e n i o u s  scheme which r e t a i n s  t h e  common t e l e s c o p e  and 
microscope o p t i c s  p r i n c i p l e  b u i l t  i n t o  S t r a t o s c o p e  b u t  a l s o  p e r m i t s  t h e  s i z e  o f  
t h e  microscope t o  b e  reduced t o  a  c o n v e n i e n t ,  e a s i l y  packaged s i z e .  The p r i n c i p l e  
on & i c h  it o p e r a t e s  was f i r s t  r e p o r t e d  by Perkin-Elmer i n  Repor t  8346 f o r  
P r i n c e t o n  U n i v e r s i t y .  Much of  t h e  d e s c r i p t i o n  which f o l l o w s  i s  a d a p t e d  from t h e  
Advanced P r i n c e t o n  S a t e l l i t e  Study Repor t  No. 8688. 
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I n  i t s  o r i g i n a l  form t h e  image mover d e v i c e  c o n s i s t e d  of  a v e r y  s imple  sys tem 
o f  l e n s e s  and m i r r o r s  which cou ld  b e  a r r a n g e d  t o  s h i f t  a  gu ide  s t a r  image 
from a n  a r b i t r a r y  p o s i t i o n  t o  a  f i x e d  p o s i t i o n .  The o p t i c a l  ar rangement  r e q u i r e d  
t o  a c h i e v e  t h i s  i s  i l l u s t r a t e d  i n  F i g u r e  36 . 

F i g u r e  3 6 .  Image Mover Concept 

A converg ing  bund le  of  l i g h t  from a  s t a r  t o  b e  used a s  a  p o i n t i n g  r e f e r e n c e  
i s  i n t e r c e p t e d  b e f o r e  coming t o  a  f o c u s  by a  n e g a t i v e  l e n s  t h a t  r e n d e r s  t h e  
r a y s  p a r a l l e l .  A s m a l l  d i a g o n a l  m i r r o r  t u r n s  t h e  c o l l i m a t e d  beam through 
a  r i g h t  a n g l e  t h a t  i n t e r s e c t s  a p o s i t i v e  l e n s .  T h i s  r e f o c u s e s  t h e  bundle  
s o  t h a t  a f t e r  r e f l e c t i o n  from a  second d i a g o n a l  m i r r o r  t h e  guide  s t a r  image 
l i e s  i n  t h e  same f o c a l  p l a n e  a s  b e f o r e .  The image mover can  b e  a d j u s t e d  t o  
s h i f t  s tar  images from a r b i t r a r y  p o s i t i o n s  by moving t h e  n e g a t i v e  l e n s  and 
i t s  d i a g o n a l  m i r r o r  toward o r  away from t h e  p o s i t i v e  l e n s  and by 
r o t a t i n g  t h e  e n t i r e  image mover assembly about  a  v e r t i c a l  a x i s  th rough  t h e  
s h i f t e d  image p o s i t i o n .  I n  t h i s  way a s t a r  image may b e  moved from a n  a r b i t r a r y  
p o i n t  i n  t h e  o u t e r  p o r t i o n  of t h e  t e l e s c o p e  f i e l d  t o  a  f i x e d  p o i n t  c l o s e  
t o  t h e  t e l e s c o p e  o p t i c a l  a x i s  and on t h e  u n c o r r e c t e d  £110 f o c a l  p l a n e .  
In  t h i s  way, b o t h  t h e  p o i n t i n g  s t a r s  and t h e  u n c o r r e c t e d  t e l e s c o p e  
image f i e l d  can be hand led  w i t h  t h e  a l l - r e f l e c t i v e  £150 microscope,  t h u s  
producing magni f i ed  s t a r  images on e i t h e r  s i d e  of  t h e  v i d i c o n .  A t  t h i s  
p o i n t ,  t h e  p o i n t i n g  s t a r  images a r e  d i v i d e d  i n t o  f o u r  p a r t s  which a r e  c o n t i n u o u s l y  
compared t o  d e r i v e ,  p i t c h ,  yaw, and r o l l  p o i n t i n g  e r r o r  s i g n a l s .  
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The LTEP image mover mechanism des ign  concept ,  which a f f o r d s  a number o f  
advan tages  t o  t h e  p o i n t i n g  system a t  t h e  c o s t  o f  a d d i t i o n a l  o p t i c a l  s u r f a c e s ,  
i s  shown i n  F i g u r e  3 7  There  i s  no requirement  f o r  a  s l i d i n g  mechanism 
i n  t h e  arrangement shown which uses  a  second p i v o t  a x i s ,  Both p i v o t  a x e s  
a r e  p a r a l l e l  t o  t h e  t e l e s c o p e  o p t i c a l  a x i s  and a l s o  c o i n c i d e  w i t h  o p t i c a l  
a x e s  of t h e  p o s i t i v e  and n e g a t i v e  l e n s  groups .  The main a x i s ,  abou t  which t h e  
e n t i r e  image mover r o t a t e s ,  passes  through t h e  s m a l l  f o l d i n g  f l a t .  The upper 
am p i v o t  a x i s ,  abou t  which only  t h e  long pr ism and t h e  n e g a t i v e  d o u b l e t  
r o t a t e ,  passes  th rough  b o t h  f o l d i n g  pr isms,  Each a x i s  h a s  a s s o c i a t e d  w i t h  
i t  a  motor and a n  encoder  which p o s i t i o n  t h e  image movers wi th  r e s p e c t  t o  t h e  
t e l e s c o p e  a x i s  i n  analogous f a s h i o n  t o  t h e  known p o s i t i o n  of t h e  gu ide  s t a r s  
and image f i e l d  c e n t e r .  

An impor tan t  advan tage  of t h e  two-axis LTEP d e s i g n  shown i n  F i g u r e  37 
i s  t h a t  i t  p rov ides  coverage over  a l a r g e  p o r t i o n  o f  t h e  t e l e s c o p e  f i e l d  
and a  l a r g e  a c q u i s i t i o n  zone around t h e  nominal p o s i t i o n  of t h e  p o i n t i n g  s t a r  
image. The s i z e  o f  t h e  a c q u i s i t i o n  zone r e q u i r e d  by t h e  t e l e s c o p e  i s  
determined by t h e  a n g u l a r - p o s i t i o n  and v e l o c i t y  e r r o r s  expec ted  from t h e  
c o a r s e  p o i n t i n g  system.  A 2-arc-minute d iamete r  a c q u i s i t i o n  zone, which 
i s  p rov ided  i n  t h e  p r e s e n t  des ign ,  i s  abou t  t h a t  r e q u i r e d  f o r  c o m p a t i b i l i t y  
w i t h  t h e  s m a l l  s tar  t r a c k e r s  i n  t h e  OAO s e r i e s  of s a t e l l i t e s .  I n  t h e  e v e n t  
t h a t  c o a r s e  p o i n t i n g  i s  markedly b e t t e r  i n  t h e  LTEP package, t h e n  t h e  p o i n t i n g  
star a c q u i s i t i o n  zone may be reduced w i t h  a cor responding  b e n e f i c i a l  r e d u c t i o n  
i n  background i l l u m i n a t i o n .  The p o r t i o n  o f  t h e  t e l e s c o p e  f i e l d  t h a t  can b e  
covered by t h e  image movers i s  shown i n  F i g u r e  38 , a l o n g  w i t h  t h e  v a r i o u s  
o r i e n t a t i o n s  of t h e  image mover mechanism r e q u i r e d  t o  cover t h e  f i e l d  e x t r e m i t i e s .  
Most o f  t h e  c e n t r a l  p o r t i o n  of t h e  f i e l d  t h a t  i s  n o t  a c c e s s i b l e  would be  
bad ly  v i g n e t t e d  by t h e  h o l e  of t h e  t e l e s c o p e  f i e l d  c o r r e c t o r  e lements  and 
would t h e r e f o r e  n o t  be  u s a b l e  anyway. 

A s  might be expected,  a s m a l l  r o t a t i o n  of t h e  image mover abou t  t h e  t e l e s c o p e  
a x i s  o r  a s m a l l  s h i f t  i n  t h e  p o s i t i o n  of t h e  n e g a t i v e  double t  w i t h  r e s p e c t  
t o  t h e  p o s i t i v e  t r i p l e t  can produce a  r e l a t i v e l y  l a r g e  p o i n t i n g  e r r o r .  It i s  
t h e r e f o r e  e s s e n t i a l  t h a t  t h e  mechanism t h a t  p o s i t i o n s  t h e  image mover e lements  
be  des igned  so  t h a t  such motions can be minimized d u r i n g  t h e  o p e r a t i o n  of t h e  
t e l e s c o p e .  Th is  can  probably  be ach ieved  most e a s i l y  by a  mechanical  d e s i g n  
t h a t  l o c k s  t h e  e lements  w i t h  r e s p e c t  t o  each o t h e r  and t h e  ins t rument  package 
frame once t h e y  have been p o s i t i o n e d  c o r r e c t l y ,  Small  t r a n s l a t i o n a l  d i s p l a c e -  
ments o f  t h e  e n t i r e  image mover system have a  n e g l i g i b l e  e f f e c t  on t h e  q u a l i t y  
of t h e  gu ide  s t a r  images i f  t h e  f-numbers of t h e  incoming and o u t g o i n g  
image beams a r e  e q u a l .  I n  t h i s  case ,  t h e  image mover system i s  analogous t o  
a  window i n  a  c o l l i m a t e d  l i g h t  p a t h ;  it  i n t r o d u c e s  a n  amount of p a r a l l a x  
depending on t h e  a n g u l a r  o r i e n t a t i o n ,  b u t  t r a n s l a t i o n a l  motions have no 
e f f e c t  s i n c e  t h e  o p t i c a l  power i s  u n i t y .  Th i s  advan tage  i s  u t i l i z e d  i n  t h e  
p r e s e n t  des ign  w i t h  t h e  excep t ion  t h a t  t h e  f i e l d - c o r r e c t i n g  e lements  a r e  
assumed p a r t  o f  t h e  image moving system,thus  y i e l d i n g  e q u a l  f - n m b e r s  f o r  
t h e  u n c o r r e c t e d  on-axis  image beam and f o r  t h e  s t a r  beams emerging $ram t h e  
image movers. 
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When a d d i t i o n a l  d e s i g n  work i s  done on t h e  image movers, a t t e n t i o n  s h o u l d  
be  given t o  r e d u c i n g  t h e  number of o p t i c a l  s u r f a c e s  and f i n d i n g  a n  a r r a n g e -  
n e n t  t h a t  w i l l  l ock  t h e  e lements  t i g h t l y  t o g e t h e r  once t h e y  have been p o s i t i o n e d  
c o r r e c t l y .  S i n c e  t h e  t o t a l  o p t i c a l  pa th  between e lements  does n o t  v a r y  i n  
t h e  two-pivot d e s i g n ,  it may be  p o s s i b l e  t o  a c h i e v e  t h e  same c o r r e c t i o n  w i t h  
fewer  e lements  by e l i m i n a t i n g  t h e  c o l l i m a t e d  p a t h  between n e g a t i v e  and 
p o s i t i v e  e lements .  S ince  t h e  o u t e r  p o r t i o n  of t h e  image mover f i e l d  i s  used 
on ly  d u r i n g  a c q u i s i t i o n ,  t h e  on ly  impor tan t  o p t i c a l  a b e r r a t i o n s  t h a t  need 
b e  cons idered  i n  t h e  image mover d e s i g n  a r e  s p h e r i c a l  a b e r r a t i o n  and l o n g i -  
t u d i n a l  c o l o r .  

The main purpose  o f  t h e  microscope i s  t o  r e l a y  t h e  c e n t r a l ,  a l l - r e f l e c t i v e  
p o r t i o n  of t h e  t e l e s c o p e  f i e l d  t o  t h e  image s u r f a c e  of a  v i d i c o n  o r  image 
o r t h i c o n .  Some m a g n i f i c a t i o n  i s  r e q u i r e d  s i n c e  t h e  l i m i t i n g  r e s o l u t i o n  a t  
2000A imaged a t  f / 1 0  i s  500 c y c l e s  ( l i n e  pairs)/mrn and l O O O A  imaged a t  
f / 1 0  i s  1000 cycles/mm, whereas t h e  r e s o l u t i o n  o f  p r e s e n t  day v i d i c o n s  i s  
t y p i c a l l y  25 cycles/mm. C l e a r l y ,  i f  we wish t o  r e c o r d  t h e  h i g h e s t  t h e o r e t i c a l  
s p a t i a l  f r e q u e n c i e s  passed by t h e  t e l e s c o p e  a t  10001, a  m a g n i f i c a t i o n  o f  abou t  
40 i s  r e q u i r e d  f o r  p r e s e n t  v i d i c o n s  bu t  t h i s  i s  l i k e l y  t o  d e c r e a s e  wi th  t h e  
development of b e t t e r  image t u b e s .  A m a g n i f i c a t i o n  of f i v e  was s e l e c t e d  
f o r  t h e  LTEP microscope p r e d i c a t e d  on a n  e i g h t - f o l d  i n c r e a s e  i n  v i d i c o n  
r e s o l u t i o n .  I n  t h e  e v e n t  t h a t  v i d i c o n  development does n o t  p r o g r e s s  as f a r  
as a n t i c i p a t e d  b e f o r e  a  des ign  f r e e z e  i s  necessa ry ,  t h e n  a  h i g h e r  m a g n i f i c a t i o n  
w i l l  be necessa ry .  

I n  o r d e r  t o  p r e v e n t  s lowly changing t empera tu re  d i s t r i b u t i o n s  i n  t h e  i n s t r u -  
ment package from m i s a l i g n i n g  t h e  p o i n t i n g  and imaging systems, it  i s  a l s o  
n e c e s s a r y  t h a t  t h e  microscope r e l a y  t h e  gu ide  s t a r  images p o s i t i o n e d  on 
e i t h e r  s i d e  o f  t h e  image f i e l d .  Th i s  i s  a  more d i f f i c u l t  requirement ,  
s i n c e  t h e  microscope must o p e r a t e  f a r t h e r  o f f - a x i s  and a t  a much lower f-number 
i n  o r d e r  t o  accommodate t h e  tilt impar ted t o  t h e  guide  s t a r  image beams l y i n g  
on t h e  p e r i p h e r y  o f  t h e  t e l e s c o p e  f i e l d ,  The 4-degree 45-arc-minute t i l t  
impar ted  t o  t h e  m a r g i n a l  c h i e f  r a y  by t h e  p r e s e n t  c o r r e c t o r  system i n c r e a s e s  
t h e  a c c e p t a n c e  a n g l e  from f / 1 0  t o  £/3.725, 

A microscope c o n t a i n i n g  r e f r a c t i v e  e lements  i s  n o t  f e a s i b l e  s i n c e  i t  would 
r e s t r i c t  t h e  s p e c t r a l  range o f  t h e  t e l e s c o p e .  Fur thermore,  t h e  number o f  
r e f l e c t i v e  microscope des igns  i s  extremely l i m i t e d  e i t h e r  because  i t  i s  
p h y s i c a l l y  i m p o s s i b l e  t o  i n c o r p o r a t e  them i n t o  t h e  p r e s e n t  system, o r  be-  
cause  t h e y  s u f f e r  from a  h igh  o b s c u r a t i o n  r a t i o .  A l a r g e  o b s c u r a t i o n  would 
s e r i o u s l y  compromise t h e  o v e r a l l  o p t i c a l  performance o f  t h e  t e l e s c o p e  imaging 
system. 

* 
A unique Perkin-Elmer image microscope having none o f  t h e  above o b j e c t i o n s  
i s  shown i n  F i g u r e  39 . It c o n s i s t s  o f  two a x i a l l y  a l i g n e d  s u r f a c e s  of 

* 
The o p t i c a l  d e s i g n  o f  t h i s  imaging microscope was inven ted  by D. Markie and 
L. McCasthy and i s  n o t  inc luded  i n  t h i s  r e p o r t  because  it  i s  p r o p r i e t a r y  t o  
The Perkin-Elmer Corporat ion.  

'f-94 
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r e v o l u t i o n o  A small f o l d i n g  f l a t  i s  a l s o  inc luded ,bu t  t h i s  has  no e f f e c t  
on t h e  o p t i c a l  performance and s e r v e s  o n l y  a s  a packaging convenience.  

S i n c e  t h e  microscope i s  employed o f f - a x i s ,  t h e r e  i s  no o b s c u r a t i o n .  The f / 1 0  
f o c a l  p lane  o f  t h e  t e l e s c o p e  and t h e  e f f e c t i v e  f /3 .725 p l a n e  of t h e  image 
movers i s  s i t u a t e d  a d j a c e n t  t o  t h e  r e f l e c t i n g  microscope secondary m i r r o r  - 
a p o s i t i o n  t h a t  minimizes  t h e  e x t e n t  t o  which t h e  t e l e s c o p e  must o p e r a t e  
o f f - a x i s .  The v i d i c o n  o r  o r t h i c o n  p o s i t i o n  shown i n  t h e  t o p  v iew o f  F i g u r e  
3 9  i s  f o l d e d  a l o n g  t h e  s i d e  o f  t h e  microscope.  I f  more room were 
a v a i l a b l e  i n  t h e  ins t rument  package, t h i s  f o l d  might be e l i m i n a t e d  and 
t h e  o v e r a l l  o p t i c a l  e f f i c i e n c y  i n  t h e  f a r  u l t r a v i o l e t  r e g i o n  enhanced. The 
gu ide  s t a r  image d i v i d e r s  a r e  s i t u a t e d  on e i t h e r  s i d e  o f  t h e  v i d i c o n  abou t  
8 i n c h e s  a p a r t  (bottom view of  F i g u r e  39 ). The a b e r r a t i o n s  o f  t h e  two- 
e lement  microscope a r e  i l l u s t r a t e d  i n  F i g u r e  40  which shows t h e  g e o m e t r i c a l  
image s i z e  a t  two f i e l d  p o s i t i o n s  on a  curved f o c a l  p lane .  The r a y  f a n s  shown 
i n  F i g u r e  40 e x t e n d  o v e r  a n  f /3 .725 a p e r t u r e  s o  a s  t o  accommodate t h e  t i l t  
impar ted t o  t h e  gu ide  s t a r  beams by t h e  t e l e s c o p e  c o r r e c t o r .  I n  p r a c t i c e ,  
o n l y  abou t  a  t h i r d  o f  t h e  a p e r t u r e  i s  used by p o i n t i n g  star beams, b u t  t h e  
s e c t i o n  used v a r i e s  depending on t h e  p o s i t i o n  o f  t h e  p o i n t i n g  s t a r  i n  t h e  t e l e -  
scope  f i e l d .  The on-axis t e l e s c o p e  f i e l d  t h a t  i s  r e l a y e d  by t h e  microscope 
t o  t h e  v i d i c o n  o r  o r t h i c o n  does n o t  move around b u t  always occup ies  t h e  
c e n t r a l  t h i r d  of t h e  t o t a l  a p e r t u r e .  

The o v e r a l l  performance o f  t h e  f / 5 0  te lescope-microscope combination i s  
i l l u s t r a t e d  by t h e  modulat ion t r a n s f e r  curves  shown i n  F i g u r e s  4 1  and 
42. These show t h e  t r a n s f e r  f u n c t i o n s  f o r  b o t h  r a d i a l  and t a n g e n t i a l  
d i r e c t i o n s  i n  v a r i o u s  p o s i t i o n s  of t h e  v i d i c o n  f i e l d .  The 1-inch d e c e n t e r  
between t h e  t e l e s c o p e  and microscope a x i s  i s  i n  t h e  r a d i a l  d i r e c t i o n .  No 
r e f r a c t i v e  components, which would l i m i t  t h e  s p e c t r a l  r esponse ,  a r e  c o n t a i n e d  
i n  t h e  v i d i c o n  o p t i c a l  pa th  which c o n s i s t s  o f  f ive r e f l e c t i v e  s u r f a c e s  up 
t o  t h e  f r o n t  s u r f a c e  of t h e  v i d i c o n .  The o b s c u r a t i o n  due t o  t h e  secondary 
and t h e  b a f f l e s ,  which a r e  n e c e s s a r y  t o  s h i e l d  t h e  image and guidance f i e l d s  
from d i r e c t l y  i n c i d e n t  l i g h t ,  has  a  marked e f f e c t  on t h e  shape of t h e  MTF curves .  
I n  t h e  p r e s e n t  d e s i g n  t h i s  o b s c u r a t i o n  would amount t o  about  2 3 - 1  i n c h e s  o u t  
of t h e  78.8 inches  t o t a l  a p e r t u r e .  A c e n t r a l  o b s c u r a t i o n  h a s  much t h e  same 
e f f e c t  a s  o p t i c a l  a b e r r a t i o n s  would have on a system w i t h  a  c l e a r  a p e r t u r e .  
I n  b o t h  c a s e s ,  i t  i s  t h e  i n t e r m e d i a t e  s p a t i a l  f r e q u e n c i e s  t h a t  a r e  a t t e n u a t e d  
t h e  most. 

A t  t h e  c e n t e r  and t o  each s i d e  of t h e  1.6-inch d iamete r  v i d i c o n  f a c e  t h e  MTF 
cvrves  a r e  i d e n t i c a l  t o  t h e  t h e o r e t i c a l  d i f f r a c t i o n - l i m i t e d  response  of a n  obscured 
£150 o p t i c a l  sys tam.  A t  t h e  t o p  and bottom of &a v i d i c o n  f i e l d  B- d a f o c u s i n g  
occurs  because  of the c w s d  f i e l d  produced by t s l a s c o p e  and microscope 
combination.  The f i e l d  c u r v a t u r e  o f  t h e  t e l e s c o p e  i s  o p p o s i t e  t o  and 
s l i g h t l y  s t r o n g e r  t h a n  t h e  c u r v a t u r e  produced by t h e  microscope.  Because 
o f  t h e  misal ignment  between t h e  axes  of t h e  two systems t h e i r  f i e l d  
c u r v a t u r e s  do n o t  c a n c e l  a s  w e l l  a s  might o t h e r w i s e  be expected.  
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The d e c e n t e r  between t h e  t e l e s c o p e  and microscope a l s o  a f f e c t s  t h e  l i m i t i n g  
f requency of t h e  MTF curves .  A t  t h e  c e n t e r  of a n  f / 5 0  system t h e  l i m i t i n g  
f requency would normal ly  be  l / h f  = 40 cycles/mm a t '  a  wavelength of 0 .5  
microns .  I n  a d e c e n t e r e d  c o n f i g u r a t i o n  t h e  e x i t  p u p i l  i s  f o r e s h o r t e n e d  when 
viewed a l o n g  t h e  t e l e s c o p e  a x i s ,  t h e  d i s t a n c e  between t h e  c e n t e r  o f  t h e  e x i t  
p u p i l  and t h e  c e n t e r  of t h e  f i e l d  i s  s l i g h t l y  d i f f e r e n t  from t h e  nominal 
p o s i t i o n ,  and t h e  i n c i d e n c e  a n g l e  o f  r a y s  s t r i k i n g  t h e  f o c a l  p lane  i s  a l s o  
a l t e r e d .  The e f f e c t  i s  n o t i c a b l e  on t h e  r a d i a l  MTF curves  and probably  
accounts  f o r  most o f  t h e  v e r y  s m a l l  d i f f e r e n c e  between t h e  t o p  and bot tom 
f i e l d  p o s i t i o n  curves .  

A s  t h e  wavelength  d e c r e a s e s ,  t h e  e f f e c t  of a b e r r a t - i o n s  i n c r e a s e s  
and more pronounced d i f f e r e n c e s  between t h e  a c t u a l  and t h e o r e t i c a l  d i f f r a c t i o n -  
l i m i t e d  MTF'S can b e  expected.  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e s  43 and 44 
which show t h e  r a d i a l  and t a n g e n t i a l  MT??'s a t  t h e  t o p  and c e n t e r  of t h e  v i d i c o n  
f i e l d  f o r  a  wavelength  o f  0.25 microns.  Even a t  t h i s  wavelength t h e  o p t i c a l  
a b e r r a t i o n s  have l i t t l e  e f f e c t  and t h e  d e s i g n  may be  termed " d i f f r a c t i o n  
l imi ted" ,  

The t r a n s f e r  f u n c t i o n  a t  s h o r t e r  wavelengths  was n o t  i n v e s t i g a t e d  s i n c e  i t  
is  a p p a r e n t  t h a t  t h e  r e s o l u t i o n  of t h e  v i d i c o n ,  a l ignment  and t h e  s u r f a c e  
q u a l i t y  o f  t h e  o p t i c a l  components w i l l  u l t i m a t e l y  l i m i t  t h e  r e s o l u t i o n  r a t h e r  
t h a n  t h e  o p t i c a l  a b e r r a t i o n s .  

Pho tograph ic  emuls ions  have become f i r m l y  en t renched  a s  a  r e c o r d i n g  medium 
i n  many o f  t h e  d i s c i p l i n e s  compris ing modern astronomy and w i l l  c o n t i n u e  t o  
remain s o  f o r  many y e a r s  t o  come. I n  g e n e r a l ,  pho tograph ic  emuls ions  have 
quantum e f f i c i e n c i e s  under 1 p e r c e n t ,  whereas image t u b e s  have e f f i c i e n c i e s  
above 10 p e r c e n t ,  b u t  f i l m s  a r e  a v a i l a b l e  wi th  a wide range  of r e s o l u t i o n  
c a p a b i l i t y  e x t e n d i n g  i n t o  t h e  hundreds -of - l ines -per -mi l l imete r  r e g i o n  and 
may be  o b t a i n e d  i n  v i r t u a l l y  any s i z e .  Fi lms a l s o  t e n d  t o  y i e l d  c l e a n e r  
p i c t u r e s  t h a n  v i d i c o n s  bu t  on t h e  o t h e r  hand a r e  s u s c e p t i b l e  t o  r a d i a t i o n  
fogg ing  and r e q u i r e  developing.  

I n  t h e  LTEP c o n f i g u r a t i o n  where man i s  a v a i l a b l e  f o r  changing c a s s e t t e s  and 
deve lop ing  photographs  t h e  p a r t i c u l a r  advantages  o f  f i l m  can b e  p u t  t o  good 
advantage.  For example, a  70-mm-wide s t r i p  of f i l m  a t  t h e  £110 image p l a n e  
can r e c o r d  a  f i e l d  some 2000 t imes  l a r g e r  t h a n  a v i d i c o n .  Fur thermore,  t h e r e  
i s  no need f o r  a microscope o r  f o r  image movers,, and t h e  t e l e s c o p e  c o r r e c t o r  can 
be c o n s i d e r a b l y  s i m p l i f i e d .  A concep tua l  d e s i g n  i s  shown i n  F i g u r e  45. 
The pho tograph ic  t e l e s c o p e  c o r r e c t o r  e lements  shown a r e  r e p r e s e n t a t i v e  b u t  have 
n o t  been des igned  s i n c e  f e a s i b i l i t y  h a s  been w e l l  e s t a b l i s h e d  by t h e  more 
d i f f i c u l t  v i d i c o n  system c o r r e c t o r .  For  example, w i t h  t h e  pho tograph ic  c o r r e c t o r  
it i s  n o t  n e c e s s a r y  t o  r e s t r i c t  t h e  d ivergence  a n g l e  o r  t o  l e a v e  a l a r g e  space  
between t h e  l a s t  c o r r e c t o r  element and t h e  f o c a l  p lane.  T h i s  w i l l  probably  
r e s u l t  i n  a r e d u c t i o n  i n  t h e  number of e lements  from f o u r  t o  t h r e e ,  and a n  
e x t e n s i o n  o f  t h e  c o r r e c t e d  s p e c t r a l  r ange  i n t o  t h e  u l t r a v i o l e t  w i t h  f u s e d  
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s i l i c a ,  l i t h i u m  f l u o r i d e ,  o r  s i m i l a r  o p t i c a l  m a t e r i a l s  t h a t  t r a n s m i t  i n  t h i s  
r e g i o n .  The l a s t  two c o r r e c t o r  e l ements ,  which a c t  p r i m a r i l y  t o  f l a t t e n  t h e  
f i e l d ,  a r e  i l l u s t r a t e d  i n  t h e  s i d e  v iew o f  F igure .  45 . 
The c o r r e c t e d  f / 1 0  f o c a l  p l a n e  i s  abou t  17.8 cm i n  d i a m e t e r  and s i t u a t e d  
midway between t h e  l a s t  c o r r e c t o r  e lement  and a  g l a s s  window. The photo- 
g r a p h i c  f i e l d  i s  a  70-mm s t r i p  th rough  t h e  c e n t e r  o f  t h e  c o r r e c t e d  f o c a l  
p l a n e  from one s i d e  t o  t h e  o t h e r .  The f i l m  r e s t s  on a  p l a t e n  immediate ly  
below a  f o c a l  p l a n e  s h u t t e r .  Take-up r e e l s  f o r  t h e  f i l m  and t h e  s h u t t e r  a r e  
shown i n  t h e  s i d e  view. 

The p o i n t i n g  f i e l d  c o n s i s t s  of two D-shaped s e c t i o n s  on e i t h e r  s i d e  o f  t h e  
pho tograph ic  f i e l d .  Each "D" s e c t i o n  c o n t a i n s  a  four -quadran t  image d i v i d e r  
c o n s i s t i n g  of two pr isms o r i e n t e d  s o  t h a t  t h e  roof  o f  one f a c e s  t h e  roof  o f  
t h e  o t h e r ,  b u t  w i t h  a  90-degree a n g l e  between t h e  apex l i n e s .  FJhen s u i t a b l y  
p o s i t i o n e d ,  t h e  image d i v i d e r  s p l i t s  a  g u i d e  s t a r  image i n t o  f o u r  s e p a r a t e  
beams which e x i t  th rough  t h e  window ( l o c k i n g  p l a t e )  below t h e  d i v i d e r s .  
A f i e l d  l e n s  below t h e  window of  each s e c t i o n  d i r e c t s  t h e  f o u r  s e p a r a t e  beams 
o n t o  a  four-quadrant  p h o t o m u l t i p l i e r  from which s i g n a l s  a r e  d e r i v e d .  

The p o s i t i o n  of  each image d i v i d e r  a l o n g  t h e  x d i r e c t i o n  i s  de te rmined  
by a  screw-dr iven f o r k  which s t r a d d l e s  t h e  d i v i d e r  assembly.  The y  d i r e c t i o n  
p o s i t i o n  i s  c o n t r o l l e d  by a  sc rew c a p t u r e d  i n  each d i v i d e r  assembly which 
i s  d r i v e n  back and f o r t h  by a t h r e a d e d  c o l l a r  gea red  t o  a  d r i v e  motor and  
encoder .  The x  motor and encoder  a r e  f a s t e n e d  t o  t h e  f o r k  and t r a v e l  w i t h  it 
a l o n g  t h e  x  a x i s .  Because i t  i s  n o t  n e c e s s a r y  t o  s p l i t  b o t h  s t a r s  i n t o  
f o u r  p a r t s ,  b u t  o n l y  t o  s p l i t  one i n t o  f o u r  and t h e  o t h e r  i n t o  two f o r  r o l l  
c o r r e c t i o n ,  t h e  p o s i t i o n a l  accuracy  r e q u i r e d  o f  t h e  p r i sm mover mechanism 
i s  n o t  extreme. For  example, a 0.004-inch e r r o r  c o r r e s p o n d i n g  t o  a b o u t  a  1,- 
a rc - second  i n  t h e  t e l e s c o p e  f i e l d  would s e r v e  o n l y  t o  d e c e n t e r  t h e  a c t u a l  
p o s i t i o n  of t h e  pho tograph ic  f i e l d  from i t s  planned p o s i t i o n  by a  comparable  
amount. A 1-arc-second o f f s e t  i n  a  1800 by 700-arc-second f i e l d  would h a r d l y  
be  n o t i c e a b l e  . 
Although t h e  p o s i t i o n e d  a c c u r a c y  of t h e  mover mechanism i s  n o t  c r i t i c a l ,  i t s  
s t a b i l i t y  once p o s i t i o n e d  i s  c r i t i c a l .  I n  o r d e r  t o  keep image b l u r  t o  a  t e n t h  
of  t h e  image s i z e ,  t h e  r e l a t i v e  s e p a r a t i o n  between t h e  pho tograph ic  emuls ion 
and t h e  image d i v i d e r  must b e  m a i n t a i n e d  t o  about  1 wavelength  o r  0.00004 
i n c h .  T h i s  i s  approx imate ly  1.5 p a r t s  i n  105 and i s  a c h i e v e d  w i t h  t h e  p r e s e n t  
d e s i g n  d e s p i t e  t h e  moderate  t e m p e r a t u r e  v a r i a t i o n s  which a r e  i n e v i t a b l e  i n  a  
p r a c t i c a l  system. When t h e  d i v i d e r s  a r e  b e i n g  p o s i t i o n e d  i n  t h e  p o i n t i n g  
f i e l d ,  t h e  l o c k i n g  p l a t e  i s  p u l l e d  away from t h e  c o r r e c t o r ,  and t h e  d i v i d e r  
a s s e m b l i e s  move e a s i l y  toward t h e  new p o s i t i o n s .  Once i n  t h e  new p o s i t i o n ,  
t h e  d i v i d e r s  a r e  clamped t i g h t l y  between t h e  l o c k i n g  p l a t e  and t h e  c o r r e c t o r  
p l a t e  s o  t h a t  t h e y  canno t  move d u r i n g  t h e  exposure  p e r i o d .  The c lamping 
mechanism f o r  t h e  l o c k i n g  p l a t e  i s  shown i n  t h e  s i d e  view. A s p r i n g - l o a d  
i n  each of  t h e  d i v i d e r  a s s e m b l i e s  p r e v e n t s  t h e  assembly from c c c k i n g  and b i n d i n g  
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between t h e  two g l a s s  s u r f a c e s  when i n  t h e  unclamped p o s i t i o n  and a l s o  p ro -  
v i d e s  a  smooth t r a n s i t i o n  t o  t h e  clamped p o s i t i o n  and back.  The g l a s s  p l a t e s  
on e i t h e r  s i d e  of  t h e  d i v i d e r  a s s e m b l i e s  p rov ide  a n  o p t i c a l  p a t h  f o r  t h e  s t a r  
beams, and,  e q u a l l y  impor tan t ,  p rov ide  a  r i g i d  mechan ica l  l i n k  between t h e  
p o i n t i n g  and imagery p o r t i o n s  of t h e  t e l e s c o p e  f i e l d  which i s  r e l a t i v e l y  
immune t o  t h e m a l  changes .  I f  f u s e d  s i l i c a  i s  used ( ~ 5  I( I O - ~ / ' C ) ,  t h e  
a l l o w a b l e  t e m p e r a t u r e  change i s  abou t  1 3 ' ~ .  

One o f  t h e  b u i l d i n g  b l o c k s  of t h e  spaceborne s t e l l a r  t e l e s c o p e s  which evo lved  
i n  t h e  Advanced P r i n c e t o n  S a t e l l i t e  Studv (NASA NGR-31-001-044) was a  v e r y  
compact e c h e l l e  s p e c t r o g r a p h  ( s e e  F i g u r e  46) .  The e c h e l l e  ar rangement  produces  
a  spect rum f o l d e d  l i k e  t h e  l i n e s  o f  t y p e  on a  p r i n t e d  page , thus  p e r m i t t i n g  a 
l a r g e  wavelength increment  t o  b e  i n t e g r a t e d  and r e a d  o u t  on a n  image t u b e  i n  
about  t h e  same t i m e  a s  might b e  r e q u i r e d  f n r  a  s i n g l e  wavelength  w i t h  a  conven- 
t i o n a l  s c a n n i n g  monochroma~or ( s e e  F i g u r e  07"). S i n c e  t h e  s p e c t r o g r a p h  was 
i n t e n d e d  t o  s t u d y  t h e  l O O O A  t o  3000A s p e c t r a l  r e g i o n ,  r e f r a c t i v e  components 
cou ld  n o t  b e  used and t h e  number o f  r e f l e c t i o n s  had t o  b e  minimized s i n c e  l o s s e s  
a s  h i g h  a s  50 p e r c e n t  p e r  s u r f a c e  a r e  common a t  t h e  s h o r t e r  wavelengths .  

The f i r s t  s p e c t r o g r a p h  arrangement  t o  b e  c o n s i d e r e d  i n  d e t a i l  was a  30- inch 
long,  two-element e c h e l l e  employing a  s p h e r i c a l  p r e d i s p e r s e r  g r a t i n g  o p e r a t i n g  
i n  t h e  f i r s t  o r d e r  and a  f l a t  e c h e l l e  g r a t i n g  o p e r a t i n g  i n  t h e  1 4 t h  t h r o u g h  
t o  t h e  3 9 t h  o r d e r s .  Both g r a t i n g s  were v e r y  t i n y  e lements  about  114 i n c h  i n  
d iamete r  and s i t u a t e d  v e r y  c l o s e  t o  t h e  £110 C a s s e g r a i n  t e l e s c o p e  f o c a l  p l a n e .  
The beam l e a v i n g  t h e  p r e d i s p e r s e r  and e c h e l l e  e l ements  was made £1150 i n  o r d e r  
t o  minimize a b e r r a t i o n s  and d i f f r a c t i o n  e f f e c t s .  Good c o r r e c t i o n  over  t h e  
v i d i c o n  f i e l d  was o b t a i n e d  by t i p p i n g  t h e  v i d i c o n  w i t h  r e s p e c t  t o  t h e  t e l e s c o p e  
a x i s  and by making t h e  p r e d i s p e r s e r  element s l i g h t l y  t o r r o i d a l .  D e t a i l s  of  
t h e  d e s i g n  may b e  found i n  Perkin-Elmer v g i n e e r i n g  Report  No. 9149** and t h e  
measured e f f i c i e n c i e s  i n  Repor t  No. 9608 . The e f f i c i e n c y  a t  1 6 0 0 i  was 
found t o  b e  on ly  abou t  3  p e r c e n t .  

The poor  e f f i c i e n c y  i s  p r e d i c t a b l e  on t h e  b a s i s  of  d i f f r a c t i o n  t h e o r y .  I f  
each g r a t i n g  groove i s  t o  d i f f r a c t  l i g h t  s o  t h a t  t h e  d i f f r a c t i o n  maximum 
f a l l s  on t h e  same p o i n t ,  t h e n  w i t h  s p h e r i c a l  g r a t i n g s ,  i t  i s  n e c e s s a r y  t o  v a r y  
t h e  b l a z e  a n g l e  from s i d e  t o  s i d e  a c r o s s  t h e  g r a t i n g  s o  t h a t  each f a c e t  i s  
aimed a t  a  common p o i n t  on t h e  Rowland c i r c l e .  

Although t h e  e f f i c i e n c y  o f  t h e  f / 1 0  e c h e l l e  might be  i n c r e a s e d  by a  more 
p r e c i s e  b l a z e ,  and e s p e c i a l l y  by a  v a r i a b l e  b l a z e ,  t h e  s i m p l e s t  and most  
p r a c t i c a l  means of  a c h i e v i n g  h i g h e r  e f f i c i e n c i e s  i s  simply t o  add a d d i t i o n a l  
e l ements ,  t h u s  changing t h e  two-element s p e c t r o g r a p h  i n t o  a  t h r e e  o r  f o u r -  
element s p e c t r o g r a p h ,  En f a c t ,  a  c u r s o r y  examina t ion  of s e v e r a l  th ree -e lement  

-- - - -  * 
I l l u s t r a t i v e  of  E c h e l l e  fo rmat ,  Exposure was made w i t h  l a r g e  image s i z e .  

** 
Markle,  D - A  : O p t i c a l  Design of  a Two-Element Spec t rograph .  Perkin-Elmer 
Eng ineer ing  Repor t  No. 9149, January  2 2 ,  1968. 

' ~ r o s s o ,  Ronald P .  : Measurement of E f f i c i e n c y  of t h e  Two-Element E c h e l l e  
Spec t rograph .  Perkin-Elmer Eng ineer ing  Report  No. 9608* March 2 ,  1949. 
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e c h e l l e  s p e c t r o g r a p h  arrangements  i n d i c a t e s  t h a t ,  t h e o r e t i c a l l y  a t  l e a s t ,  t h e s e  
have c o n s i d e r a b l y  h i g h e r  e f f i c i e n c i e s  a t  Lyman a l p h a ,  even a l l o w i n g  f o r  an  
a d d i t i o n a l  20-percent  l o s s  from t h e  e x t r a  s u r f a c e .  . 

One way i n  which t h e  exper iment  package developed on t h e  P r i n c e t o n  Advanced 
S a t e l l i t e  s t u d y  cou ld  be packaged i n  t h e  LTGP c o n f i g u r a t i o n  i s  shown i n  
F i g u r e  4 8 .  The t e l e s c o p e ,  c o r r e c t o r s  and image movers a r e  n e a r l y  i d e n t i c a l  
excep t  f o r  s c a l i n g .  The c e n t r a l  image f i e l d  and t h e  two gu ide  s t a r  image 
f i e l d s  a r e  f o l d e d  away from t h e  o p t i c a l  a x i s  and i n t o  a n  a l l - r e f l e c t i v e  
microscope by a  f l a t  which c u t s  a c r o s s  t h e  f / 1 0  f o c a l  p lane .  A r o t a t a b l e  
f o l d i n g  f l a t  n e a r  t h e  microscope f o c a l  p lane  d i r e c t s  t h e  on-ax i s  image f i e l d  
i n t o  one o f  two v i d i c o n s  and t h e  o f f - a x i s  gu ide  s t a r  f i e l d s  i n t o  po in t . ing  s t a r  
d i v i d e r  sys tems on e i t h e r  s i d e  o f  t h e  a p p r o p r i a t e  v i d i c o n .  

A s m a l l  h o l e  i n  t h e  f / 1 0  f o l d i n g  f l a t  p a s s e s  t h e  f i e l d  r e q u i r e d  f o r  s p e c t r o s c o p y  
t o  a n  o f f - a x i s  p a r a b o l o i d .  Col l imated l i g h t  from t h e  p a r a b o l o i d  s t r i k e s  a 
f l a t  e c h e l l e  n e a r  t h e  £ / I 0  f o c a l  p lane  and a curved p o s t d i s p e r s e r  which f o c u s e s  
t h e  spectrum on a v i d i c o n .  The p o s t d i s p e r s e r  o p e r a t e s  i n  t h e  f i r s t  o r d e r ,  and 
y i e l d s  a  spectrum s t r e t c h i n g  from one s i d e  of t h e  v i d i c o n  t o  t h e  o t h e r .  The 
e c h e l l e  g r a t i n g  i s  f l a t ,  o p e r a t e s  a t  v e r y  h i g h  o r d e r s  t y p i c a l l y  between 10 and 
40, and h a s  a  v e r y  h i g h  d i s p e r s i o n .  The f u n c t i o n  of t h e  p o s t d i s p e r s e r  i s  t o  
s e p a r a t e  t h e  o v e r l a p p i n g  o r d e r s  o f  t h e  e c h e l l e  g r a t i n g  s o  t h a t  a  n i c e l y  f o l d e d  
spectrum i s  formed at t h e  v i d i c o n  much l i k e  t h e  l i n e s  of t y p e  on a p r i n t e d  
page. The v i d i c o n  a x i s  i s  t i l t e d  w i t h  r e s p e c t  t o  t h e  f o l d e d  s p e c t r o g r a p h  
a x i s  i n  o r d e r  t h a t  t h e  a s t i g m a t i c  image p lane  c o n t a i n i n g  t h e  h i g h  d i s p e r s i o n  
f o c u s  c o i n c i d e s  w i t h  t h e  v i d i c o n  s u r f a c e .  

The v i d i c o n s  a r e  a n  i d e a l  d a t a  t r a n s d u c e r  f o r  a s p e c t r o g r a p h i c  survey i n s t r u -  
ment s i n c e  t h e y  p o s s e s s  t h e  quantum e f f i c i e n c y  of a  pho to tube  y e t  have t h e  
c a p a b i l i t y  o f  i n t e g r a t i n g  t h e  s i g n a l s  from a  l a r g e  number o f  r e s o l u t i o n  
e lements  s i m u l t a n e o u s l y .  However, t h e  s p e c t r a l  gesponse of p r e s e n t  t u b e s  
i s  l i m i t e d  t o  wavelengths  longer  t h a n  about  1250A by t h e  l i t h i u m  f l u o r i d e  
window. The s e n s i t i v i t y  can v a r y  c o n s i d e r a b l y  from p o i n t  t o  p o i n t  on t h e  
p h o t o s e n s i t i v e  s u r f a c e ,  and t h e  s i z e  of t h e  s e n s i t i v e  s u r f a c e  i s  l i m i t e d  t o  
abou t  1.6 i n c h e s  d iamete r  f o r  t h e  l a r g e s t .  During t h e  manned p o r t i o n  of t h e  
t e l e s c o p e  o p e r a t i o n  program i t  may, t h e r e f o r e ,  be d e s i r a b l e  t o  u s e  f i l m  i n  
t h e  s p e c t r o g r a p h  a s  w e l l  a s  i n  t h e  £110 imagery package. T h i s  p o s s i b i l i t y  
i s  n o t  i l l u s t r a t e d  i n  F i g u r e  48, b u t  cou ld  be i n c o r p o r a t e d  i n  the  desigxi, 
probably  w i t h o u t  a l t e r i n g  s i g n i f i c a n t l y  t h e  redundant  v i d i c o n  arrangement 
shown. 

The performance o f  t h i s  three-e lement  s p e c t r o g r a p h  h a s  n o t  been ana lyzed  and 
i t  may w e l l  prove t o  have some shor tcomings .  However, s u f f i c i e n t  work h a s  
been done t o  i n d i c a t e  t h a t  a  t h r e e  element e c h e l l e  s p e c t r o g r a p h  i s  p r e f e r a b l e  
t o  a  two element when s t a r t i n g  w i t h  a n  f / 1 0  beam. Fur thermore,  t h i s  g e n e r a l  
l a y o u t  i s  amenable t o  q u i t e  a  v a r i e t y  of s p e c t r o g r a p h  d e s i g n s  s i n c e  d i f f e r e n t  
v i d i c o n s  a r e  used  f o r  imaging and spec t roscopy .  I n  f a c t ,  t h e  s m a l l  s i z e  of t h e  
v i d i c o n  would permi t  2  v i d i c o n s  t o  b e  used f o r  s p e c t r o s c o p y  as.wel1 a s  for 
imagery. 

S i m i l a r l y ,  t h e r e  i s  no need t o  use E 5X microgcepe.  The 20X microscope 
developed f o r  t h e  P r i n c e t o n  Advanced S a t e l l i t e  cou ld  b e  employed j u s t  as 
r e a d i l y ,  and, i n  f a c t ,  i t  may even be p o s s i b l e  t o  u s e  microscopes  of mucn 
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h i g h e r  m a g n i f i c a t i o n  t h a n  t h i s .  S l i g h t  changes i n  t h e  p r e s e n t  microscope 
d e s i g n  a r e  r e q u i r e d  t o  a v o i d  i n t e r f e r e n c e  between t h e  microscope secondary 
and t h e  spec t rograph .  It i s  a l s o  n e c e s s a r y  t o  modify t h e  image mover d e s i g n  
somewhat t o  avo id  mechan ica l  i n t e r f e r e n c e  between t h e  p i v o t i n g  image mover 
m i r r o r  and  t h e  £110 f o l d i n g  f l a t .  The main problem a r e a  i n  t h e  P r i n c e t o n  
package i s  s e p a r a t i o n  o f  t h e  image and p o i n t i n g  s t a r  beams from t h e  s p e c t r o g r a p h  
beam. An a l t e r n a t e m e t h o d  is  i l l u s t r a t e a  i n  F i g u r e  4 9 .  I n  t h i s  c a s e  t h e  
i m a g e l o r m i n g  beams pass  t-hrough t h e  f / 1 0  f o c a l  p l a n e  d i r e c t l y  i n t o  t h e  
microscope whereas t h e  s p e c t r o g r a p h  beam i s  e x t r a c t e d  by a n  ex t remely  t i n y  
f l a t  e x t e n d i n g  a s h o r t  d i s t a n c e  i n t o  t h e  image f i e l d .  'The e x t r a c t e d  beam i s  
hand led  by a  three-e lement  s p e c t r o g r a p h  analogous t o  t h a t  i n  t h e  f i r s t  des ign .  
The p r i n c i p a l  d i f f e r e n c e  between t h e  two methods i s  t h a t  t h e  f i r s t  one h a s  
a n  e x t r a  r e f l e c t i o n  i n  t h e  image pa th  whereas t h e  second one h a s  a n  e x t r a  r e -  
f l e c t i o n  i n  t h e  s p e c t r o g r a p h  p a t h .  

The c e n t r a l  package i n  t h e  LTEP c o n f i g u r a t i o n  must b e  s m a l l e r  t h a n  t h e  
s i x  o u t e r  packages but  h a s  one l e s s  r e f l e c t i o n  s i n c e  t h e  i n d e x i n g  f l a t  i s  
f o l d e d  o u t  of t h e  o p t i c a l  p a t h  when t h e  c e n t r a l  package i s  uged. S i n c e  t h e  
number o f  r e f l e c t i o n s  becomes extremely impor tan t  below l O O O A  where even a  
20 p e r c e n t  r e f l e c t i v i t y  i s  h igh ,  it  w~111d be  agvantageous  t o  u s e  t h i s  s p a c e  
f o r  spec t roscopy  p r i m a r i l y  i n  t h e  800A t o  1200A r e g i o n .  The optFmum 
i n s t r u m e n t  f o r  t h i s  purpose  would t h e r e f o r e  be  a Rowland c i r c l e  g r a t i n g  o p e r a t i n g  
n e a r  g l a n c i n g  i n c i d e n c e .  The i n s t r u m e n t  shown i n  F i g u r e  49 i s  a t h r e e -  
e lement  e c h e l l e  c o n t a i n i n g  a n  o f f - a x i s  e l l i p s e  a  few i n c h e s  below t h e  f / 1 0  
f o c a l  p lane ,  an  e c h e l l e  g r a t i n g  n e a r  t h e  f o c a l  p l a n e  and a  p o s t d i s p e r s e r  a t  
t h e  v e r y  back of t h e  exper iment  package f a c i n g  t h e  v i d i c o n .  The e c h e l l e s ,  
p o s t d i s p e r s e r  and v i d i c o n s  a r e  d u p l i c a t e d  on e i t h e r  s i d e  o f  t h e  o p t i c a l  a x i s  
s o  t h a t  i n  t h e  e v e n t  of a v i d i c o n  f a i l u r e ,  t h e  e l l i p s e  may be  r o t a t e d  180 d e g r e e s  
abou t  t h e  o p t i c a l  a x i s  b r i n g i n g  i n t o  p lay  t h e  d u p l i c a t e d  p o r t i o n  of t h e  
s p e c t r o g r a p h .  

An imaging c a p a b i l i t y  i s  a l s o  provided i n  t h i s  i n s t r u m e n t  s o  t h a t  i n  a  dense  
s t e l l a r  c l u s t e r  t h e  s t a r  o r  s t a r s  w i t h i n  t h e  s p e c t r o g r a p h  f i e l d  can be  
e a s i l y  i d e n t i f i e d .  The image f i e l d  i s  s e p a r a t e d  from t h e  s p e c t r o g r a p h i c  
f i e l d  by a f i e l d  m i r r o r  i n  t h e  £110 p l a n e  which p a s s e s  t h e  s p e c t r o g r a p h i c  
f i e l d  through a  s m a l l  h o l e  and r e f l e c t s  t h e  remainder ,  Two m i r r o r s  which would 
probably  be  a s p h e r i c s  magnify t h e  image f i e l d  and focus  on e i t h e r  v i d i c o n  
depending on t h e  o r i e n t a t i o n  of t h e  l a s t  microscope m i r r o r .  

N e i t h e r  t h e  s p e c t r o g r a p h  nor  t h e  microscope con ta ined  i n  t h i s  i n s t r u m e n t  
package h a s  been des igned .  However, t h e  s p e c t r o g r a p h  shown i s  r e l a t e d  t o  one 
of t h e  th ree -e lement  s p e c t r o g r a p h s  t h a t  were recommended f o r  f u r t h e r  a n a l y s i s  
i n  t h e  l a s t  P r i n c e t o n  Spec t rograph  s tudy? Furthermore,  t h e  microscope i s  r e q u i r e d  
on ly  t o  h a n d l e  t h e  image f i e l d ,  which i s  much s m a l l e r  and h a s  a  much l a r g e r  
f-number t h a n  t h a t  r e q u i r e d  o f  t h e  microscope i n  t h e  P r i n c e t o n  exper iment  package. 

* 
Markle,  D . :Theore t i ca l  E f f i c i e n c y  of t h e  P r i n c e t o n  Two-Element E c h e l l e  Spec t ro -  
graph. Perkin-Elmer Engineer ing  Report  No. 9746, September,  1969. 
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Although i t  may appear  t h a t  t h e  modi f i ed  e c h e l l e  package has  a l l  t h e  
c a p a b i l i t y  of t h e  P r i n c e t o n  package, t h i s  i s  n o t  s t r i c t l y  t h e  case .  It 
i s  p o s s i b l e  t h a t  b o t h  packages could  cover  t h e  same s p e c t r a l  r e g i o n s  w i t h  
s i m i l a r  s p e c t r a l  and s p a t i a l  r e s o l u t i o n s ,  b u t  t h e  P r i n c e t o n  package i s  c a p a b l e  
of much g r e a t e r  l o n g  term s t a b i l i t y  i n  t h e  image t r a i n .  Th i s  comes abou t  
by u s i n g  t h e  microscope t o  c a r r y  imagery a s  w e l l  as t h e  guide  s t a r s  i n  t h e  
P r i n c e t o n  package, whereas t h e  guidance i s  done i n  t h e  £110 p l a n e  i n  t h e  
modi f i ed  e c h e l l e  package. S e p a r a t e  guidance and imaging systems l e a v e  t h e  
imagery s u s c e p t i b l e  t o  s l i g h t  changes i n  t h e  p o s i t i o n  o f  t h e  microscope 
e lements .  

I n  t h e  f a r  u l t r a v i o l e g  r e g i o n  t h e  e f f i c i e n c y  of t h e  b e s t  r e f l e c t i v e  c o a t i n g s  
i s  v e r y  low, g t  l O O O A  a  r e f l e c t i v i t y  of 50 p e r c e n t  i s  c o n s i d e r e d  e x c e l l e n t ,  
and below 1 0 0 0 A , e f f i c i e n c i e s  a r e  somewhat l e s s  t h a n  20 p e r c e n t ,  even i f  
p la t inum o r  rhodium c o a t i n g s  a r e  used.  T h i s  a b s o r p t i o n  l o s s  i s  f u r t h e r  
compounded by t h e  l a r g e  s c a t t e r i n g  l o s s e s  which occur  a t  t h e s e  wavelengths .  
Even on good s u r f a c e s ,  t h e  s c a t t e r e d  r a d i a t i o n  g e n e r a l l y  a c t s  t o  reduce  
image c o n t r a s t .  It i s  t h e r e f o r e  i m p e r a t i v e  t h a t  t h e  number of o p t i c a l  s u r f a c e s  
be  k e p t  t o  a n  a b s o l u t e  minimum i n . i n s t r u m e n t s  des igned  t o  o p e r a t e  i n  t h i s  
r eg ion .  The Rowland c i r c l e  s p e c t r o m e t e r  f u l f i l l s  t h i s  c o n d i t i o n  and, i n  
a d d i t i o n ,  can be  des igned  s o  t h a t  t h e  i n h e r e n t l y  lower d a t a  r a t e  of t h i s  
t y p e  o f  i n s t r u m e n t  i s  p a r t i a l l y  o f f s e t  by i t s  v e r s a t i l i t y .  

A Rowland c i r c l e  s p e c t r o m e t e r  p a t t e r n e d  a f t e r  t h e  Perkin-Elmer des igned  
OAO-C, t h e  P r i n c e t o n  Experiment Package, i s  shown i n  F i g u r e  5 1 .  T h i s  c o n t a i n s  
a r e f l e c t i v e  e n t r a n c e  s l i t  t h a t  s h e a r s  a  p o r t i o n  o f  t h e  energy from each s i d e  
of t h e  image focused  upon i t  and d i r e c t s  t h i s  energy i n t o  a  r e l a y  l e n s  fo l lowed  
by a  s imple  p o i n t i n g  e r r o r  s e n s i n g  system. Unl ike  t h e  p r e v i o u s  i n s t r u m e n t  
packages,  t h e  Rowland c i r c l e  s p e c t r o m e t e r  does n o t  r e q u i r e  two p o i n t i n g  s t a r e  
o r  a l a r g e  t e l e s c o p e  f k e l d ;  b u t  it does r e q ~ i r e ~ f a i r l y  b r i g h t  s tars  s i n c e  t h e  
same star i s  used f o r  p o i n t i n g  a n d ~ s p e c t r o s c o p y .  

The spectrum imaged a l o n g  t h e  a r c  j o i n i n g  t h e  e n t r a n c e  s l i t  and g r a t i n g  i s  
scanned by two arms which p i v o t  abou t  t h e  main b e a r i n g  assembly.  Each 
arm ,contains Swoexi t  s l i t s ,  one s l i t  f o r  t h e  f i r s t  o r d e r  spectrum i n  t h e  
1600A and 3200A r e g i o q  which i s  d e t e c t e d  w i t h  a  c o n v e n t i o n a l  t r i a b k a l i  pho&rr 
tube ,  and t h e  o t h e r  s l i t  f o r  t h e  second o r d e r  spectrum i n  t h e  800A t o  1600A 
region,which $s sensed  w i t h  an  open cathode t y p e  o f  d e t e c t o r ,  Each arm may be 
o p e r a t e d  independen t ly  o f  t h e  o t h e r  s o  a s  t o  p rov ide  redundancy i n  t h e  e v e n t  
o f  a f a i l u r e  of t h e  d e t e c t o r  tubes  o r  s e i z u r e  of one o f  t h e  arms. Mechanical  
i n t e r f e r e n c e  between t h e  arms i s  avoided by f o l d i n g  t h e  e x i t  s l i t s  on arm 
No.2 o u t  of t h e  Rowland c i r c l e  p l a n e  w i t h  a s m a l l  o p t i c a l  f l a t .  I n  t h i s  way 
arm No. 2 may pass  i n  f r o n t  of arm No. 1 wi th  on ly  a  s m a l l  amount of t h e  
spectrum b e i n g  obscured.  
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Each arm i s  a c t i v a t e d  by a d r i v e  screw coupled t o  t h e  arm by a  c o l l a r  and 
connec t ing  rod.  The main b e a r i n g ,  one of t h e  connec t ing  rod j o i n t s ,  and t h e  
d r i v e  sc rew a r e  s e a l e d  i n  a  bel lows assembly which c o n t a i n s  a l u b r i c a n t  
under  a  low p r e s s u r e  i n e r t  atmosphere.  A s  t h e  c o l l a r  i s  d r i v e n  from one  
end of t h e  l e a d  screw t o  t h e  o t h e r ,  t h e  bel lows on one s i d e  expands and 
t h e  be l lows  on t h e  o t h e r  s i d e  c o n t r a c t s o  The j o i n t  between t h e  c o n n e c t i n g  
rod  and t h e  screw c o l l a r  i s  s imply a  f l e x i b l e  s t e e l  s p r i n g .  

I n  t h e  OAO-C s p e c t r o m e t e r ,  t h e  e n t r a n c e  s l i t  and t h e  g x i t  s l i t s  on c a r r i a g e  
No. 1 a r e  about  25 microns wide, y i e l d i n g  abou t  a 0.1A r e s o l u t i o n  w i t h  a  
1-meter r a d i u s  g r a t i n g .  The s l i t  wid ths  on c a r r i a g e  No. 2 a r e  f o u r  t i m e s  
as l a r g e ,  making i t  more u s e f u l  f o r  s p e c t r o g r a p h i c  survey work. I n  t h e  
e v e n t  t h a t  t h e  o p t i c a l  system shou ld  f a i l  t o  produce s u i t a b l y  s m a l l  images,  
o r  i f  i t  becomes d e s i r a b l e  t o  s a c r i f i c e  r e s o l u t i o n  i n  f a v o r  of speed,  t h e n  
t h e  e n t r a n c e  s l i t  may be opened t o  match t h e  second s e t  o f  e x i t  s l i t s .  I n  
t h i s  c a s e ,  some d e f o c u s i n g  may a l s o  be  n e c e s s a r y  s o  t h a t  p a r t  o f  t h e  image 
i s  r e t u r n e d  t o  t h e  guidance system. The space  envelope i n  t h e  LTEP package 
r e q u i r e s  a  r e d u c t i o n  i n  t h e  s i z e  of t h e  Rowland c i r c l e  from 1 meter  used i n  
OAO-C t o  about  60 cmo This  a l s o  reduces  t h e  r e s o l u t i o n  p r o p o r t i o n a l l y .  
However, it  i s  probab ly  p r e f e r a b l e  t o  s u f f e r  reduced r e s o l u t i o n  r a t h e r  t h a n  
t h e  h i g h  a b s o r p t i o n  and s c a t t e r i n g  l o s s e s  a t t e n d a n t  upon f o l d i n g  f l a t s .  The 
d e c r e a s e  i n  s i z e ,  and a l s o  t h e  the rmal ly  i s o l a t e d  p o s i t i o n  of t h e  s p e c t r o -  
mete r  beh ind  t h e  pr imary m i r r o r ,  h e l p  t o  reduce  t h e  t h e r m o e l a s t i c  de format ions  
i n  t h e  s p e c t r o m e t e r  s t r u c t u r e ,  which must be kep t  t o  a  v e r y  low l e v e l  i f  t h e  
i n h e r e n t  r e s o l u t i o n  i s  t o  be ach ieved .  The main s o u r c e s  of e r r o r  a r e  
b e l i e v e d  t o  be i r r e g u l a r i t i e s  and wear i n  t h e  d r i v e  screw and the rmal  e f f e c t s  
from t h e  d r i v e  motors .  

The long  wavelength and s t r a y  l i g h t  d e t e c t o r s  shown i n  F i g u r e  5 1  a r e  
t y p i c a l  examples o f  p e r i p h e r a l  i n s t r u m e n t a t i o n ,  which may be  added t o  t h i s  
t y p e  of equipment t o  enhance t h e  d a t a  a c q u i s i t i o n  c a p a b i l i t y .  Moni tors  
c e n t e r e d  on l i n e s  of a s t r o n o m i c a l  i n t e r e s t  can b e  used t o  ex tend  t h e  s p e c t r a l  
coverage on e i t h e r  s i d e  of t h e  nominal r ange  covered by t h e  s p e c t r o m e t e r ,  
The s t r a y  l i g h t  moni tor  d e t e c t s  bo th  t h e  s c a t t e r e d  r a d i a t i o n  and t h e  pene- 
t r a t i n g  r a d i a t i o n  components which might o t h e r w i s e  prove mis lead ing .  
With t h i s  t y p e  of ins t rument  i t  i s  a l s o  p o s s i b l e  t o  i n c o r p o r a t e  c a l i b r a t i o n  
s o u r c e s  which can be scanned p e r i o d i c a l l y  t o  a s c e r t a i n  changes caused by wear 
o r  m a t e r i a l  i n s t a b i l i t i e s .  

The guidance s e n s o r  a s s o c i a t e d  w i t h  t h e  LTEP spec t romete r  i s  v e r y  
s i m i l a r  t o  o n e ' h a l f  of t h e  p o i n t i n g  system employed i n  t h e  £110 imaging 
system (Module C) and t h e  e c h e l l e  s p e c t r o g r a p h  (Module D ) .  The f a c e s  o f  t h e  
e n t r a n c e  s l i t  are h i g h l y  p o l i s h e d  and t i l t e d  s l i g h t l y  wi th  r e s p e c t  t o  each 
o t h e r  s o  t h a t  t h e y  a c t  l i k e  one o f  t h e  pr isms i n  t h e  p o i n t i n g  s t a r  d i v i d e r  assembly.  
I f  t h e  s t e l l a r  image f a l l s  on one s i d e  of t h e  s l i t ,  it p a s s e s  through t h e  p o i n t i n g  
system and f a l l s  on a  corresponding s i d e  of a four -quadran t  image tube .  
A r e l a y  l e n s  p rov ides  a  second focus  where a prism o r i e n t e d  a t  r i g h t  a n g l e s  
t o  t h e  s l i t  d i r e c t i o n  s p l i t s  t h e  image i n t o  up and down d i r e c t i o n  components 
which a l s o  have cor responding  quadran t s  on t h e  image tube.  The p o i n t i n g  exec- 
t r o n i c s  s e q u e n t i a l l y  samples each phototube quadran t  and compares oppos ing  
h a l v e s  t o  d e r i v e  t h e  p o i n t i n g  s i g n a l s .  A b e a m s p l i t t e r  and second photo- 
t u b e  p r o v i d e  redundancy i n  t h e  even t  of a  phototube f a i l u r e .  

1-115 
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Figure  5.2 presen t s  a f u n c t i o n a l  block diagram of t h e  a c t i v e  o p t i c s  system. 
I n  a 20-inch d e f o m a b l e  mi r ro r  system o r  i n  a seven-segment mi r ro r  system t h e r e  
would be 19 o r  21  channels  of c o n t r o l  e l ec t ron ic s ,  r e spec t ive ly ,  requi red  t o  
ope ra t e  t h e  system. 

S tud ie s  have shown t h a t  up t o  h a l f  of t h e  a c t u a t o r  channels  can  f a i l  before  
t h e  imagery degrades t o  a po in t  where t h e  system has f a i l e d  i t s  mission.  This  
i s  of course  dependent upon t h e  p a t t e r n  of t h e  f a i l e d  a c t u a t o r  channels  on the  
mi r ro r  matr ix.  There i s  a l s o  compensation and i n t e r a c t i o n  from ad jacen t  u n f a i l -  
ed a c t u a t o r  channels  which tend t o  cance l  out  t h e  e f f e c t s  of a p a r t i c u l a r  s i n g l e  
a c t u a t o r  f a i l u r e .  

I n  systems where t h e r e  i s  so  much i n t e r a c t i o n ,  loading and compensation among 
t h e  va r ious  componeWs i t  i s  o f t e n  d i f f i c u l t  t o  formulate  a r e l i a b i l i t y  model. 
It t h e r e f o r e  becomes necessary  t o  analyze t h e  system t o  determine t h e  
component f a i l u r e s  t h a t  a r e  c r i t i c a l  t o  system opera t ion .  C r i t i c a l  components 
a r e  those  f o r  which a s i n g l e  f a i l u r e  renders  t h e  system inope ra t ive .  In t h e  
c a s e  of c e r t a i n  components a s i n g l e  f a i l u r e  only degrades system performance 
and these  components must be considered c r i t i c a l  only when they  f a i l  i n  p a i r s ,  
t r i p l e t s  o r  n- tuples  . 
I n  t h e  system shown i n  F igure  52 t h e  c r i t i c a l  s i n g l e  poin t  f a i l u r e s  a r e  t h e  
l a s e r  and t h e  scanning d e t e c t o r .  

Perkin-Elmer i s  c u r r e n t l y  developing a space-qual i f ied  l a s e r  which has 
operated f o r  11,000 hours be fo re  f a i l u r e  of t h e  cathode.  As  development of 
t h i s  l a s e r  cont inues f t  i s  expected t h a t  longer l a s e r  l i f e  w i l l  be a t t a i n e d .  
I f  we assume t h a t  t h i s  po in t  e s t ima te  of one sample i s  t h e  p re sen t  MTBF of 
t h e  l a s e r  and we i n s t a l l e d  redundant cathodes we could expect a n  MTBF of 

- - - 
Mredundant 

3M = 16500 hours 2 

The scanning d e t e c t o r  p re sen t ly  used i s  a n  image d i s s e c t o r  t e l e v i s i o n  camera. 
By t h e  use of redundancy and e s t ab l i shed  r e l i a b i l i t y  p a r t s  t h e  c r i t i c a l i t y  of 
t h e  scanning d e t e c t o r  can  be con t ro l l ed  so  t h a t  i t s  p r o b a b i l i t y  of success  
w i l l  be h igh  f o r  a lengthy  miss ion  t ime.  

I f  we assume a conserva t ive  e s t ima te  of 113 of t h e  a c t u a t o r  channels  requi red  
t o  f a i l  f o r  system f a i l u r e  and assume t h a t  each channel  is  i d e n t i c a l  a d  
independent t h e  r e l i a b i l i t y  model is  t h e  binomial d i s t r i b u t i o n .  That i s ,  
14 out  of 2 1  channels must succeed f o r  system success .  Then accordingly 

where P = P r o b a b i l i t y  of success of t h e  system 
s 

P = P r o b a b i l i t y  of success  of each a c t u a t o r  channel  
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Figure 52, Functional Block Diagram - Active Optics System 
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Since t h e  major p a r t s  of actuakor  charnels a re  e % e c t r s n i c a ,  t h e  use of 
screened i n t e g r a t e d  c i r c u i t s  and e s t a b l i s h e d  r e l i a b i l i t y  p a r t s  w i l l  make P 
s u f f i c f e n t f y  h igh  f o r  confidence i n  system success ;  

Recomnendations 

I n  o rde r  t o  eva lua t e  t h e  r e l i a b i l i t y  of t h e  system, i t  i s  recommended t h a t  
a failure-mode, e f f e c t  and c r i t i c a l i t y  a n a l y s i s  be performed t o  s i n g l e  out  a l l  
t h e  c r i t i c a l  components a d  e f f e c t  $rn~av-~fi i n  t h e i r  r e l i a b i l i t y  o r  e l i m i n a t e  
them a l t o g e t h e r ,  A s t r e s s  a n a l y s i s  should a l s o  be performed and c o r r e c t i v e  
a c t i o n  implemnted  wherever t h e r e  a r e  ove r s t r e s sed  o r  l ow- re l i ab i l i t y  p a r t s  
i n  use.  

The l a s e r  and s c a d n g  d e t e c t o r  should be made redundant t o  i nc rease  
t h e i r  r e l i a b i l i t y .  

The system desfgn  should be made maintainable  and scheduled replacement 
of l i f e - l i m i t i n g  i t e m  such a s  t h e  l a s e r  and scanning d e t e c t o r  should be 
analyzed and implemented. This  w i l l  r e q u i r e  t h a t  t h e  system be designed s o  
t h a t  t h i s  replacement cyc l e  can  be performed by an  a s t ronau t  i n  space using 
bas i c  t o o l s  and a minimum amount of energy.  
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It i s  i n e v i t a b l e  t h a t  t h e  pr imary and secondary m i r r o r s  w i l l  e x p e r i e n c e  some 
misal ignment  a f t e r  t h e  t e l e s c o p e  i s  i n  o r b i t  and t h a t  t h e  r e l a t i v e  p o s i t i o n s  
of t h e s e  e lements  w i l l  change d u r i n g  o r b i t ,  I f  n o t h i n g  i s  done about  t h e s e  
i n e v i t a b l e  a l ignment  changes,  t h e  r e s u l t  w i l l  be defocused,  comat ic  and a s t i g -  
m a t i c  images and t h e  performance c a p a b i l i t y  o f  t h e  t e l e s c o p e  w i l l  b e  s e r i o u s l y  
degraded. A p e n a l t y  p a i d  f o r  compactness i n  t e l e s c o p e  l e n g t h  is a n  e x t r e m e l y  
t i g h t  requirement  on t h e  p o s i t i o n  of t h e  secondary m i r r o r .  The t i g h t n e s s  of 
t h e  t o l e r a n c e s  coupled w i t h  t h e  p h y s i c a l  s i z e  of t h e  two-meter t e l e s c o p e  r u l e  
o u t  a lmos t  any p o s s i b i l i t y  f o r  a  p a s s i v e  s t r u c t u r e  t o  accommodate t h e  
n e c e s s a r y  a l ignment  requ i rements .  

Exper ience w i t h  t h e  on ly  e x i s t i n g ,  l a r g e  d i f f r a c t i o n - l i m i t e d  t e l e s c o p e  
( ~ t r a t o s c o p e  TI) h a s  i n d i c a t e d  a  d e f i n i t e  need f o r  i n f l i g h t  a l ignment  d e t e c t i o n  
and c o r r e c t i o n  c a p a b i l i t y .  * T h i s  need i s  i n t e n s i f i e d  by t h e  f a s t e r  pr imary 
(an f / 2  a s  opposed t o  a n  f / 4  f o r  S t r a t o s c o p e  11) and t h e  l a r g e  m i r r o r  s i z e  
(80 i n c h e s  v e r s u s  36 i n c h e s  f o r  S t r a t o s c o p e  IT) .  

The paragraphs  t h a t  f o l l o w  p r e s e n t  a n  a n a l y s i s  of t h e  p o s s i b l e  modes o f  a l i g n -  
ment c o n t r o l  and c o n c l u s i o n s  a r e  drawn a s  t o  t h o s e  t h a t  w i l l  be mechanized. 

MODES OF ACTIVE CONTROL REQU'13REI) 

I f  they  a r e  t o  be  cons idered  r i g i d  bod ies ,  b o t h  o f  t h e  m i r r o r s  a r e  l i m i t e d  t o  
a  maximum of  s ix  degrees  o f  freedom r e l a t i v e  t o  t h e  f i g u r e  s e n s o r . -  t h r e e  
degrees  i n  t r a n s l a t i o n  and t h r e e  i n  r o t a t i o n .  I n  t h e  c a s e  o f  a  sys tem w i t h  
a s p h e r i c  components, d i f f e r e n t  p o s i t i o n s  about  t h e  o p t i c a l  a x i s  a r e  i n d i s -  
t i n g u i s h a b l e  from each o t h e r  f o r  a n  axi-symmetr ical  primary m i r r o r .  The o f f -  
a x i s  e lements  of a  segmented a s p h e r i c  primary r e q u i r e  l a t e r a l  p o s i t i o n i n g  
w i t h  r e s p e c t  t o  t h e  o p t i c  a x i s ,  b u t  t h e s e  a l ignments  a r e  n o t  s e n s i t i v e  enough 
t o  r e q u i r e  con t inuous  c o n t r o l  and can be gaged mechan ica l ly .  . T h i s  l e a v e s  f i v e  
d e g r e e s  of freedom t o  be  c o n t r o l l e d ,  t h r e e  i n  t r a n s l a t i o n  and two i n  r o t a t i o n .  
The degrees  of freedom d e s c r i b e d  a r e  n o t  e q u a l l y  c r i t i c a l  b u t  c a l c u l a t i o n s  
show t h a t  a l l  of them a r e  s e n s i t i v e  enough t o  make a c t i v e  c o n t r o l  more t h a n  
d e s i r a b l e .  The d e g r e e s  o f  c o n t r o l  o f  t h e  primary m i r r o r ,  secondary m i r r o r ,  
and f i g u r e  s e n s o r  a r e  i l l u s t r a t e d  i n  F i g u r e  5 3 .  A s  t h e  secondary and pr imary 
a r e  c o n t r o l l e d  r e l a t i v e  t o  t h e  f i g u r e  s e n s o r ,  i t  i s  p o s s i b l e  t o  t r a n s f e r  
some of t h e  degrees  of freedom, where convenient ,  t o  t h e  f i g u r e  s e n s o r .  Thus, 
t h e  a x i a l  and l a t e r a l  t r a n s l a t i o n  and two degrees  of t i l t  of  t h e  primary 
m i r r o r  r e l a t i v e  t o  t h e  f i g u r e  s e n s o r  a r e  most c o n v e n i e n t l y  managed by t i l t i n g  
and t r a n s l a t i n g  t h e  f i g u r e  s e n s o r  w i t h  r e s p e c t  t o  t h e  primary.  

* 
EfcCarthy, D a n i e l :  Opera t ing  C h a r a c t e r i s t i c s  of t h e  S t r a t o s c o p e  11, Bal loon-  
borne  Telescope,  I.E.E.E. T r a n s a c t i o n s  on Aerospace and E l e c t r o n i c  Systems, 
Vol. AES 5,  NO,^, M ~ c h  1969, 
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The f r o n t  s u r f a c e  of  t h e  secondary m i r r o r  cannot  b e  used d i r e c t l y  f o r  
a l ignment  t o  t h e  phase  measurement i n t e r f e r o m e t e r  w i t h  t h e  p r e s e n t  f i g u r e  
s e n s o r  scheme. An a l ignment  s u r f a c e  must t h e r e f o r e  b e  g e n e r a t e d  on t h e  
back o f  t h e  secondary  m i r r o r  t o  i n t e r c e p t  a  p o r t i o n  of  t h e  t e s t  wavef ron t  from 
t h e  f i g u r e  s e n s o r ,  The problems of d e t e r m i n a t i o n  of t h e  optimum f i g u r e  of  
t h i s  a l ignment  s u r f a c e ,  t h e  i n t e r f e r e n c e  t e c h n i q u e  f o r  s e n s i n g  misa l ignment ,  
and t h e  d a t a  r e d u c t i o n  t e c h n i q u e  f o r  p roduc ing  a l ignment  s i g n a l s  a r e  p r e s e n t l y  
b e i n g  i n v e s t i g a t e d  and e x p e r i m e n t a l l y  v e r i f i e d  a t  Perkin-Elmer under  NASA 
c o n t r a c t .  The d e s i g n  employed t o  implement t h e  proposed secondary  c o n t r o l  
sys tem w i l l  draw on t h e  r e s u l t s  of t h i s  program. S e v e r a l  n o v e l  methods a r e  
b e i n g  cons ide red .  A r e l a t i v e l y  s t r a i g h t f o r w a r d  approach ( F i g u r e  5 4 )  c o n s i s t s  
of a n  a lmos t  p a r a b o l i c  secondary a l ignment  s u r f a c e  t h a t  r e t u r n s  t h e  wavefront  
from t h e  f i g u r e  s e n s o r  back th rough  t h e  same n u l l  c o r r e c t o r  u s e d  t o  accommodate 
t h e  a s p h e r i c  pr imary m i r r o r ,  such t h a t  i t  r e t u r n s  t o  a  f o c u s  a t  t h e  f o c a l  
p o i n t  of  t h e  i n t e r f e r o m e t e r  d e c o l l i m a t i n g  l e n s  when t h e  secondary  i s  a l i g n e d  
p r o p e r l y .  The image of  t h e  secondary a t  t h e  o u t p u t  o f  t h e  i n t e r f e r o m e t e r  i s  
moni to red  t o  de te rmine  t h e  phase  of t h e  r e t u r n i n g  wavefront  from s e v e r a l  
d i f f e r e n t  p o i n t s  o f  t h e  secondary a l ignment  s u r f a c e .  Three  p o i n t s  t h a t  do 
n o t  l i e  on a s t r a i g h t  l i n e  p rov ide  i n f o r m a t i o n  t o  d e t e r m i n e  o r i e n t a t i o n  of  t h e  
secondary  m i r r o r  i n  t i l t ;  a n o t h e r  p o i n t  i s  r e q u i r e d  t o  p r o v i d e  i n f o r m a t i o n  
abou t  a x i a l  t r a n s l a t i o n  and two a d d i t i o n a l  p o i n t s  can  p r o v i d e  i n f o r m a t i o n  
abou t  t h e  two d e g r e e s  of  l a t e r a l  t r a n s l a t i o n .  

PRIMARY ALIGNMENT 

The t e c h n i q u e s  of  a l ignment  of  t h e  pr imary m i r r o r  i n  tilt and a x i a l  t r a n s l a t i o n  
have a l r e a d y  been developed i n  t h e  p r e v i o u s  A c t i v e  O p t i c s  programs. Because 
of  t h e  r e l a t i v e  s i z e s  of t h e  primary m i r r o r  and  t h e  f i g u r e  s e n s o r  u n i t ,  i t  
i s  much more conven ien t  t o  t i l t  t h e  f i g u r e  s e n s o r  r a t h e r  t h a n  t r a n s l a t e  t h e  
pr imary m i r r o r  t o  c o r r e c t  f o r  l a t e r a l  m i s p o s i t i o n i n g  o f  t h e  pr imary w i t h  
r e s p e c t  t o  t h e  secondary  m i r r o r .  For  t h e  same reason ,  r e q u i s i t e  t i l t  and 
a x i a l  t r a n s l a t i o n  of t h e  pr imary m i r r o r ,  w i t h  r e s p e c t  t o  t h e  f i g u r e  s e n s o r ,  
a r e  a l s o  c o r r e c t e d  a t  t h e  f i g u r e  s e n s o r .  T h i s  l e a v e s  on ly  segment a c t u a t i o n  
t o  b e  accomplished a t  t h e  primary m i r r o r ,  s o  t h a t  t h e  primary m i r r o r ,  wide 
f i e l d  c o r r e c t i o n  e lements ,  and f o c a l  p l a n e  i n s t r u m e n t a t i o n  c a n  be  f i x e d  t o  a  
common frame i n  company w i t h  a  minimum number o f  mechan ica l  d i sp lacement  
d e v i c e s .  

Thus, by c o n s i d e r i n g  t h e  pr imary m i r r o r  a s  t h e  sys tem r e f e r e n c e ,  a l l  o f  t h e  
n e c e s s a r y  a l ignment  a d j u s t m e n t s  can be  made a t  t h e  f i g u r e  s e n s o r  and secondary 
m i r r o r .  

The o p t i c a l  ar rangement  o f  a u t o m a t i c  l a t e r a l  a l ignment  of  t h e  secondary  m i r r o r  
i s  shown i n  F i g u r e  5 5 .  The Twyman-Green Phase-Measuring Xnterferomecer  r e q u i r e s  
a change i n  &he lens 'as ( k n s e s  1 & 2 )  l o c a t e d  ili the c o % % i m t e d  Irrs'm hm. w i t h  
t h e  d i a m e t e r  no g r e a t e r  t h a n  t h e  e q u i v a l e n t  o b s c u s a t i o n  of t h e  s e c m d a r y  m i r r o r .  
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The l e n s e s ' w i l l ~ . m a k e  t h e  c e n t r a l  .i; t i o n  of t h e  l a s e r  heam converge  
a t  t h e  prime focus  of t h e  pr imary m i r r o r .  The s p h e r i c a l  s u r f a c e  added t o  t h e  
back of t h e  secondary i s  d e s i g n e d  w i t h  i t s  c e n t e r  s i t u a t e d  a t  t h e  prime focus .  
The f i g u r e  s e n s o r  t h e n  measures  t h e  l a t e r a l  d i sp lacement  of  t h e  s p h e r i c a l  
m i r r o r  r e l a t i v e  t o  t h e  prime focus .  (Note t h a t  t h e  l a t e r a l  t r a n s l a t i o n s  
of t h e  secondary m a n i f e s t  themse lves  a s  t i l t  e r r o r s  a t  t h e  f i g u r e  s e n s o r . )  

The geometry i l l u s t r a t i n g - t h i s  concep t  f u r t h e r  i s  shown i n  F i g u r e  56 u s i n g  
a  C a s s e g r a i n  t e l e s c o p e .  Rays a r r i v i n g  a t  t h e  t e l e s c o p e  from a  remote on- 
a x i s  p o i n t  source  w i l l  b e  c o n v e r t e d  by t h e  pr imary m i r r o r  i n t o  a  wavef ron t  t h a t  
converges  a t  t h e  prime focus .  The secondary m i r r o r  t h e n  r e l a y s  t h e  p o i n t  s o u r c e  
from t h e  prime f o c u s  t o  t h e  C a s s e g r a i n  f o c a l  p o i n t .  To perform t h i s  f u n c t i o n  
a c c u r a t e l y ,  secondary f o c u s  must remain a l i g n e d  w i t h  t h e  prime focus .  S t u d i e s  
conducted d u r i n g  t h e  S t r a t o s c o p e  I1 P r o j e c t  showed t h a t  a l l  o t h e r  f a c t o r s  a r e  
o f  secondary  consequence compared t o  t h i s  r equ i rement .  

Aspher ic  c o n s i d e r a t i o n s  a r e  n o t  n e c e s s a r y  i n  t h i s  case .  The m i r r o r ,  which 
i s  mounted on t h e  secondary,  and t h e  r e f e r e n c e  m i r r o r  a r e  b o t h  s p h e r i c a l ,  
r e s u l t i n g  i n  common f r i n g e  p a t t e r n s .  

The a l ignment  of  t h e  secondary  r e a r  s p h e r i c a l  m i r r o r  t o  t h e  o p t i c a l  a x i s  
of  t h e  hyperbo la  i s  r e q u i r e d  t o  b e  s e t  and m a i n t a i n e d  t o  w i t h i n  t h e  s p e c i f i e d  
t o l e r a n c e .  F i g u r e  57 summarizes t h i s  and t h e  o t h e r  a l ignment  t o l e r a n c e s  
f o r  t h e  R i t c h y - C h r e t i e n  system. 

T y p i c a l  v a l u e s  o b t a i n e d  i n  a n  a n a l y s i s  of  t h i s  sys tem show t h a t  a  secondary  
l a t e r a l  d i sp lacement  nf 0.0012 i n c h  c a u s e s  approx imate ly  a  f u l l  wave- 
l e n g t h  ( l h )  o f  r e l a t i v e  t i l t  i n  one beam of  t h e  i n t e r f e r o m e t e r .  T h i s  i s  w e l l  
w i t h i n  t h e  s e n s i t i v i t y  of t h e  f i g u r e  s e n s o r .  

Two p e r i s t a l t i c  a c t u a t o r s ,  one  f o r  each a x i s ,  d r i v e  t h e  secondary m i r r o r  i n  
X and Y l a t e r a l  d i r e c t i o n s .  

L;ONGqUDPNAL (YOCVS )' , A Z ~ G ~ ~ ~ f a ~ -  OF . THE . . SECONDARY . . . . . MTRROR . . . . . 

A s  ment ioned p r e v i o u s l y ,  t h e  l o n g i t u d i n a l  a l ignment  of  t h e  secondary  m i r r o r  
must b e  h e l d  t o  t l  micron.  T h i s  s t a t e m e n t  i s  t r u e  f o r  a n  a x i a l l y  f i x e d  
f o c a l  p lane .  Focus of t h e  t e l e s c o p e  can a c t u a l l y  be  accomplished i n  two ways: 
by moving t h e  secondary m i r r o r  o r  by moving t h e  f o c a l  p l a n e  a x i a l l y .  Motion 
of  t h e  secondary  m i r r o r  i s  much more s e n s i t i v e  t h a n  mot ions  of t h e  f o c a l  p lane ,  
b e i n g  r e l a t e d  by t h e  s q u a r e  o f  t h e  o p t i c a l  m a g n i f i c a t i o n  of t h e  secondary  m i r r o r .  
Thus, i f  t h e  secondary m a g n i f i c a t i o n  i s  t e n ,  t h e  5 1  micron t o l e r a n c e  a t  t h e  
secondary  t r a n s l a t e s  t o  +I00  microns  a t  t h e  f o c a l  p lane .  I f  b o t h  t h e  secondary 
m i r r o r  and t h e  f o c a l  p lane  were a d j u s t e d  s i m u l t a n e o u s l y  f o r  b e s t  f o c u s ,  
d i f f r a c t i o n - l i m i t e d  imagery would b e  p o s s i b l e  over  a  f a i r l y  wide range ,  perhaps  
a s  l a r g e  a s  0.2 t o  0.3 m i l l i m e t e r  a t  t h e  secondary.  It i s  e v i d e n t ,  t h e r e f o r e ,  
t h a t  o n l y  one ad jus tment  c a p a b i l i t y  need be  provided,  and because  o f  t h e  
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Primary 2.0 Meters Diameter 
Secondary 0.4 Meter Diameter 

Figure 

Secondary Mirror Primary Mirror 
2 Lateral Translation-h/6 2 Iat , Trans 1. * 20y Rotation 

1 Axial ~ r a n s  lation-h/2 f Axial Transl. f ly 14 (2 per Segment) 
2 ~otation-2.4~10'~~ad. 2 Rotation-~xl~-~ Rad . +_ h/50 

Figure 57 . Basic Optical Alignment Tolerances 
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p o t e n t i a l  d i f f i c u l t y  i n  a d j u s t i n g  a  l a r g e  s e n s o r  package a t  t h e  f o c a l  p l a n e  
(compounded by m u l t i p l e  i n s t r u m e n t a t i o n ) ,  t h e  ad jus tment  o f  focus  a t  t h e  
secondary  m i r r o r  i s  a t t r a c t i v e ,  p a r t i c u l a r l y  s i n c e  d r i v e  c a p a b i l i t i e s  must 
a l r e a d y  be  i n c o r p o r a t e d  i n t o  t h e  secondary m i r r o r  assembly f o r  l a t e r a l  
a l ignment .  

Sens ing  o f  l o n g i t u d i n a l  a l ignment  of  t h e  secondary m i r r o r  u s i n g  t h e  f i g u r e  
s e n s o r  i s  n o t  f e a s i b l e ,  u n f o r t u n a t e l y .  T h i s  was shown i n  Perkin-Elmer 
Repor t  No. 9575, p r e p a r e d  f o r  NASA E.R.C. on January  13, 1969, t i t l e d  
11 I n t e r i m  Repor t  - Advanced F i g u r e  Sensor". T h i s  r e p o r t  shows t h a t  a  0.005- 
i n c h  a x i a l  misal ignment  produces  a  f i g u r e  s e n s o r  s i g n a l  of o n l y  h/50.  An 
a x i a l  a l ignment  r equ i rement  of  5 1  micron (+0.00004 inch)  would produce o n l y  
+h/5000 o f  i n t e r f e r o m e t e r  s i g n a l ,  c l e a r l y  no t  u s a b l e .  

An independent  means of  s e n s i n g  b e s t  f o c u s  ( o r  pr imary-secondary a x i a l  
a l i g n m e n t )  must b e  i n c o r p o r a t e d .  O p e r a t i n g  e x p e r i e n c e  f o r  two sys tems f o r  
a c h i e v i n g  t h i s  a l r e a d y  e x i s t s :  one i s  t h e  I n - F l i g h t  Alignment (IFA) sys tem 
o f  S t r a t o s c o p e  11, and t h e  o t h e r ,  t h e  Te lescope  Alignment System (TAS). 
The IFA system produces  a  g r a p h i c a l  c r o s s  s e c t i o n  of  t h e  image a t  t h e  f i n a l  
f o c a l  p l a n e  f o r  o p e r a t o r  a n a l y s i s ;  t h e  TAS makes a n  o p t i c a l  measurement 
of t h e  r e l a t i v e  p o s i t i o n s  of  pr imary,  secondary ,  and f o c a l  p l a n e ,  and 
p r o v i d e s  a  n u l l  s i g n a l  when t h e  o p t i c s  a r e  a t  a  pre-determined r e l a t i v e  d i s t a n c e .  
The TAS system l e n d s  i t s e l f  t o  s e r v o  c o n t r o l ,  b u t  does  n o t  n e c e s s a r i l y  
o p t i m i z e  t h e  imagery.  The IFA system would b e  much more c o m p l i c a t e d  t o  
automate ,  b u t  a s k i l l e d  o p e r a t o r  i s  a b l e  t o  check l a t e r a l  a l ignment  (by 
o b s e r v i n g  asymmetry i n  t h e  image p r o f i l e )  a s  w e l l  a s  t o  o p t i m i z e  f o c u s .  
It i s  assumed t h a t  t h e  u s e r s  w i l l  wish t o  p a r t i c i p a t e  i n  t h e  f o c u s i n g  o p e r a t i o n ,  
and t h e  TAS w i l l  supp ly  v a l u a b l e  independent  m o n i t o r i n g  d a t a  on t h e  o p e r a t i o n .  
The TAS system d e s c r i p t i o n  f o l l o w s .  A d e s c r i p t i o n  of  t h e  IFA-system 
w i l l  b e  found i n  Appendix F, 
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The T e l e s c o p e  Alignment System (TAS) g e n e r a t e s  a  s i g n a l  which i n d i c a t e s  
t h e  amount and d i r e c t i o n  of focus  e r r o r  i n  a n  o p t i c a l  system. The mechan iza t ion  
i n v o l v e s  t h e  t r a n s m i s s i o n  of  l i g h t  from a  d e s i r e d  image p l a n e  w i t h i n  t h e  o p t i c a l  
sys tem,  o u t  i n t o  o b j e c t  space  where i t  i s  r e t r o r e f l e c t e d  by two p e n t a  pr isms 
back th rough  t h e  o p t i c s  t o  t h e  image p lane .  A t  c o r r e c t  focus ,  t h e  t r a n s m i t t e d  
image and  t h e  r e t u r n e d  image a r e  superposed a t  t h e  d e s i r e d  image p l a n e  and a  
n u l l  s i g n a l  i s  g e n e r a t e d .  F i g u r e  58 shows t h e  g e n e r a l  hardware a r rangement  and 
l i g h t  p a t h s  c o r r e s p o n d i n g  t o  a  focused c o n d i t i o n .  The arrangement i s  a b a l a n c e d  
one where in  l i g h t  from two images i s  t r a n s m i t t e d  from t h e  nose  of a s l i t  
p r i sm i n  o p p o s i t e  d i r e c t i o n s  around t h e  i n d i c a t e d  o p t i c a l  p a t h s .  A t  c o r r e c t  
f o c u s  t h e  l i g h t  from s o u r c e  number 1, modulated t o  produce a  s q u a r e  wave o u t p u t ,  
reforms a n  image a t  t h e  nose  of t h e  pr ism a s  does  l i g h t  from s o u r r e  number 
2 which i s  modula ted a t  180 degrees  r e l a t i v e  phase  t o  source  number 1. The 
d e t e c t o r s  v iew l i g h t  coming from t h e  r e f l e c t i v e  s i d e s  of t h e  r o o f  p r i sm which 
under  focus  c o n d i t i o n s  r e c e i v e  nominal ly  e q u a l  amounts o f  d i f f r a c t i o n  s p i l l 4  
o v e r  l i g h t  from each image. S ince  t h e  s o u r c e s  a r e  modulated o u t  of  phase ,  
each d e t e c t o r  t h u s  r e c e i v e s  a  smal l  amount o f  dc l i g h t .  

Defocus i s  d e t e c t e d  by s e n s i n g  t h e  l a t e r a l  s e p a r a t i o n  o f  t h e  two images 
which e x i s t s  ahead of  and behind focus .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  5 9  
which d e l i n e a t e s  i n p h a s e  l i g h t  (by l i n e s  s l a n t i n g  up and t o  t h e  r i g h t )  
from ou t -o f -phase  l i g h t  (by l i n e s  s l a n t i n g  up and t o  t h e  l e f t ) .  F i g u r e  60 
i n d i c a t e s  how t h e  d e t e c t o r  l i g h t  b a l a n c e  i s  a f f e c t e d  by misfocus  w i t h ,  f o r  
example, d e t e c t o r  1 r e c e i v i n g  more i n p h a s e  t h a n  out-of-phase  l i g h t  i n  t h e  ahead4  
o f - focus  c o n d i t i o n .  S ince  d e t e c t o r  2 r e c e i v e s  more out-of  -phase l i g h t  under  
t h e  same focus  c o n d i t i o n s ,  t h e  d e t e c t o r  o u t p u t  s i g n a l s  may be  s u b t r a c t e d  t o  
o b t a i n  n e t  f o c u s  e r r o r  s i g n a l  i n  e l e c t r i c a l  form. 

The TAS p r i n c i p l e s  a s  p r e v i o u s l y  d e s c r i b e d  have been u t i l i z e d  t o  c o n t r o l  t h e  
focus  o f  an  f / 3  o p t i c a l  system. The o p t i c a l  ar rangement  (shown i n  F i g u r e  61) 
and a s s o c i a t e d  e l e c t r o n i c s ,  i n c l u d i n g  s o u r c e  lamp b a l a n c e  and s o u r c e .  
i n t e n s i t y  (AGC) c o n t r o l  c i r c u i t s ,  were des igned  f o r  long  term u s e  i n  h a r d  
vacuum ( o r b i t a l  a p p l i c a t i o n )  and e x h i b i t  a  s i g n a l - t o - n o i s e  r a t i o  o f  500 p e r  
r o o t  c y c l e .  Here t h e  s i g n a l  i s  t h a t  c o r r e s p o n d i n g  t o  about  a n  e i g h t h  wave 
(A a t  0 . 9 ~ )  a b e r r a t i o n  c r i t e r i o n  w h i l e  t h e  predominant n o i s e  s o u r c e  was ,+ 
£Fund t o  be  t h e  Johnson n o i s e  a s s o c i a t e d  w i t h  t h e  d e t e c t o r  load r e s i s t o r .  
The f o l l o w i n g  pa ragraphs  p r e s e n t  a n  a n a l y s i s  of  t h e  focus  performance l i m i t  
imposed by n o i s e  on a  g e n e r a l  o p t i c a l  system employing t h e  a fo rement ioned  
t e c h n i q u e s .  

. Dm TVAT ION 

The f i r s t  s t e p  i n  t h e  a n a l y s i s  w i l l  be  t h e  approx imat ion  of t h e  s e n s i n g  
s c a l e  f a c t o r ;  t h a t  is, t h e  amount of s i g n a l  g e n e r a t e d  p e r  u n i t  d e p a r t u r e  from 
p e r f e c t  focus., Assuming t h a t  images a r e  un i fo rmly  b r i g h t ,  t h e  l a t e r a l  d i s -  
p lacement  d &  of  t h e  c e n t e r  of i l l u m i n a t i o n  can be  expressed  a s  

* 
Sisal p r e m p l i f i e r  n o i s e  was not c o n s i d e r e d  

1-129 
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( r e f e r  t o  F i g u r e  6 2 ) ,  

where h i s  t h e  d i s t a n c e  between t h e  in - focus  p o s i t i o n  and t h e  focus  p o s i t i o n  
b e i n g  c o n s i d e r e d .  The d i s t a n c e  between t h e  prism and t h e  p e r f e c t  image p l a n e  
which r e s u l t s  i n  one h a l f  t h e  l i g h t  f a l l i n g  on t h e  r e f l e c t i n g  s i d e  s u r f a c e  
of t h e  pr ism i s  t h e n  approximately  t h a t  f o r  which 

I f  we now assume t h a t  t h e  s i g n a l  magnitude i s  l i n e a r  w i t h  d i sp lacement ,  t h e n  
t h e  s i g n a l  s c a l e  f a c t o r  w i l l  be  such t h a t  s e n s o r  s a t u r a t i o n  occurs  a t  h = 2CF. 

F i g u r e  63 i l l u s t r a t e s  t h a t  a  s h i f t  of  t h e  pr ism nose  from t h e  i n f i n i t y  f o c u s  
p o s i t i o n  by a n  amount CF w i l l  r e s u l t  i n  a displacement  6 = 2CF between t h e  
pr ism nose  and t h e  reimaged l i g h t .  Th i s  o c c u r s  b a s i c a l l y  because  t h e  l i g h t  
t r a v e r s e s  t h e  sys tem twice  and t h e  l a t e r a l ,  and t h e r e f o r e  t r a v e r s e ,  magni f i ca -  
t i o n  i s  e s s e n t i a l l y  u n i t y .  It i s  t h u s  concluded t h a t  t h e  s c a l e  f a c t o r  i s  
such t h a t  t h e  f u l l  o r  maximum s i g n a l  would be genera ted  when d e p a r t u r e  from 
i n f i n i t y  focus  i s  CF. 

L e t  us now e x p r e s s  t h e  maximummagnitude of t h e  e l e c t r i c a l  s i g n a l  a s  a 
f u n c t i o n  of sys tem paramete rs :  i . e . ,  t h e  s o u r c e  i r r a d i a n c e  t imes  t h e  s o l i d  a n g l e  
subtended by t h e  p e n t a  t imes  t h e  i l l u m i n a t e d  a r e a  of t h e  s l i t  prism nose  
t i m e s  t h e  o p t i c a l  system t r a n s m i s s i o n  from s o u r c e  t o  d e t e c t o r  t imes  t h e  
d e t e c t o r  convers ion  f a c t o r :  i . e . ,  

~ 2  '2 

Where : c x Ais t h e  i l l u m i n a t e d  a r e a  of t h e  s l i t  prism nose  

Is 
i s  t h e  source  b r i g h t n e s s  

D~ 
i s  t h e  pen ta  a p e r t u r e  d iamete r  

T  i s  t h e  o p t i c a l  t r a n s m i s s i o n  

K i s  t h e  d e t e c t o r  convers ion  f a c t o r  

Da 
i s  t h e  main a p e r t u r e  d i a m e t e r  

F  i s  t h e  system f-number 

and where t h e  f a c t o r  of 2 i s  i n t r o d u c e d  t o  account  f o r  t h e  u s e  o f  two s o u r c e s .  
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The s e n s i n g  s i g n a l  s c a l e  f a c t o r ,  d e t e c t o r  c u r r e n t  pe r  focus  s h i f t ,  i s  t h u s  

The a l lowed maximum defocus  e r r o r ,  on t h e  o t h e r  hand, can be expressed  

where h i s  t h e  wavelength of t h e  d a t a  f i e l d  r a d i a t i o n  ( v i z ,  approx imate ly  
0 . 1  rnicgon when v iewing  s t e l l a r  u l t r a v i o l e t  s o u r c e s )  

and n  i s  s e l e c t e d  i n  accordance w i t h  t h e  o p t i c a l  d e g r a d a t i o n  c o n s i d e r e d  
a c c e p t a b l e  (i. e . ,  n  = 10 f o r  1/ 10 wave performance) 

The s i g n a l  cor responding  t o  t h i s  amount of d e f o c u s i n g  i s  t h e n  

S  E 
e max = 
CF a  

It may a l s o  b e  s t a t e d  t h a t  t h e  minimum s igna l - to -peak-no i se  r a t i o  r e q u i r e d  
i n  t h e  system i s  

S  - - CF - CN - I --  
Np min 8XRF 

n 

Sources  o f  Noise 

The f o l l o w i n g  s o u r c e s  of n o i s e  f o r  t h e  focus  s e n s o r  s h a l l  now be  d i s c u s s e d  
i n  t h e  o r d e r  i n d i c a t e d .  

1. Noise i n  S i g n a l  

2. De tec to r  leakage o r  d a r k  c u r r e n t  n o i s e  

3 .  Johnson n o i s e  of d e t e c t o r  load  r e s i s t o r  

The rms n o i s e  a s s o c i a t e d  w i t h  t h e  s i g n a l  (Equlltton 1) can be  expressed  
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The e x p r e s s i o n  i n c l u d e s  t h e  f a c t o r  P which r e p r e s e n t s  t h e  f r a c t i o n  of t o t a l  
l i g h t  f a l l i n g  on t h e  d e t e c t o r s .  P  w i l l  be  u n i t y  when a l l  t h e  l i g h t  impinges  
on t h e  pr ism s i d e s  and w i l l  t a k e  on l e s s e r  v a l u e s ' a s  n u l l  i s  approached 
and more l i g h t  r e t u r n s  t o  t h e  nose  of  t h e  prism. 

S i n c e  t h e  d e t e c t o r  d a r k  c u r r e n t  i s  n o t  modulated,  o n l y  i t s  f l u c t u a t i o n  components 
w i l l  a f f e c t  t h e  s e n s o r  performance.  The v a l u e  of  t h e  dc d a r k  c u r r e n t  
i d c  a s  w e l l  a s  t h e  accompanying ac.. components Fnd depends upon t h e  
a r e a  of  t h e  d e t e c t o r ,  A ; i . e . ,  

where Kd i s  t h e  l eakage  c u r r e n t  p e r  u n i t  a r e a  and N i s  t a k e n  a s  two f o r  t h e  
c a s e  of two d e t e c t o r s .  

T h e o r e t i c a l l y ,  o p t i c s  can be  u t i l i z e d  t o  c o n c e n t r a t e  t h e  l i g h t  on t h e  p r i sm 
and a l l o w  t h e  u s e  of ex t remely  s m a l l  d e t e c t o r s .  More p r a c t i c a l l y ,  t h e  
c o l l e c t i o n  o p t i c s  w i l l  b e  l i m i t e d  i n  f-number and p l a c e  a  c o n s t r a i n t  on t h e  
o p t i c a l  r e d u c t i o n .  The d a r k  c u r r e n t  e s t i m a t e d  f o r  PIN d i o d e  d e t e c t o r s  i s  i n  
t h e  o r d e r  o f  low7 amperes p e r  s q u a r e  c e n t i m e t e r .  
Load r e s i s t o r  n o i s e  component c a n  be expressed  as 

where - k i s  ~ o l t z m a n '  s c o n s t a n t  
T  i s  t empera tu re  i n  Kelvin  

and R i s  r e s i s t a n c e  v a l u e  

The v a l u e  o f  R must b e  m a i n t a i n e d  low enough s o  t h a t  t h e  t ime  c o n s t a n t  i t  
r e p r e s e n t s  when a c t i n g  w i t h  s t r a y  and d e t e c t o r  c a p a c i t a n c e s  does  no t  p reven t  
passage  of  modula ted s i g n a l s .  The PIN d e t e c t o r  c a p a c i t a n c e  i s  e s t i m a t e d  a t  
750 pF pe r  s q u a r e  c e n t i m e t e r  w h i l e  a  p r a c t i c a l  v a l u e  o f  s t r a y  c a p a c i t a n c e  
might be  20 pF. 

The modula t ion  f requency,  i t  shou ld  be  no ted ,  i s  u s u a l l y  main ta ined  above t h e  
f requency  range  where e x c e s s  ( o r  l / f )  d e t e c t o r  n o i s e  p r e v a i l s  ( v i z ,  E l 0 0  Hz 
f o r  PIN d i o d e s ) .  

L i g h t  Source  

The l i g h t  s o u r c e s  used i n  t h e  a u t o f o c u s  s e n s o r  shou ld  be  s p e c t r a l l y  matched 
t o  t h e  d e t e c t o r s  and be s u f f i c i e n t l y  i n t e n s e  t o  p rov ide  a n  a d e q u a t e  s i g n a l -  
to -no i se  r a t i o  i n  t h e  system, I n  t h i s  connec t ion  i t  i s  i m p o r t a n t  t o  r e a l i z e  
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t h a t  s o u r c e s  o f t e n  a r e  l i m i t e d  i n  u s e f u l  o u t p u t  r a d i a t i o n  because  o f  t h e i r  
2 i n h e r e n t  b r i g h t n e s s  (I ,U /m / s r )  which cannot be  i n c r e a s e d  by c o n v e n t i o n a l  

o p t i c a l  means. ~ e n c e ,  '?f g a l l i u m  a r s e n i d e  d iode  e m i t t e r s  a r e  used t o  i l l u m i n a t e  
t h e  prism nose,  t h e  amount o f  p o t e n t i a l l y  u s e f u l  l i g h t  from each w i l l  be i n  

where t h e  f i r s t  b r a c k e t e d  term r e p r e s e n t s  t h e  i n h e r e n t  b r i g h t n e s s  of a g a l l i u m  
a r s e n i d e  source,* t h e  second term i s  t h e  i l l u m i n a t e d  a r e a  of t h e  pr ism nose ,  
and t h e  t h i r d  term r e p r e s e n t s  t h e  s t e r a d i a n s  o f  l i g h t  i n t e r c e p t e d  by t h e  
r e t r o d i r e c t i n g  pen tapr i sms .  

O f  t h i s ,  t h e  a c t u a l  amount of l i g h t  used depends upon t h e  d e t e c t o r  r e s p o n s e  
and t h e  o p t i c a l  t r a n s m i s s i o n  c h a r a c t e r i s t i c s  of t h e  system. 

The arrangement o f  F i g u r e  6 1  u t i l i z e s  ga l l ium a r s e n i d e  light s o u r c e s  and 
PIN d iode  d e t e c t o r s  s i n c e  t h e s e  components a r e  small and r e l i a b l e  i n  a hard  
vacuum environment. The performance of t h e  a u t o f o c u s  s e n s o r  i n  t h e  LTEP 
a p p l i c a t i o n  where t h e  f-number i s  10 r a t h e r  t h a n  3 s h a l l  now be a s s e s s e d .  The 
assumed parameters  a r e  g iven  i n  Tab le  l3. 

The a l lowed maximum s i g n a l  c u r r e n t  i s  from Equat ion (3) 

which f o r  t h e  assumed parameter  v a l u e s  reduces  t o  

2 A -4 in' ) (0.4) (0.3ij) ( 0 . 5 ~ 1 0  cm) 16(0.25cm), (15W/an / s r )  (a, 
S = = 9 na p-p 

The n o i s e  i n  s i g n a l  can be e s t i m a t e d  w i t h  t h e  a i d  of Equat ion (5) 

where P has  been p e s s i m i s t i c a l l y  assumed a s  1. 

* 
Based upon T.1, t y p e  PEX1203 u n i t  which produces a  minimum of  40mw i n t o  a 
130-degree cone, v i a  a  l e n s ,  from a 0bO12-inch d iamete r  reg ion .  

1-14 9 
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ASSUMED PAaAElETER VAEUES FOR f /  10 TAS SYSTEM 

k, roof  p r i sm nose  l e n g t h  0.1" =0.25 cm 

T, o p t i c a l  t r a n s m i s s i o n  

s o u r c e  b r i g h t n e s s  

K, d e t e c t o r  convers ion  f a c t o r  a t  0 . 9 ~  0 . 3  ma/mw (PIN DIODE) 

4" = 10 cm 

main a p e r t u r e  d i a m e t e r  80" = 200 cm 

On t h e  o t h e r  hand, d a r k  c u r r e n t  n o i s e  i s  i n  t h e  o r d e r  of 

T h i s  v a l u e  o f  d a r k  c u r r e n t  n o i s e  i s  based upon t h e  assumpt ion t h a t  t h e  c e l l  
i s  e q u a l  i n  a r e a  t o  t h e  pr ism nose .  While s m a l l e r  c e l l s  might  b e  used o r  
l a r g e r  c e l l s  may b e  r e q u i r e d ,  i t  i s  a p p a r e n t  t h a t ,  f o r  t h e  assumed paramete r s ,  
n o i s e  i n  s i g n a l  predominates  over  d e t e c t o r  d a r k  c u r r e n t  n o i s e .  

Johnson n o i s e  c u r r e n t  o f  a-.l-megohm load  r e s i s t o r  i s  expressed  by 

1.28 x 10'13 amperes a t  2 5 O ~  
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The a s s o c i a t e d  shun t  c a p a c i t a n c e  of  approx imate ly  

o b t a i n e d  f o r  R =  0.25cru and c s 1 cri~ w i l l  a c t  w i t h  t h e  l o a d  r e s i s t o r  t o  produce 
a  s i n g l e  o r d e r  l a g  a t  o v e r  700 HZ which p e r n ~ i t s  o p t i c a l  chopping a t  o v e r  100 
Hz t o  a v o i d  d e t e c t o r  l / f  n o i s e  components. 

While e i t h e r  n o i s e  i n  s i g n a l  o r  Johnson n o i s e  may predominate,  depend ing  f o r  
example upon t h e  a c t u a l  v a l u e  of  C, i t  i s  c l e a r  t h a t  t h e  s i g n a l - t o - n o i s e  
r a t i o  of  t h e  sys tem i s  adequa te  even f o r  bandwidths s u b s t a n t i a l l y  i n  e x c e s s  
of  t h e  assu!,.ed one c y c l e  and /o r  w i t h  s m a l l e r  r e t r o d i r e c t i n g  pen ta  p r i sms .  

The f o r e g o i n g  pa ragraphs  d e s c r i b e  t h e  TAS a u t o f o c u s  s e n s o r  and i n d i c a t e  
t h a t  s o l i d  s t a t e  e l e c t r o n i c s  i n c l u d i n g  e m i t t e r s  and d e t e c t o r s  o f f e r  a d e q u a t e  
f o c u s  a c c u r a c y  when o p e r a t i n g  a t  a n  f -10 image p lane  of  a n  80- inch a p e r t u r e  
d iamete r  LTEP t e l e s c o p e .  T h i s  was shown t o  be t h e  c a s e  f o r  a  r e a s o n a b l e  
s e t  of  assumed parameters ,  The g e n e r a l  e q u a t i o n s  and approach t o  a s s e s s i n g  
performance when o p e r a t i n g  a t  even h i g h e r  f-nunlbers have been shown from 
which t r e n d s  can b e  e s t a b l i s h e d .  For  example, t h e  maximurii a l lowed  s i g n a l  
(Equa t ion  (3)  ) 

eEmax - - 2 ; anrperes p-p 
CF nDa F  

can  be d i v i d e d  by t h e  s q u a r e  r o o t  o f  Equat ion (1) 
7 n 

n o i s e  amperes rms t o  o b t a i n  t h e  f o l l o w i n g  e q u a t i o n  f o r  s i g n a l - t o - n o i s e w i n -  
s i g n a l  r a t i o  t r e n d  a s  a  f u n c t i o n  of pa ramete r  v a r i a t i o n s :  

T h i s  i n d i c a t e s  t h a t  "noise  i n  s i g n a l n - l i m i t e d  performance i s  n o t  r e a l l y  a  
f u n c t i o n  of f-number b u t  r a t h e r  w i l l  t e n d  t o  remain cons tan t .  One f i n a l  word 
o f  c a u t i o n  i s  t h a t ,  s i n c e  t h e  d e r i v a t i o n s  a r e  based on geomet r i c  o p t i c s ,  
b o t h  c and R shou ld  be  chosen t o  be  l a r g e r  t h a n  t h e  r e s o l u t i o n  of t h e  p e n t a  
o p t i c s ,  Hence, 
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where  A i s  t h e  w a v e l e n g t h  o f  g a l l i u m  a r s e n i d e  r a d i a t i o n .  

F o r  t h e  p r e c e d i n g  c a l c u l a t i o n s ,  

h - - 4 
D 

D a F W 0 . 9  x 10 x 2 0 x  1 0  = 0.018cm 
P  

which  i s  s u f f i c i e n t l y  s m a l l e r  t h a n  t h e  a s s u l ~ ~ e d  C a n d  A v a l u e s .  
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There are significant space experimental tasks that can optimize precision pointing 
of large telescopes. A number of techniques for accomplishing the required 
milli-arc-second-range type of precision pointing have been developpd, 
including the techniques that have been employed in balloon-borne telescopes 
such as Stratoscope I€. Space operational experience is needed in pointing the 
astronomy telescope that is feasible today in order to know how to best point the 
giant space telescopes of the fhkure. 

It is to this end that the Large Telescope Experiment Program has determined 
the feasibility of a pointing configuration which embodies a number of candidate 
pointing techniques. These techniques have been integrated into an experimental 
program wherein each technique will be evaluated when utilized as the primary 
m'ode of pointing for the seven different astronomy missions. In additi on to 
the valuable engineering and technological data which will be gathered by 
comparative in-space performance data, the configuration offers backup A 

redundancy modessince one pointing technique could substitute for another 
in the event of failure of a single pointing experiment. Thus, the astronomy 
mission will be safeguarded by the multiplicity of pointing techniques. 

The pointing techniques considered in this section are: 

e ATM Gimbals - updated Experiment Pointing Control System (EPC) 
as used in Apollo Telescope Mount. 

e Transfer Lens - servo-controlled optical element positioned to current 
pointing errors of the-main telescope optical system. 

e "FREE FLOAT" - Zero gravity magnetic suspension.and isolation servos. 
s Image plane stabilization (for roll) - servo-driven single-axis 

stabilization for experiment packages. 

As the basis for the various pointing system analyses, the disturbances 
arising from spacecraft motions and electronics are first analyzed. Since 
the independent modes will not involve crew motions, the disturbances 
expected in those modes are significantly fewer than those anticipated in 
the A .  Cluster mode of operation. For ~nis reason, only the Cluster 
configuration is studied under "disturbances". This section is followed 
by a discussion of the performance requirements for the various scientific 
instrumentation packages. Finally, the mechanization of the pointing 
configuration is discussed in detail. 
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SPACECRAFT INDUCED. BIS.TURBANCES 

The LTEP p o i n t i n g  c o n t r o l  system w i l l  c o n s i s t  of s e v e r a l  major  subsystems 
t h a t  must be m u t u a l l y ,  comparably, and a p p r o p r i a t e l y  des igned  i f  r e q u i r e d  
performance i s  t o  be achieved.  The s p a c e c r a f t  a t t i t u d e  c o n t r o l ,  i n  e i t h e r  
c l u s t e r e d  o r  autonomous mode ( r e f e r  t o  F i g u r e  64 ), w i l l  be provided by 
t h e  ATM r a c k  C o n t r o l  Moment Gyro (CMG) subsystem. T h i s  subsystem p r o v i d e s  
c o a r s e  p o i n t i n g  d u r i n g  a c q u i s i t i o n  and t r a c k  modes and s e r v e s  a s  a  suppor t  
b a s e  f o r  t h e  gimbal c o n t r o l  subsystem o r  Experiment P o i n t i n g  C o n t r o l  (EPC) o r ,  
a l t e r n a t i v e l y , ,  a s  a  f o r c e  r e a c t i o n  base  f o r  t h e  t e l e s c o p e  when m a g n e t i c a l l y  
suspended. With EPC loops  o p e r a t i v e ,  a  piggy-back arrangement e x i s t s  where- 
i n  t h e  s p a c e c r a f t  mot ions  a r e  a t t e n u a t e d  i n  ampl i tude  b u t  n o t  i n  f requency .  
S p a c e c r a f t  a n g u l a r  mot ions  must be ampl i tude- l imi ted  because  gimbal b e a r i n g  
s p r i n g  c o n s t a n t s  i n t r o d u c e  u n d e s i r e d  t o r q u e s  i n t o  t h e  EPC loops ,  High f r e -  
quency components a r e  p a r t i c u l a r l y  u n d e s i r a b l e  i n  t h i s  r e s p e c t  s i n c e  t h e  
EPC loop has f i n i t e  bandwidth and hence becomes i n e f f e c t i v e  a t  h i g h e r  f r e -  
quenc ies .  The r e s u l t i n g  t e l e s c o p e  motions a r e  l i m i t e d  main ly  by t h e  s e l f -  
s t a b i l i z i n g  e f f e c t  of t e l e s c o p e  i n e r t i a .  

Dis tu rbance  t o r q u e s  a l s o  e n t e r  t h e  t e l e s c o p e  when i t s  c.g.  i s  n o t  c o i n c i d e n t  
w i t h  t h e  gimbal a x i s  i n t e r s e c t i o n  p o i n t  i f  t h e  t e l e s c o p e  i s  t r a n s l a t i o n a l l y  
a c c e l e r a t e d .  Such mot ions  n a t u r a l l y  a r i s e  when s p a c e c r a f t  r o t a t i o n s  a r e  
about  a  p o i n t  n o t  c o i n c i d e n t  w i t h  t h e  gimbal a x i s .  The s e p a r a t i o n  between 
t h e s e  p o i n t s  i s  n o t  expec ted  t o  be z e r o  and, i n  c l u s t e r e d  c o n f i g u r a t i o n ,  i s  
on t h e  o r d e r  of twenty t o  t h i r t y  f e e t .  Telescope t r a n s l a t i o n a l  a c c e l e r a -  
t i o n s  p a r t i c u l a r l y  a t  h i g h e r  f r e q u e n c i e s ,  a l s o  cause  bending o f  t h e  t e l e s c o p e  
s t r u c t u r e  w i t h  a t t e n d a n t  o p t i c a l  and p o i n t i n g  e f f e c t s .  L a t e r a l  mot ions  
of t h e  secondary m i r r o r  w i t h  r e s p e c t  t o  t h e  primary m i r r o r  a x i s ,  f o r  example, 
w i l l  c a u s e  o p t i c a l  image d e g r a d a t i o n  (coma) and change t h e  l i n e - o f - s i g h t  d i r e c -  
t i o n .  These c o n s i d e r a t i o n s  s e t  upper l i m i t s  on s p a c e c r a f t  mot ions  d u r i n g  f i n e  
p o i n t i n g  . 
Motions o f  t h e  f i g u r e  s e n s o r ,  which i s  even f a r t h e r  from t h e  primary m i r r o r ,  
a r e  a l s o  undes i red .  While a c t i v e  p o s i t i o n i n g  c o n t r o l s  a r e  contemplated t o  
m a i n t a i n  t h e s e  e lements  i n  p r e c i s e  a l ignment ,  t h e  l a r g e  bandwidths r e q u i r e d  
t o  p r o v i d e  h i g h  f requency c o r r e c t i o n s  a r e  undes i red .  

During magnet ic  suspens ion  mode, t h e  spacecra f t - induced  d i s t u r b a n c e s  d e s c r i b e d  
above a r e  avoided b u t  t h e  s p a c e c r a f t  mot iona l  ampl i tudes  and f r e q u e n c i e s  must 
s t i l l  be c o n s t r a i n e d .  The ampl i tude  oE h igh  frequency t r a n s l a t i o n  motion de- 
t e rmines  t h e  magnet ic  t o r q u e r  a i r  gap dimensions,  which should be kep t  s m a l l  
t o  minimize weight ,  s t r a y  f i e l d ,  and r e q u i r e d  power. Low-frequency components 
o f  t r a n s l a t i o n  a r e  n o t  a s  troublesome, s i n c e  t h e  t e l e s c o p e  can  be t r a n s l a t i o n a l l y  
c o n t r o l l e d  by low bandwidth s e r v o s  t o  m a i n t a i n  c e n t e r e d  c o n d i t i o n s .  I n  e f f e c t ,  
f o r c e s  a r e  a p p l i e d  t o  t h e  t e l e s c o p e  t o  t r a n s l a t e  i t  i n  un i son  w i t h  t h e  
l o c a l  s p a c e c r a f t  s t r u c t u r e .  Low bandwidth i s  chosen t o  avo id  h i g h  f requency 
f o r c e s  which c a n  i n t r o d u c e  t roublesome t e l e s c o p e  tube bending and d i s t u r b a n c e  
t o r q u e s ,  
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Hence t h e  CMG c o n t r o l  subsystem s u p p o r t s  e i t h e r  t h e  magnet ic  s u s p e n s i o n  sub- 
system, which has  t h r e e  c o n t r o l  axes ,  o r  t h e  EPC, which has  o n l y  two ( c r o s s  
l i n e  of s i g h t ,  CWS) c o n t r o l  axes .  When r o t a t i o n  c o n t r o l ,  more p r e c i s e  t h a n  
t h a t  provided by t h e  CMG, i s  a n  exper imenta l  requirement  when u s i n g  t h e  EPC 
subsystem, t h e  equipment a t  t h e  f i n a l  image p lane  of t h e  t e l e s c o p e  w i l l  be ro- 
t a t e d  t o  compensate f o r  r o l l  mot ions  a s  t h e y  appear .  Under such c o n d i t i o n s ,  
i t  i s  d e s i r e d  t h a t  t h e  CMG i n p u t  ampl i tude  be smal l  t o  l i m i t  t h e  magnitude of 
equipment mot ions .  The component f r e q u e n c i e s ,  moreover, should be  l i m i t e d  so 
t h a t  r o t a t i o n  c o n t r o l  loop bandwidth i s  l i m i t e d .  The n o i s e  d e g r a d a t i o n  e f f e c t s  
of t h e  s i g n a l s  from t h e  r o t a t i o n  e r r o r  s e n s o r s ,  which a r e  of t h e  g u i d e  s t a r  
i m a g e - s p l i t t i n g  type ,  can  t h u s  be main ta ined  w i t h i n  a c c e p t a b l e  bounds. 

I t  1 1  
The t e l e s c o p e  w i l l  a l s o  c o n t a i n  t r a n s f e r  l e n s  subsystems which c a n  be  a p p l i e d  
t o  reduce t h e  c r o s s  l i n e - o f - s i g h t  ( t e l e s c o p e  s t r u c t u a l  p o i n t i n g )  e r r o r s  even 
f u r t h e r  t h a n  i s  accomplished by t h e  CMG and EPC o r  magnet ic  suspens ion  subsystems.  
One obvious  c o n s t r a i n t  on t h e  l a t t e r  two subsystems, then ,  i s  t h a t  t h e i r  
r e s i d u a l  e r r o r s  be l i m i t e d  so  t h a t  t r a n s f e r l ? e n $ ' c o r r e c t i o n s  a r e  n o t  so  l a r g e  
a s  t o  c a u s e  e x c e s s i v e  o p t i c a l  image d e g r a d a t i o n s .  

A b a s i c  p r smise  i n  e s t i m a t i n g  s p a c e c r a f t  m o t i o n a l  d i s t u r b a n z e  paramete rs  i s  
t h a t  t h e y  w i l l  be e s s e n t i a l l y  t h e  same a s  t h o s e  expected f o r  t h e  ATM CMG 
subsystem. Fur thermore,  t h e  performance of t h e  e x i s t i n g  ATM (EPC) g imbal ing  
c o n t r o l  subsystem was a l s o  cons idered  r e p r e s e n t a t i v e .  Moderate d e s i g n  zhanges,  
it was dec ided ,  would be  c o n s i d e r e d  f o r  e i t h e r  s y s t e a ,  i f  necessa ry ,  t o  o b t a i n  
a  s a t i s f a c t o r y  i n t e r f a c e  between the  CMG subsystem and t h e  LTEP t e l e s c o p e .  

Tab le14summar izes  t h e  subsystem combinat ions  recommended f o r  p o i n t i n g  
each  of t h e  exper iment  modules. Subsequent paragraphs  w i l l  d i s c u s s  t h e  d e t a i l e d  
guidance requ i rements  of each based upon e s t i m a t e d  paramete rs  f o r  t h e  LTEP 
b a s e l i n e  d e s i g n .  

T a b l e s  15 and 16 p r e s e n t  bo th  t h e  r e q u i r e d  and e s t i m a t e d  performances o f  t h e  
EPC and CMG subsystem f o r  ATM. The r e q u i r e d  performance v a l u e s  were developed 
t o  accommodate t h e  v a r i o u s  i n d i v i d u a l  exper imenta l  packages suppor ted  by t h e  
s o l a r - o r i e n t e d  s p a r .  The e s t i m a t e d  v a l u e s ,  i n d i c a t e d  i n  p a r e n t h e s i s ,  a r e  
r e s u l t s  of NASA a n a l y s e s  made w i t h  hybr id  computer s i m u l a t i o n s  o f  t h e  sys tem 
and r e p r e s e n t  t h e  p r e s e n t  twoasigma c a p a b i l i t y .  P o i n t i n g  u n c e r t a i n t y  com- 
ponents  a r e  t h o s e  which a r e ,  i n  e f f e c t ,  dc o r  b i a s  e r r o r s ,  whi le  t h e  
s t a b i l i t y  components a r e  t h o s e  which change w i t h  t ime.  

The CMG S t a b i l i t y  f i g u r e s  i n c l u d e  a  5.3-arc-minute e r r o r  t h a t  i s  due t o  a w a l l  
pushoff c y c l e  g e n e r a t e d  by a n  a s t r o n a u t  when pushing himself  o f f  one w a l l  w i t h  
a  subsequent  push t o  s t o p  a t  t h e  o p p o s i t e  w a l l .  Other  components i n c l u d e  a  
0.86-arc-minute g r a v i t y  g r a d i e n t  e r r o r ,  an  aerodynamic component (abou t  one t e n t h  



TABLE 14 * REQUIRED POINTING ACCURACIES 

Ezcperhent Experiment Po in t ing  Requirements* Error  Sensing Control  System 
Module Descr ip t ion  Lhre seconds rms) Means 

CLOS RLOS* CLOS RLOS 

C ~ / 1 0  FFlm 
I m a g e j ( v i s i b 1 e )  0 -006 

Eche l l e  
Spectograph (uv) 0.0015 . 

Rowland C i r c l e  0.006 
~pec t rome te r (uv )  

F/50 E lec t ron ic  
Imagery (uv) 0.0015 

2 Guide S t a r s  (A)Free F l o a t  F ree  F loa t  
m 

(B)Trans.Lens Image Plane 
3 

Rotat  ion  

(See Note 3) ** 2 Guide S t a r s  Free F l o a t  Free F l o a t  

N.A. Target  S t a r  Gimba 1s None 

0.464 2 Guide S t a r s  Secondary Image Plane 
T i l t  Rota t ion  

*Note I: Po in t ing  requirements f o r  uv -o r i en t ed  experiments a r e  based upon wavelength of 0 . 1 2 5 ~ .  
Po in t ing  requirements a s  given a r e  based upon 1/10 d i f f r a c t i o n - l i m i t e d  r e s o l u t i o n  pe r  each a x i s .  

*Note 2:  RLOS Requirement a s  s t a t e d  i s  about t h e  nominal l i n e  of s i g h t .  

**Note 3 :  RLOS Requirement i s  not  c r i t i c a l  i f  s t a r  i s  on a x i s .  
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(1.77 arc-sec)  (0.63 a rc-sec)  

52.5 a rc-sec  52.5  a rc-sec  
(1.77 arc-sec)  (0.63 a rc-sec)  

+ l o  arc-min CMG con t ro l  

I I I I 

TABLE Me. CMG CONTROL SYSTEM POINTING CAPABILITY 20 

System Axis 

CMG X 

CMG Y 

CMG Z 
(Ro 11) 

Po in t ing  Uncertainty 

+4 arc-min 
(k2.75 arc-min) 

k4 arc-min 
(k2.75 arc-min) 

+ l o  arc-min 
(50.624 arc-min) 

S t a b i l i t y  f o r  
15 Minutes 

59 arc-min 
(k3.6 arc-min) 

59 arc-min 
(k5.7 arc-min) 

k7.5 arc-min 
(55.0 arc-min) 

- -- - 
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t h a t  due t o  g r a v i t y  grad ien t ,  and an a c q u i s i t i o n  sun sensor  ( d r i f t )  e r r o r  of 
2 arc-minutes.  Only the  crew d is turbance  genera tes  high frequency e r r o r  com- 
ponents,  It i s  poss ib l e  t o  reduce g r a v i t y  g rad ien t  and aerodynamic e r r o r  
components, according t o  NASA engineers ,  by inc luding  an i n t e g r a t o r  i n  t h e  
CMG c o n t r o l  e l e c t r o n i c s .  Subsequent work s h a l l  assume t h a t  it  i s  p o s s i b l e  
t o  thereby reduce t h e  non-crew-induced spacec ra f t  motions t o  approximately 
+5 arc-seconds. It i s  worth not ing a t  t h i s  po in t  t h a t  LTEP poin t ing  accuracy 
a s  w i l l  be d iscussed  i s  not  s t rong ly  dependent upon t h i s  assumption. The 
reason f o r  t h i s  i s  twofold. F i r s t ,  f o r  s h o r t  exposure, t h e  f u l l  e r r o r  due t o  
g r a v i t y  g rad ien t  and aerodynamic e f f e c t s  w i l l  no t  be incurred,  s ince  t h e i r  
per iods  a r e  2700 seconds o r  more. More important ,  t he  c o n t r o l  systems proposed 
f o r  LTEP f i n e  l i ne -o f - s igh t  c o r r e c t i o n  a r e  such t h a t  a  small  bandwidth inc rease  
w i l l  al low s i g n i f i c a n t l y  l a r g e r  d i s turbance  magnitudes t o  be banded. For  
example, a  doubling of bandwidth w i l l  i nc rease  the  noise-induced e r r o r s  by 
\r2 and provide d i s tu rbance  a t t e n u a t i o n  inc reases  of 4 ,  8, o r  16 times, wi th  the  
exac t  va lue  depending upon t h e  s lope  o i  t h e  open loop ga in  c h a r a c t e r i s t i c  
(-12, -18, -24 dB/oct) a t  the  d is turbance  frequency. 

The EPC poin t ing  unce r t a in ty  inc ludes  a  k1.2 arc-second f i n e  sun sensor  (FSS) 
s t a t i c  e r r o r ,  a  gyro b i a s  of S . 2 4 8  arc-second and an ATM computer o f f s e t .  
The s t a b i l i t y  components include wire  torque c reep  (0.3 arc-second),  a m p l i f i e r  
d r i f t  (0.5 arc-second),  f i n e  sun sensor  s t a b i l i t y  (0 .1  a rc-secord) ,  and thermal  
g rad ien t  e f f e c t  (0.5 arc-second).  These f i g u r e s  a r e  t he  est imated EPC po in t ing  
e r r o r s  which appear i n  a  15-minute time i n t e r v a l .  The wire torque c reep  term 
i s  the  e r r o r  introduced by torque v a r i a t i o n s  wi th  time of t he  wires  c r o s s i n g  
the  gimbal axes and i s  i n  add i t i on  t o  torques  a r i s i n g  from wire bundle sp r ing  
cons t an t .  The only o the r  source of varying e r r o r  est imated i s  0.2, .arc-second 
peak amplitude induced by the  wa l l  pushoff cyc l e .  Th i s  e r r o r  i nc reases  t o  
peak va lue  i n  12 seconds and then decays a s  a  r e s u l t  of CMG and EPC c o r r e c t i v e  
a c t i o n s .  A l l  t h e  EPC e r r o r s  given above apply when the  CMG subsystem i s  a l s o  
ope ra t ive .  

LMSC es t ima te s  of LTEP expected d is turbances  inc lude  0 .2 . . to  1.5-arc-second 
and 25-arc-second d is turbances  due t o  crew movements. These a r e  es t imated  
va lues  a n t i c i p a t e d  during c l u s t e r e d  and autonomous conf igu ra t ions  wi th  bo th  
t h e  p re sen t  CMG and EPC loops opera t ing ,  So la r  pressure ,  g rav i ty ,  and aero-  
dynamic g rad ien t  torques a c t i n g  d i r e c t l y  on the  LTEP te lescope  a r e  r epo r t ed ly  
about 0.62, 1.5,  and 2.95 mil l i foot-pounds,  r e spec t ive ly .  Noise from t h e  r a t e  
gyros (wi th in  t h e  ATM loop) and a c q u i s i t i o n  sensors  w i th in  t h e  spacec ra f t  c o n t r o l  
loop, a l though previous ly  thought t o  be a  major e r r o r  con t r ibu to r ,  i s  now 
repor ted  t o  be e f f e c t i v e l y  f i l t e r e d  out  a lectronical- ly .  

The present  CMG and EPC bandwidths a r e  approximately 0.03 and 2.5 Hz, r e s p e c t i v e l y .  
The l a t t e r  bandwidth was chosen t o  s a t i s f y  an  Am experiment requirement t o  
s e t t l e  out a l l  d i s tu rbances  wi th in  10 seconds of t ime. 
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Requirement --- 
The p o i n t i n g  requirement  a s s o c i a t e d  w i t h  f i l m  o r  e l e c t r o n i c  imagery i s  t h a t  
t h e  l i n e  of s i g h t  be  s t a b l e  d u r i n g  exposures .  S t a t i c  o r  b i a s  e r r o r s  do n o t  
r e s u l t  i n  image d e g r a d a t i o n  b u t  merely  i n  a n  a l t e r e d  p o s i t i o n  i n  t h e  format  
a r e a .  Such e r r o r s  must simply b e  smal l  compared t o  t h e  format  s i z e  so  t h a t  t h e  
d e s i r e d  t a r g e t s  appear  somewhere i n  t h e  p i c t u r e s .  N o n - s t a t i c  p o i n t i n g  e r r o r s ,  
on t h e  o t h e r  hand smear t h e  images and r e s u l t  i n  l o s s  of f i n e  d e t a i l .  The 
p o i n t i n g  c o n s t r a i n t  u s u a l l y  imposed i s  t o  l i m i t  t h e  o v e r a l l  rms mot ions  t o  
approximately  20 p e r c e n t  o r  l e s s  of t h e  t e l e s c o p e  r e s o l u t i o n .  S t r a t o s c o p e  11, 
f o r  example, h a s  a n  e s t i m a t e d  0.016-arc-second rms e r r o r  a b c u t  t h e  c r o s s  
l i n e s  o f  s i g h t  when g u i d i n g  on ninth-magnitude s t a r s .  Assuming a n  e q u a l  
r o l l  a x i s  e r r o r ,  t h e  o v e r a l l  rms e r r o r  i s  0.0277 arc-second,  o r  approx imate ly  
23 p e r c e n t  o f  t h e  0.12-arc-second r e s o l u t i o n  a t  one-half  micron.  It i s  t h u s  
seen  t h a t  t h e  a l lowed rms e r r o r  abou t  each a x i s  i s  1 3 . 3  p e r c e n t  of t h e  t e l e -  
scope r e s o l u t i o n .  For  t h e  LTEP ins t rument  where each a x i s  has  two m i s p o i n t i n g  
components (random n o i s e  and s i n u s o i d a l  mot ion o r  torque- induced) ,  each 
component must be h e l d  t o  approx imate ly  10 p e r c e n t  of t h e  t e l e s c o p e  r e s o l u t i o n .  
Accordingly ,  t h e  c r i t e r i o n  fol lowed i n  e s t a b l i s h i n g  t h e  LTEP guidance r e q u i r e -  
ments was t h a t  t h e  rms n o i s e  should n o t  exceed 10 p e r c e n t  of t h e  t e l e s c o p e  
n o i s e  when o p e r a t i n g  on t h e  dimmest a v a i l a b l e  guide  s t a r s ,  and t h e  peak ampl i tude  
of s i n u o s i d a l  e r r o r  should  be s i m i l a r l y  c o n s t r a i n e d ,  B e t t e r  performance i s  
t h e n  o b t a i n e d  on b r i g h t e r  s t a r s  s i n c e  t h e  noise- induced e r r o r s  become s m a l l e r .  
Optimum performance i n  such a  c a s e  i s  ob ta ined ,  then,  by i n c r e a s i n g  t h e  band- 
wid th  s u f f i c i e n t l y  t o  reduce  t h e  s i n u s o i d a l  e r r o r  w i t h o u t  e x c e s s i v e  i n c r e a s e  
i n  t h e  e r r o r  due t o  n o i s e .  

Reauirements f o r  t h e  Rowland C i r c l e  S ~ e c t r o m e t e r  

The Rowland c i r c l e  spec t romete r  ( F i g u r e  6 5 )  p l a c e s  s e v e r a l  r equ i rements  on 
i t s  a s s o c i a t e d  guidance system. .Mispo in t ing  i n  t h e  c a s e  of a  s i n g l e  p o i n t  source  
w i l l  c a u s e  t h e  image t o  move around i n  t h e  p lane  of t h e  e n t r a n c e  s l i t .  I n  
t h e  c a s e  of a  smal l  s l i t ,  t h e  mot ions  c a n  cause  l i g h t  l e v e l  f l u c t u a t i o n s  w i t h i n  
t h e  spec t romete r .  I f  t h e  image moves o f f  t h e  s l i t ,  a s  a n  extreme example, t h e  
l i g h t  a t  t h e  spec t romete r  d e t e c t o r s  w i l l  drop s h a r p l y .  While p e r i p h e r a l  equip-  
ment could  i n c l u d e ,  say,  a  z e r o  o r d e r  d e t e c t o r  whose o u t p u t  s i g n a l s  i n d i c a t e  
r e q u i r e d  d a t a  c o r r e c t i o n ,  such f l u c t u a t i o n s  a r e  c l e a r l y  u n d e s i r a b l e .  Use of 
a  l a r g e  s l i t ,  on t h e  o t h e r  hand, w i l l  avoid  t h e  l i g h t  l o s s ,  b u t  t h e  image mot ion 
w i l l  c a u s e  r e l a t i v e  mot ion  of t h e  spectrum w i t h  r e s p e c t  t o  t h e  d e t e c t o r s .  
T h i s  o f  c o u r s e  w i l l  degrade t h e  r e s o l u t i o n  of t h e  ins t rument  and i s  e q u a l l y  
undes i red .  

O p e r a t i o n  on extended s o u r c e s  r e q u i r e s  l i n e - o f - s i g h t  s t a b i l i t y  t o  a l l o w  good 
s p a t i a l  r e s o l u t i o n  and permi t  use  of smal l  e n t r a n c e s  t o  exc lude  a d j a c e n t  and 
undes i red  t a r g e t s .  
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- The Rowland c i r c l e  s p e c t r o m e t e r  u t i l i z e s  
a r e f l e c t i o n  g r a t i n g  t o  d i s p e r s e  l i g h t  i n  accordance  w i t h  t h e  r e l a t i o n  

where d  = s p a t i a l  d i s t a n c e  f o r  one g r a t i n g  c y c l e  

M = o r d e r  number 

The c u r v a t u r e  i n t r o d u c e d  s imply  a c t s  t o  f o c u s  t h e  l i g h t  from t h e  e n t r a n c e  
s l i t  on t h e  Rowland c i r c l e  t o  a n o t h e r  p o i n t  on t h e  c i r c l e .  Hence t h e  e x p r e s s i o n s  
f o r  r e s o l v i n g  power and a n g u l a r  d i s p e r s i o n  d e r i v e d  f o r  f l a t - r e f l e c t i o n  
g r a t i n g s  a r e  s t i l l  v a l i d :  i . e Q  , 

A 8 A 0 .M a n g u l a r  d i s p e r s i o n  = - = - 
Ah dcos8 

r e s o l v i n g  power 
A A - - - Ah 

= MN 

where N = t o t a l  number of  g r a t i n g  c y c l e s  used 

The Perkin-Elmer des igned  OAO-C P r i n c e t o n  Exper imenta l  Package u t i , l i z e d  a  
2400- l ine -pe r -mi l l ime te r  g r a t i n g ,  a  1-meter Rowland c i r c l e  d i a m e t e r  and a n  
£120 bund le .  The t h e o r e t i c a l  r e s o l v i n g  power o f  t h a t  i n s t r u m e n t  was t h u s  

1 mete r  6  h = pgj = M12.4 x lo6  -1 20 =0.12x10 xM 
Ah i 

0 0 

which o f f e r s  0.005A r e s o l u t i o n  a t  l O O O A  i n  second o r d e r .  The 25-micron e n t r a n c e  
s l i t  sub tends  a n  a n g l e  of 25 m i c r o r a d i a n s  a t  t h e  g r a t i n g  and l i m i t s  a c h i e v e d  
r e s o l u t i o n  t o  0.05 and 0.1A i n  second and f i r s t  o r d e r s  r e s p e c t i v e l y ;  v i z ,  

The proposed i n s t r u m e n t  w i t h  i t s  0.6-meter c i r c l e  d iamete r  and £110 bund le  w i l l  
u t i l i z e  n e a r l y  t h e  same t o t a l  number of  l i n e s  of  such a  g r a t i n g  and hence have 
t h e  same b a s i c  r e s o l u t i o n o  The e n t r a n c e  s l i t  s i z e ,  i f  chosen a s  1.22 h / ~  a t ,  
say ,  0 . 5  micron,  w i l l  b e  approx imate ly  6  microns  wide. T h i s  s u b t e n d s  10 
m i c r o r a d i a n s  a t  t h e  g r a t i n g  and w i J l  lower t h e  r e s o l u t i o n  i n  f i r s t  (h = 1600 
t o  3200 A) and second (800 t o  1600A) o r d e r s  t o  
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1 0 x 1 0 - ~  
0 

- 4 . 2 ~  10-l2 - - 0.0424; F i r s t  Order AX = 
Mx2,4x10 

6 - M 0.02I.A; Second Order 

Hence, t h i s  instrument w i l l  be comparable resolut ion-wise with the  OAO-C 
s c i e n t i l i c  payload with s l i t  s i z e s  up t o  twice t h a t  considered above. 

- The technlque of 
u t i l i z i n g  v i s i b l e  l i g h t  r e f l e c t e d  from t h e  s l i t  jaws i s  s i m i l a r  t o  t h a t  which 
uses  t h e  roof prism. (See F igure  66.) For t h e  roof prism, t h e  e l i t  wldth is  
e s s e n t i a l l y  zero and a l l  t h e  l i g h t  is r e f l e c t e d  ( o r  d i r e c t e d )  t o  t h e  g u i d a m e  
photosensors.  men t h e  slit width  is  non-zero, t h i s  i s  not t h e  c a s e  and t h e  
sens ing  c h a r s c t a r i a t i c  ( s i g n a l  versus  angle)  is a l t e r e d ,  F igure  67 sbws such 
c h a r a c t e r i s t i c s  f o r  var ious  s l i t  width s i z e s  and i n d i c a t e s  t h a t  t h e  s e w o r  s c a l e  
f a c t o r  (s ignal-per-uni t  angular  e r r o r )  a t  n u l l  i s  reduced a s  t h e  s l i t  width is  
increased .  Poin t ing  accuracy can be est imated f o r  s e v e r a l  s l i t  wid ths  and 
compared t o  t h a t  f o r  t h e  s tandard  roof prism, This  s h a l l  be accomplished 
wi th  t h e  a i d  of F igu re  67 and a prev ious ly  derived express ion  (refer 1-257).  

Here Ep i s  t h e  te lescope  po in t ing  e r r o r  and S / N  i s  t h e  system s igna l - to-noise  
r a t i o .  L inear  range i s  t h e  angular  d i s t ance  between s a t u r a t e d  s i g n a l  l e v e l  
(+S) i n t e r c e p t s  obtained by a s t r a i g h t - l i n e  approximation t o  t h e  sensor  curve 
a t  n u l l .  

Resu l t s  a r e  presented by Table 17 and were computed assuming t h a t  t h e  maxi- 
mum po in t ing  e r r o r  angle  never exceeds 1/4(1.22h/D). This  c o n s t r a i n t  was 
imposed so t h a t  sensor  l i g h t  l e v e l  and i t s  a s soc i a t ed  noise  component would be 
determinable.  Also shown i s  t h e  guide s t a r  magnitude increment requi red  
when working with t h e  s l i t  t o  ob ta in  t h e  same guidance accuracy a s  without  
t h e  s l i t o  A reasonable s l i t  width range f o r  t h e  spectrometer  appears  t o  be 
1 . 2 2 h / ~  t o  2.44X/D s ince  t h e  magnitude increment is  reasonable.  

TABLE 17 :  PERFORMANCE OF SPECTROMETER GUIDANCE SJiXSOR 

S l i t  Width (h=,5p) 

Linear  Range, LR (Rela t ive)  1 

(Rela t ive)  1 1,29 1.82 

Guide S t a r  Mag. Increment 0 -0.98 - 2 - 4 5  - 3  24 - - 
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F i g u r e  67 P o i n t i n g  E r r o r  S e n s o r  C h a r a c t e r i s t i c s  f o r  Var ious  
S l i t  Wid ths .  ( D i f f r a c t i o n - L i m i t e d  S t a r  Image) 

S i g n a l  v e r s u s  Angle ( S o l i d  Curves)  
L i g h t  Used v e r s u s  Angle (Dashed) 



PERKINELMER 
Report  No. 9800 

It shou ld  be n o t e d  t h a t  t h i s  wid th  i s  based  upon guidance pho tosensor  wave- 
l e n g t h ;  hence,  t h e  s p e c t r o m e t e r  e n t r a n c e  e x p r e s s e d  i n  t e rms  of  t e l e s c o p e  
r e s o l u t i o n  u n i t s  i s  l a r g e r  i n  t h e  u l t r a v i o l e t  r e g i o n ,  It i s  impor tan t  t o  
n o t e  t h a t  t h i s  r e s u l t s  i n  reduced u l t r a v i o l e t  l i g h t  l o s s  w i t h i n  t h e  i n s t r u -  
ment due t o  d i f f r a c t i o n  e f f e c t s  a t  t h e  e n t r a n c e .  Also  r e c o r d e d  l i g h t  l e v e l s  
w i l l  b e  l e s s  s u s c e p t i b l e  t o  v a r i a t i o n s  w i t h  m i s p ~ i n t i n g ~  

The peak a l lowed m i s p o i n t i n g  o f  t h e  i n s t r u m e n t  cou ld  b e  based  upon a v o i d i n g  
l i g h t  l e v e l  changes g r e a t e r  t h a n  9 c e r t a i n  p e r c e n t a g e  w i t h i n  t h e  s p e c t r o m e t e r  
i t s e l f .  Considered s h a l l  b e  2500A u l t r a v i o l e t  images whose shape  could  be  
n e a r l y  d i f f r a c t i o n  l i m i t e d ,  i t  b e i n g  assumed t h a t  images a t  s h o r t e r  wavelengths  
would b e  no l a r g e r  i n  s i z e .  I f  t h e  s l i t  width  cor responds  t o  1,22h/D a t  0.5 
microns  (0.06 a rc - second) ,  t h e n  a  peak e r r o r  o f  n e a r l y  0.03 arc-second i s  
t o l e r a b l e  f o r  any a l lowed  l i g h t  v a r i a t i o n  i f  t h e  u l t r a v i o l e t  image i s  a  p o i n t .  
S i n c e  t h e  a c t u a l  image i s  n o t  a  p o i n t  b u t  r a t h e r  i s  assumed t o  have a d i f f r a c t i o n -  
l i m i t e d  shape,  it i s  expec ted  t h a t  a l lowed  m i s p o i n t i n g  w i l l  i n c r e a s e  a s  g r e a t e r  
l i g h t  l e v e l  f l u c t u a t i o n s  a r e  p e r m i t t e d o  T h i s  i s  shogn by computed r e s u l t s ,  
a s  d e p i c t e d  i n  F i g u r e  6 8 ,  co r respond ing  t o  t h e  2500h u l t r a v i o l e t  d i f f r a c t i o n -  
l i m i t e d  image. 

T h i s  f i g u r e  i n d i c a t e s  t h a t  i f  s p e c t r o m e t e r  f l u c t u a t i o n s  a r e  t o  b e  l i m i t e d  
t o  1 p e r c e n t ,  t h e n  t h e  guidance e r r o r s  f o r  3,6,  and 9-micron s l i t s  shou ld  n o t  
exceed 0.0015, 0.006 and 0.0233 arc-second,  r e s p e c t i v e l y ,  T h i s  i s  shown 
by Tab le  18 t o g e t h e r  w i t h  p r e v i o u s l y  d e r i v e d  v a l u e s  of r e l a t i v e  p o i n t i n g  
e r r o r .  

TABLE 18. SPECTROMETER SIGNAL FLUCTUATIONS VS SLIT WIDTH 

En ,  R e l a t i v e  
6,Maximum Arc-Seconds P o i n t i n g  E r r o r  

S l i t  Width M i s p o i n t i n g  For  (Due t o  Noise 6/En, 
P e r c e n t  
Guidance 

(Micron) L i g h t  F l u c t u a t i o n  I n  s i g n a l )  F i g u r e  o f  Merit L i g h t  A t  N u l l  
1% 5  % 1% 5% 

The i n d i c a t e d  f i g u r e  of  m e r i t s  o b t a i n e d  by d i v i d i n g  a l lowed  m i s p o i n t i n g  
by r e l a t i v e  p o i n t i n g  e r r o r ,  a r e  h i g h e s t  f o r  l a r g e r  s l i t  s i z e s .  Hence, 
were it n o t  f o r  t h e  p o i n t i n g  d e g r a d a t i o n s  o f  background l i g h t  and p o i n t i n g  
s e n s o r  n o i s e ,  t h e  l a r g e r  s l i t  s i z e s  a r e  t o  be  p r e f e r r e d ,  
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The optimum s l i t  s i z e  f o r  guidance purposes  i s  t h u s  expected t o  be  i n  t h e  
6- t o  12-micron range  w i t h  a  v a l u e  dependent upon a c t u a l  c o n d i t i o n s  and 
o t h e r  c o n s i d e r a t i o n s .  To meet t h e  1 -percen t  f l u c t u a t i o n  c r i t e r i a  w i t h  a  
9-micron s l i t ,  a  gu ide  s t a r  b r i g h t  enough t o  p rov ide  0.00382 peak (0.0013 
rms) a rc - second  w i t h  t h e  s t a n d a r d  roof  pr ism s e n s o r  must be  employed. 
Th is  must be reduced i n  magnitude t o  compensate f o r  d e g r a d a t i o n s .  

Dis tu rbances  due t o  g r a v i t y  g r a d i e n t  a r e  s lowly  v a r y i n g  and by themselves  
a r e  r e a d i l y  c o r r e c t a ' b l e  w i t h  d a t a  o b t a i n e d  from a n  a u x i l i a r y  l i g h t  l e v e l  
moni tor .  However, such e r r o r  w i l l  d i s p l a c e  t h e  nominal o p e r a t i n g  e r r o r  from 
zero and r e s u l t  i n  g r e a t e r  t h a n  1 -percen t  l i g h t  v a r i a t i o n  on s i m i l a r  p o l a r i t y  
no i se - induced  peaks.  A l i k e  s i t u a t i o n  a r i s e s  i n  t h e  even t  o f  unequal  back- 
ground l i g h t  l e v e l s  on o p p o s i t e  s i d e s  o f  t h e  s l i t o  These b i a s  e f f e c t s  w i l l  
n o t  be s e r i o u s  i f  t h e  l i g h t  f l u c t u a t i o n  r a t e s  a r e  modest ( p e r m i t t i n g  c o r r e c -  
t i o n s ) ,  o r  i f  t h e  i n t e g r a t i o n  t ime  a t  each wavelength i s  g r e a t  enough t o  
reduce t h e  peak f l u c t u a t i o n  e r r o r  v i a  averag ing .  F u r t h e r  work w i l l  be  
r e q u i r e d  t o  e s t a b l i s h  t h e  s c i e n t i f i c  requ i rements  o f  t h e  ins t rument  and 
deve lop  t h e  a s s o c i a t e d  guidance performance demand. It shou ld  be no ted  t h a t  
t h e r e  was no m o t i v a t i o n ,  from t h e  guidance s t a n d p o i n t ,  t o  i n v e s t i g a t e  
performance wi th  defocused images a t  t h e  e n t r a n c e  s l i t ;  i . e . ,  t h e  
u l t r a v i o l e t  image approaches  t h e  v i s i b l e  image s i z e  and makes i t  more 
d i f f i c u l t  t o  a v o i d  t h e  aforement ioned l i g h t  l e v e l  v a r i a t i o n s .  

- The p r e v i o u s  r e s u l t s  a r e  a lmost  
d i r e c t l y  a p p l i c a b l e  t o  t h e  e c h e l l e  s p e c t r o g r a p h  payload.  For  example, i f  
a s l i t  wid th  and a  peak f l u c t u a t i o n  a r e  s p e c i f i e d ,  peak p o i n t i n g  e r r o r  i s  
d e t e r m i n a b l e .  S i n c e  s e p a r a t e  guidance s e n s o r s  a r e  employed, t h e  remainder  
o f  t h e  p rocedure  i s  e s s e n t i a l l y  i d e n t i c a l  w i t h  t h a t  f o r  t h e  imaging i n s t r u -  
ments.  More s p e c i f i c a l l y ,  t h e  peak e r r o r  i s  d i v i d e d  i n t o  a  t o l e r a b l e  d i s -  
t u r b a n c e  peak component and a  peak (30) noise- induced component. Bandwidth 
and s t e l l a r  magnitude requ i rements  a r e  t h e n  d e r i v e d .  

P o i n t i n g  e r r o r s  w i l l  a r i s e  i n  any s t e l l a r  guidance sys tem from many causes  
i n c l u d i n g  e x t e r n a l  and i n t e r n a l  to rques ,  mot iona l  d i s t u r b a n c e s ,  and n o i s e  
from photosensors  and e l e c t r o n i c s .  P rev ious  work on t h e  OTES program h a s  
shown t h a t ,  g iven c e r t a i n  d i s t u r b a n c e s  and t h e  form of t h e  c o n t r o l  system, 
t h e r e  e x i s t s  a r e a s o n a b l e  approach t o  p o i n t i n g  performance o p t i m i z a t i o n ,  I n  
t h e  c a s e  of a t e l e s c o p e  w i t h  an i n t e r n a l  t r a n s f e r  l e n s  t o  compensate 
f o r  g iven s t r u c t u r e  mot ions ,  f o r  example, t h e  approach b a s i c a l l y  i n v o l v e d :  

e p r o v i d i n g  s u f f i c i e n t  open loop g a i n  a t  t h e  d i s t u r b a n c e  
f requency t o  a d e q u a t e l y  s u p p r e s s  t h e  motion-induced 
e r r o r s  

e minimiza t ion  of bandwidth t o  minimize noise- induced 
e r r o r s .  
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A s i m i l a r  procedure  i s  fol lowed i n  t h e  c a s e  of a  t e l e s c o p e  to rqued  t o  
m a i n t a i n  p o i n t i n g  when s t r a y  t o r q u e s  a r e  p r e s e n t .  I n  e i t h e r  case ,  t h e  
f a s t e s t  f a l l o f f  of g a i n  w i t h  i n c r e a s i n g  f requency,  compat ible  w i t h  s t a b i l i t y ,  
i s  sought  t o  a c h i e v e  d e s i r e d  g a i n  a t  t h e  d i s t u r b a n c e  f requency w i t h  t h e  
minimum ( e q u i v a l e n t  n o i s e )  bandwidth p r a c t i c a l .  

The a d d i t i o n  of e l e c t r o n i c  i n t e g r a t i o n  c i r c u i t s  t o  t h e  b a s i c  c o n t r o l  
sys tem i s  a n  e f f e c t i v e ?  means t o  accomplish  such  ends ,  

Knowledge o f  t h e  r e q u i r e d  bandwidth t h e n  permi t s  d e t e r m i n a t i o n  of t h e  gu ide  
s tar  magnitude r e q u i r e d  t o  l i m i t  "noise-in-signal 'L-induced m i s p o i n t i n g  t o  
e q u a l  t h a t  due t o  t o r q u e  (o r  motion) d i s t u r b a n c e .  The t o t a l  t e l e s c o p e  f i e l d  
over  which guide  s t a r s  o f  t h i s  magnitude (o r  b r i g h t e r )  a r e  viewable  i s  t h e n  
determined from s t a r  o c c u r r e n c e  p r o b a b i l i t y  s t a t i s t i c s .  For t h e  c a s e  where 
two gu ide  stars a r e  r e q u i r e d ,  a  p o s s i b l e  c r i t e r i o n  might be  t o  have a f i e l d  
l a r g e  enough t o  encompass two guide s t a r s  90 p e r c e n t  o f  t h e  t ime  a t ,  s a y ,  
t h e  g a l a c t i c  po les .  

It shou ld  be c l e a r  t h a t  h i g h  f requency d i s t u r b a n c e  components a r e  u n d e s i r -  
a b l e  s i n c e  t h e y  f o r c e  t h e  u s e  of h i g h e r  bandwidths a n d , t h e r e f o r e , b r i g h t e r  
gu ide  stars. A l a r g e r  o p t i c a l  f i e l d  of view i s  t h e n  r e q u i r e d  i n  o r d e r  t o  
a s s u r e  a  s u f f i c i e n t  p r o b a b i l i t y  t h a t  t h e  d e s i r e d  number o f  guide  s t a r s  w i l l  
indeed be p r e s e n t .  The n e t  e f f e c t  o f  h i g h  f requency d i s t u r b a n c e  components, 
then ,  can be a n  i m p r a c t i c a l  o p t i c a l  d e s i g n  problem. Considered s e p a r a t e l y  
below a r e  t h e  guidance sys tems a s s o c i a t e d  wi th  each of t h e  experiment 
moduleso I n d i v i d u a l  coverage i s  n e c e s s a r y  s i n c e  t h e  d i s t u r b a n c e s ,  suspens ion  
systems,  accuracy  requ i rements ,  and p o i n t i n g  e r r o r  s e n s o r s  a r e  n o t  t h e  same 
i n  a l l  c a s e s  and a c q u i s i t i o n  problems a r e ,  i n  g e n e r a l ,  d i f f e r e n t .  T a b l e  
B p r e s e n t s  a  c a p s u l e  summary of t h e  guidance performance f o r  t h e  v a r i o u s  
modules as evolved below. L i s t e d  a r e  t h e  predominat ing d i s t u r b a n c e s ,  t h e  
guidance loop g a i n  c r o s s o v e r  f r e q u e n c i e s  r e q u i r e d  f o r  a d e q u a t e  d i s t u r b a n c e  
a t t e n u a t i o n  and t h e  guide  s t a r  magnitude r e q u i r e d  t o  a v o i d  e x c e s s i v e  n o i s e -  
induced e r r o r .  F i g u r e  69 shows what p o i n t i n g  performanceimprovements a r e  
a t t a i n a b l e ,  f o r  each module, when u s i n g  b r i g h t e r  s t a r s *  The s o l i d  curves  
i n d i c a t e  t h e  v a r i a t i o n  o f  t h e  no i se r induced  e r r o r  component f o r  t h e  c o n d i t i o n  
of main ta ined  bandwidth. The p a r t i c u l a r  bandwidth i n  each  c a s e  i s  t h a t  
which r e s u l t s  u s i n g  t h e  c r o s s o v e r  f requency of Table  19. The d o t t e d  curves ,  
on t h e  o t h e r  hand, i n d i c a t e  t h e  v a r i a t i o n  of n o i s e l i n d u c e d  e r r o r  f o r  t h e  
c o n d i t i o n  where t h e  bandwidth i s  i n c r e a s e d  t o  m a i n t a i n  t h e  same r a t i o  of 
n o i s e  t o  disturbance-cinduced e r r o r  components (as  shown i n  Tab le  19). 
The l a t t e r  curves  a r e  a p p l i c a b l e  when bandwidth i s  i n c r e a s e d  i n  e f f e c t  by 
a  h o r i z o n t a l  s h i f t  of  t h e  open loop g a i n  c h a r a c t e r i s t i c  upward i n  f requency.  
The cor responding  mechan iza t ion  would invo lve  b o t h  a g a i n  i n c r e a s e  and 
s imul taneous  r e d u c t i o n  o f  a l l  c o n t r o l  system t ime c o n s t a n t s .  



TABLE 19  : SUMMARY OF E S T I N A T D  G'LTIDAKE PEWORMANCE CHARACTERISTICS 

*~ased upon 90% probability of simultaneous occurance of two stars of this magnitude (or brighter) 
at galactic poles. 

** 
Estimates based upon use of 9-micron slit width. 

*+* 
Use of 12.9-magnitude guide stars will reduce noise-induced mispointing to 0.006 arc-seconds. 

Gimbals 

E** 
(Rowland Circle Spectrometer) 

0.6 Foot-pounds of Wire 
Creep Torque in Fifteen 
Minutes 

0.58 
NA 

1.45 
NA 

9 

0.0062 
NA 

0.01 
N A 

0.028 Total Peak Error 
in Slit Width Direction 
For <5% Spectrometer 
Light Level Reduction 

Stabilization Means 

Module 

Predominating 
Disturbance 
Amplitude (Period 
in Seconds) 

Crossover Freq (Hz) 
X-Y 
Roll 

Equivalant Noise Band- 
width (Hz 

X-Y 
Roll 

Guide Star Visual 
Magnitude 

Noise-Induced Pointing 
Error in Arc-Seconds rms 

X-Y 
Roll 

Disturbance-Induced Point- 
ing Error in Arc-Seconds 
Peak 

X-Y 
Roll 

Allowed Pointing Error 
In Arc-Seconds Due to 

Noise (rms) 
Disturbance (Peak) 

Magnetic Suspension 

C 
(FIT0 Photographic Imagery) 

D 
(Echelle Spectrograph) 

Transfer Lens and Counter 
Rotating Image 

F 
(Electronic Imagery)(F/lO 

5 Arc-Seconds 
(2700) 

0.018 
0.004 

0.045 

12" 

0.0015 
0 .DO15 

0.0015 
0.00065 

0.0015 each axis 
0.0015 each axis 

Plane Equipment 

C 
Photographic Imagery) 

5 Arc-Seconds 
(2700) 

0.013-0.018 
0.0028 

0.033-0.045 

13.5" 

0.0037 
0.0007 

0.006 
0.0018 

0.006 each axis 
0.006 each axis 

C 1.5x10-~ Pound-Foot . . . . . T.. . Grav. Grad. 29.5x10-~ Pound-Foot . . . . . .. . Aerodynamic 1 
0.1 
0.02 

0.25 

13.5* 

0 017 
<0:01] *** 

0.006 
0.006 

0.006 

0.006 

0.1 
0.017 

0.25 

12" 

0.0032 
<0.0032 

0.006 
0.006 

0.028 Total Peak 
Error for <5% 
Spectrograph 
Light Level Reduction 
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F i g u r e  69 V a r i a t i o n  of  Noise-Induced P o i n t i n g  E r r o r  With Guide S t a r  
Magnitude.  

Assumed: 2 Arc-Minute Diameter Guidance F i e l d  and Dark 
C u r r e n t  Degrada t ion  E q u i v a l e n t  t o  t h a t  from Four RCA- 
Type 7265 Phototubes  ( 2 7 5 " ~ ) .  Bandwidth Main ta ined  C o n s t a n t .  
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£150 e l e c t r o n i c  --- 
The o r i g i n a l l y  recommended p o i n t i n g  s t a b i l i z a t i o n  meth od f o r  the s e  modules 
was a  t r a n s f e r  l e n s  f o r  x-y s t a b i l i z a t i o n  and r o t a t i o n  of equipment a t  t h e  f i n a l  
image p l a n e  t o  compensate f o r  s p a c e c r a f t  mot ions .  Use of  t h e  g imbal  a x i s  l o o p s  
was n o t  proposed.  Estimated s p a c e c r a f t  mot ions  of  7.5 a rc - seconds  a t  a  f r equency  
of  t w i c e  p e r  o r b i t  (1 c y c l e  p e r  2700 seconds)  were assumed and t h e  r e q u i r e d  
f i e l d  o f  view and s t e l l a r  magni tudes  were d e r i v e d .  The p r e s e n t  s p a c e c r a f t  
mot ions ,  c o r r e s p o n d i n g  t o  t h e  b a s e l i n e  ATM CMG performance,  a r e  d i f f e r e n t  and 
w i l l  be  c o n s i d e r e d  i n  o r d e r  t o  de te rmine  t h e i r  impact upon t e l e s c o p e  p o i n t i n g  
s y s  tern d e s i g n .  

The two-siema p o i n t i n g  and s t a b i l i t y  e r r o r s  of  t h e  CMG subsystem a r e  l i s t e d  
( i n  T a b l e  ' 1 6 )  a s  +I65 and +342 a rc - seconds ,  r e s p e c t i v e l y ,  f o r  t h e  y  a x i s  
w h i l e  t h e  x axis h a s  s m a l l e r  s t a b i l i t y  e r r o r ,  The t r a n s f e r  l e n s  must b e  a b l e  
t o  cornpensate f o r  motion i n  t h e  o r d e r  o f  5  arc-mrinutes o r  more. While t h i s  
c o u l d  be  accomplished,  a s  e n v i s i o n e d ,  by c o n t r o l l e d  secondary  m i r r o r  mot ions ,  
t h e  o p t i c a l  d e g r a d a t i o n  a s s o c i a t e d  w i t h  t h i s  magnitude o f  c o r r e c t i o n  i s  pro-  
h i b i t i v e l y  l a r g e :  i . e . ,  t h e  s i z e  o f  t h e  u n c o r r e c t e d  o p t i c a l  f i e l d  a t  f / 1 0  
i s  2.75 a rc -minu tes  i n  r a d i u s ,  and t r a n s f e r  l e n s  compensation s imply s h i f t s  
t h e  image w i t h o u t  s i g n i f i c a n t  e f f e c t s  on t h e  o p t i c a l  q u a l i t y .  A c o r r e c t i o n  of 
5  a rc -minu tes ,  f o r  example, t h u s  s h i f t s  p o i n t s  w i t h  e x c e s s i v e  o p t i c a l  degrada-  
t i o n  o n t o  t h e  r e c o r d e d  f i e l d  a r e a .  It i s  s i g n i f i c a n t  t h a t  t h e  components 
o f  e r r o r  i n c l u d e  a  5.25-arc-minute peak a s t r o n a u t - i n d u c e d  m i s p o i n t i n g  (due t o  
t h e  one w a l l  pushoff  c y c l e )  p l u s  o t h e r  e r r o r s  which a r e  e i t h e r  o f  t h e  s t a t i c  
t y p e  o r  s lowly  v a r y  w i t h  t ime .  The a c q u i s i t i o n  sun  s e n s o r ,  f o r  eqample, 
c o n t r i b u t e s  2 a rc -minu tes  i n  a  15-minute t ime  p e r i o d  w h i l e  g r a v i t y  g r a d i e n t  and 
aerodynamic e f f e c t s  c o n t r i b u t e  l e s s  t h a n  1 arc -minu te  t o t a l .  

An approach t o  a  workable  t r a n s f e r  l e n s  guidance scheme might  be t o  u t i l i z e  
t h e  EPC sys tem t o  remove t h e  s p a c e c r a f t  x-y a n g u l a r  motion.  An a l t e r n a t e  
and t h e  p r e s e n t l y  recommended approach would be  t o  a v o i d  a s t r o n a u t  d i s t u r b a n c e s  
d u r i n g  t e l e s c o p e  o p e r a t i o n ,  and,  i n  a d d i t i o n ,  a l t e r  t h e  e x i s t i n g  CMG subsystem 
t o  i n c l u d e  i n t e g r a t i o n  and t o  a v o i d  b i a s  and d r i f t  e r r o r  components. T h i s  
would reduce  t h e  CMG m i s p o i n t i n g  t o  a  few a rc - seconds  o f  s t a t i c  e r r o r  p l u s  
a  t o t a l  ac component which s h a l l  be t a k e n  a s  +5 a rc - seconds .  

Equa l ly  s i g n i f i c a n t  i s  t h a t  t h e  m o t i o n a l  d i s t u r b a n c e  f r e q u e n c i e s  a r e  t h e n  
p r i m a r i l y  l i m i t e d  t o  one and two c y c l e s  p e r  o r b i t  p l u s  p o s s i b l y  some CMG 
noise - induced  mot ions  which a r e  w i t h i n  t h e  CMG 0 . 0 3 - H ~  bandwidth.  

Hence t h e  r o l l  a s  w e l l  a s  t h e  CLOS p o i n t i n g  c o n t r o l  loops  can o f f e r  a d e q u a t e  
p o i n t i n g  s t a b i l i t y  w i t h o u t  r e s o r t i n g  t o  h i g h  bandwidths .  

T a b l e  20 p r e s e n t s  t h e  pa ramete r s  f o r  t h e  f i e l d - o f - v i e w  and p o i n t i n g  a n a l y s i s  
which f o l l o w s ,  
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T a m  20 : TWO-mTEW TELESCOPE P TERS FOR POINTING CONTROL 

BMG POINTING EXKOR 
1 arc-minute 

5 a rc-sec  

1 cycle  per 2700 seconds 

RECORDED FIELD SIZE MOD F 5.5-arc-minute diameter 
MOD C 1 1 . 6 ~ 3 0  arc-minutes 

RECORDED FIELD WAVELENGTH Module C 0 . 5 ~  (Vis ib le )  
ModuleF 0 . 1 2 5 ~  (uv) 

TFLESCOPE APERTURE DIAMETER 2 meter 

GUIDE STAR OPTICAL EFFICIENCY n = 31.6 percent  
0 

GUIDANCE SENSOR QUANTUM EFFICIGNCY n = 10 percent  

STRAY BACKGROUND LIGHT 225 11th magnitude s t a r s  per  

The b a s i c  poin t ing  requirement i s  t o  hold t h e  r m s  e r r o r  due t o  no i se  and 
ntotional d i s turbances  about each a x i s  down t o  one t e n t h  of t h e  t e l e s c o p e ' s  
d i f f r a c t i o n - l i m i t e d  r e s o l u t i o n .  

The c ~ o s s  Lime-of-szght e r r o r  magnitudes to i ' ~ r~ab1e .  St& L-hue 0;0061 and 0.00015 
arc-second f o r  modules C and F, respec t ive ly .  The allowed r o l l  r o t a t i o n  i s  
0.725 arc-second f o r  module C and 0.308 arc-second f o r  module F. The l a t t e r  
f i g u r e s  were determined by assuming t h a t  r o l l  occurs  about t h e  x-y guide s t a r  
image and t h a t  t h e  r e s u l t i n g  rms motion a t  t h e  recorded f i e l d  ex t remi ty  should 
not  exceed a n  amount equiva len t  t o  t h e  t o l e r a b l e  xay motion. 

The r equ i r ed  t r a n s f e r  l ens  open loop gain a t  t h e  d is turbance  frequency a s  has  
been shown previously,  i s  equal  t o  t h e  r a t i o  of t h e  d is turbance  motion t o  t h e  
t o l e r a b l e  e r r o r  o r  i n  t h i s  case  

M =a33 
Allowed e r r o r  0.006 arc-sec  

f o r  module C and 3350 f o r  module F. 
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F i g u r e  7'8 shows t h a t  t h i s  can b e  o b t a i n e d  f o r  module F w i t h  a n  open loop  
c h a r a c t e r i s t i c  (-3,-2,-1,-2) which h a s  a z e r o  dB g a i n  c r o s s o v e r  of  0.018 and 
a n  e s t i m a t e d  e q u i v a l e n t  n o i s e  bandwidth of 0,045 Hz. The l a s t  f i g u r e ,  t o g e t h e r  
w i t h  o p t i c a l  and quantum e f f i c i e n c i e s ,  i s  used t o  de te rmine  t h e  gu ide  s t a r  
magni tude r e q u i r e d  t o  m a i n t a i n  n o i s e  i n  s i g n a l  e r r o r  w i t h i n  t h e  a l lowed  0.0015 
a rc - second .  T h i s  i s  r e a d i l y  accomplished w i t h  t h e  nomograph of F i g u r e  7 1  
u s i n g  t h e  q u a n t i t y  

It i s  found t h a t  an  e r r o r  of  0.00015 arc-second can be o b t a i n e d  u s i n g  s t a r s  
whose v i s u a l  magnitude (M ) i s  13.3. Use o f  t h i s  s t e l l a r  magnitude would, 

v were i t  n o t  f o r  o t h e r  n o i s e  s o u r c e s  (viz,PMT d a r k  c u r r e n t  and background 
l i g h t )  p r o v i d e  a s a f e t y  f a c t o r  o f  1 0  . 
The a s s o c i a t e d  a r e a  of  t o t a l  f i e l d  based  upon t h e  requ i rement  of  module F can 
now be e s t i m a t e d  w i t h  t h e  a i d  of  F i g u r e s  7 2 t h r o u g h  7 5 .  F i g u r e  72 shows t h e  
a v e r a g e  number of  guide  s t a r s  pe r  s q u a r e  degree  a s  a f u n c t i o n  o f  g a l a c t i c  
l a t i t u d e  and s t a r  magnitude ( v i z ,  approx imate ly  240 p e r  s q u a r e  degree  f o r  
Mv = 15.4 a t  90-degree l a t i t u d e ) .  F i g u r e s  73 and 74 i n d i c a t e  t h e  p r o b a b i l i t y  
s t a t i s t i c s  o f  star o c c u r r e n c e  i n  t h e  f i e l d  assuming a P o i s s o n  o c c u r r e n c e  s p a t i a l l y  
(v i i ;  f romZFigure  7 4 , t h e  a r e a  of  f i e l d  r e q u i r e d  f o r  90-percent  p r o b a b i l i t y  

i s  $ (8.6) s q u a r e  a rc -minu tes ) .  F i g u r e  75 shows t h e  r e s u l t s  based upon 
90-percent  coverage.  The t o t a l  f i e l d  of  v iew o f  t h e  2-meter LTEP ((P ) must be  

T somewhat l a r g e r  t h a n  t h e  r e c o r d e d  f i e l d  (p t o  e n s u r e  a r e a s o n a b l y  h i g h  p r o b a b i l i t ~  
o f  c o n t a i n i n g  a t  l e a s t  two g u i d e  stars.  fie guidance f i e l d  must b e  l a r g e  enough 
s o  t h a t  t h e  guidance pho tosensors  c a n  s e e  t h e  g u i d e  s t a r s  w i t h  t h e  maximum 
i n i t i a l  m i s p o i n t i n g  a n g l e  of  t h e  t e l e s c o p e .  The d i a m e t e r  o f  t h e  guidance f i e l d  
d u r i n g  t r a c k i n g  (0 ) may be s m a l l e r  t h a n  t h e  guidance f i e l d  r e q u i r e d  f o r  
a c q u i s i t i o n  (9 o r d e r  t o  a v o i d  e x c e s s i v e  d e g r a d a t i o n s  due t o  s t e l l a r  
background l i g @ ) ( s e e  F i g u r e  76 ) . S i n c e  t h e  t o t a l  f i e l d  a r e a  a v a i l a b l e  f o r  
s e l e c t i o n  by t h e  guidance i s  no t  " (14 j2 b u t  r a t h e r  

6 T 

a t  most ,  t h e  a c t u a l  v a l u e  of  depends upon t h e  r e q u i r e d  v a l u e s  o f  q and ~ G A .  
q s h a l l  b e  assumed a s  5.5 a rc -minu tes  w h i l e  a o f  2 arc-minutes  i s  ap- 
p r o p r i a t e  w i t h  t h e  assumed i n i t i a l  s t r u c t u r a l  p o i n t i n g  e r r o r  of f l  arc-minute .  
The v a l u e s  o f  @ r e q u i r e d  a r e  t h e n  approximate ly  21.5 and 26 a rc -minu tes  f o r  
9 0 - p e r c e n t  and 99-percent  p r o b a b i l i t y ,  r e s p e c t i v e l y ,  a t  t h e  g a l a c t i c  po les .  A 
fLeId o f v i e w  of  3 0  a rc -minu tes  w i l l  p rov ide  a 90-percent p r o b a b i l i t y  of o b t a i n -  
i n g  two g u i d e  s t a r s o f  1 2 t h  magnitude when v iewing  a t  t h e  g a l a c t i c  p o l e s .  T h i s  
would i n c r e a s e  t o  over  90 p e r c e n t  a t  zero-degree  g a l a c t i c  l a t i t u d e .  The u s e  of 
1 2 t h  magnitude s t a r s  w i l l  t e n d  t o  improve p o i n t i n g  p r e c i s i o n  by a f a c t o r  o f  n e a r  
1 .8  w h i l e  t h e  background l i g h t  i n  t h e  2-arc-minute d i a m e t e r  gu ide  f i e l d ,  b e i n g  
e q u i v a l e n t  t o  1 / 2  o f ~ ~ b f & ~ ~ ~ & & ~ & ~  s t a r l i g h t  w i l l  degrade t h i s  by a f a c t o r  
of  ][I + 0 , 5  = 1.23* Pho to tube  d a r k  c u r r e n t  n o i s e  w i l l  a l s o  degrade p o i n t i n g .  
RCA t y p e  7265 S20 pho to tubes  o p e r a t i n g  a t  3 0 0 ' ~  ( 2 0 0 ~ ~ )  o f f e r  d a r k  g u r r e n t s  
e q u i v a l e n t  t o  & x 10-l-4 ( 1  x 1ow15) i n c i d e n t  w a t t s  p e r  t u b e  a t  5500A o r  
2.76 x (6.9 x 10-13) lumens. 

- %-I64 
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F i g u r e  70 T r a n s f e r  Lens Open Loop Gain  v e r s u s  Frequency Z 1 1 a r a c t e r i s t i c  
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S t e l l a r  Magnitude 

F igure  72. .. A v a i l a b i l i t y  of Guide S t a r s  
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Average  Number of  S t a r s  i n  F.O.V. 

F i g u r e  73b0 Guide Star P r o b a b i l i t y  
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Guide Star Magnitude 

F i g u r e  7 5 0  90Z Probabilit of  at Least Two Guide Stars 
I-51;o 
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F i e l d  of 
I n t e r e s t  

Q1T 
T o t a l  F i e l d  of O p t i c s  

Figure 76. Diagram Illustrating Field Relationships 
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The l i g h t  from a  12th-magnitude s t a r  i s  approx imate ly  

The p o i n t i n g  d e g r a d a t i o n  f a c t o r ,  co r respond ing  t o  t h e  u s e  o f  f o u r  t u b e s ,  
would be  

It i s  t h e r e f o r e  recommended t h a t  t h e  t u b e s  be o p e r a t e d  i n  a  below-room-tempera- 
t u r e  ambient .  F i g u r e s  77 and 78, which show t h e  v a r i a t i o n  of pho to tube  
d a r k  c u r r e n t  and t h e  e q u i v a l e n t  background l i g h t  i t  r e p r e s e n t s  v e r s u s  tempera- 
t u r e ,  i n d i c a t e  t h a t  a  275OK ambient i s  a p p r o p r i a t e .  

Performance cor respond ing  t o  t h a t  o f  n e a r l y  13.3 magni tude shou ld  b e  t h u s  achi:evr - 
a b l e  when g u i d i n g  on 1 2 t h  magnitude s t a r s ,  

The performance o b t a i n a b l e  w i t h  Module C, whose f i l m  s t r i p  i s  11.6 a rc -minu tes  
wide and runs  a c r o s s  t h e  £110 f i e l d ,  i s  based upon u s e  o f  s ta rs  of 13.5 magnitude 
T h i s  i s  t h e  s t e l l a r  magnitude cor respond ing  b o t h  t o  t h e  reduced f i e l d  a v a i l a b l e  
f o r  placement of  t h e  guidance photosensor  and 90-percent  p r o b a b i l i t y  of 
s imul taneous  o c c u r r e n c e  a t  t h e  g a l a c t i c  p o l e s .  The a s s o c i a t e d  p o i n t i n g  e r r o r ,  
assuming t h e  0.011-Hz c r o s s o v e r  f requency of F ig t t r e  70 and a n )  e q u i v a l e n t  
n o i s e  bandwidth of  0.0275, i s  0.00135 i n c l u d i n g  t h e  u s u a l  s a f e t y  f a c t o r  o f  t e n .  
Background l i g h t  and d e g r a d a t i o n  due t o  t h e  d a r k  c u r r e n t  o f  f o u r  pho to tubes  
(275OK) would i n c r e a s e  t h i s  e r r o r  t o  0.0037 a rc - second .  T h i s  i n c r e a s e s  t h e  
open loop ga in  c r o s s o v e r  f r equency  a t  which t h e  components a r e  e q u a l ,  from 
0,011 t o  0.013 where t h e  magnitudes a r e  each 0.004 arc-second. It i s  worth  
n o t i n g  t h a t  t h e  rms e r r o r  summation h a s  a r a t h e r  b road  n u l l  when p l o t t e d  v e r s u s  
c r o s s o v e r  f requency,  and bandwidths up t o  t w i c e  t h e  above v a l u e  w i l l  y i e l d  
n e a r l y  t h e  same m i s p o i n t i n g .  T h i s  means t h a t  d i s t u r b a n c e s  o v e r  t e n  t i m e s  l a r g e r  
can be hand led  by d o u b l i n g  t h e  bandwidth w i t h  a n  a t t e n d a n t  p o i n t i n g  e r r o r  o v e r a l l  
i n c r e a s e  o f  abou t  40 p e r c e n t  ( r e f e r  t o  F i g u r e  7 9 ) .  Hence t h e  s e n s i t i v i t y  o f  
t h e  sys tem performance t o  t h e  5-arc-second assumpt ion i s  v e r y  low. The u l t i m a t e  
m G  p o i n t i n g  requ i rement  w i l l  undoubtedly  a r i s e  from o p t i c a l  d e g r a d a t i o n s  
a s s o c i a t e d  wi th  o f f - a x i s  p o s i t i o n i n g  of  t h e  t r a n s f e r  l e n s .  

Up t o  t h i s  p o i n t  o n l y  c r o s s  l i n e - o f - s i g h t  p o i n t i n g  e r r o r s  due t o  m o t i o n a l  d i s -  
t u r b a n c e s  and n o i s e  have been cons ide red .  The r o l l  (about  t h e  l i n e  of s i g h t )  
t e l e s c o p e  e r r o r  i s  e q u a l l y  impor tan t  and magnitude c o n s t r a i n t s  can b e  computed 
based  upon t h e  assumpt ion t h a t  r e c o r d e d  image smear due t o  r o l l  shou ld  be  
no l a r g e r  t h a n  t h a t  due t o  c r o s s  l i n e  of s i g h t  e r r o r s ,  I f  one assumes t h a t  
t h e  x-y gu ide  s t a r  i s  d i r e c t l y  on a x i s  and t h e  d iamete r  o f  t h e  recorded  f i e l d  
i s  OR, t h e n  a t e l e s c o p e  r e s o l u t i o n  of  
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Note: Measured Data From RCA 7265 

Cathode Diameter 2 Inch 

77 . Photomult ipl ier  Cathode Dark Current 
Equivalent Watts 
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Number of 
E q u i v a l e n t  
S t a r s  

1 . 0  

Temperature (OK) 

F i g u r e  78. Dark C u r r e n t  i n  E q u i v a l e n t  Background S t a r s  
Versus Temperature 

Four KCA 7265 Tubes, no = 31.6% 
Aper tu re  Diameter =: 2 Meters 
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1. . . . .  22hR h - Wavelength of recorded image 
D 

> R 

implies  t h a t  x and y  po in t ing  e r r o r s  should be 

~ o l l  motion of :he image 8  which causes an  equ iva l en t  photographic degrada t ion ,  v" 
can now be  determined from t h e  expression,  

which reduces t o  
2.  44hR 

s i n 0  - . - '  v - * -@; (4) 

The foregoing  express ion  can be u t i l i z e d  t o  determine t h e  r o l l  se rvo  poin t -  
i ng  requirements f o r  bo thmodulesc  and F, whose £ / l o  f i e l d s  a r e  depic ted  
i n  F igure  80 . Assuming D = 2 meterq,K = 10,and 0  = 15 and 2-75 a rc -  
minutes f o r  modules C and F, r e spec t ive ly ,  then  R 

- 2 : 4 4 A ~  - 2 . 4 4 ~ 0 . 5 ~ 1 0 ' ~  
ev - - 

1 0 x 2 ~  15 
x  60 x  57.3 = 1.38 arc-seconds 

KD @R 

f o r  module C (AR= 0 . 5 ~ )  and 

% = 1Ox2x2 75 
x  6 0 ~ 5 7 . 3  = 1.875 arc-seconds 

f o r  module F  (AR= 0 . 1 2 5 ~ ) .  

Even g r e a t e r  r o l l  s t a b i l i t y  i s  requi red  i f  one cons iders  t h e  case  where t h e  
r o t a t i o n s  occur about t h e  ( c ros s  l ine-of -s ight  o r )  t r a n s l a t i o n a l  guide s t a r  
image, which i s  some angular  d i s t ance  from the  cen te r  of t h e  recorded f i e l d .  
Such a s i t u a t i o n  a r i s e s ,  a s  i n  t h e  S t ra toscope  I1 system, when t r a n s f e r  l ens  
co r r ec t ions  a r e  made much more r ap id ly  than  r o l l  co r r ec t ions .  With such an  
arrangement, t h e  t e l e scope  requi red  r o l l  s t a b i l i t y  i s  

2. 44hR A 1. 22hR 
s i n 0  = - - - v (5) 

Ox 
max 

where 8 i s  t h e  t o t a l  f i e l d  angular  diameter 
T 

8 i s  t h e  poin t ingphotosensor  a c q u i s i t i o n  f i e l d  diameter 
G~ 

8 i s  t h e  maximum d i s t a n c e  of t h e  t r a n s l a t i o n  s t a r  from the  f i lm.  
'max (see FiguFa 80 ) e 
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The most s t r i n g e n t  requ i rements  a r i s e  f o r  each module w i t h  t h e  x-y gu ide  
s t a r  s e n s o r  l o c a t i o n s  shown ( F i g u r e  81 ) f o r  which 

1-22),. 
8 = " = 0 . 7 2 5 a r c - s e c o n d f o r m o d u l e C a n d  
v K D ~  

X 
max = 0.308 a rc - second  f o r  module F. 

F i g u r e  80 . Guide S t a r  Image Geometry 

- The r o l l  s t a b i l i z a t i o n  geometiy i n d i c a t e s  
t h a t  t h e  l i n e a r  s e n s l n g  r a n g e  a v a i l a b l e  w i t h  t h e  r o l l  s t a r  a d i s t a n c e  eS from 
t h e  xy s tar  i L e q u i v a l e n t  t o  ( r e f e r  t o  F i g u r e  81) 

1. 22hG 
= L i n e a r  Range, L . R .  n 
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%A 
r o l l ,  

2 -arc  -min d iam 2-arc-min diam 

2 -75 arc-min 
=eR 

Module F 
E l e c t .  Imagery 
£ / l o  Plane 

16 -75 a r c  -min 

2-arc-miw diam 2-arc -min-diam 

Figure  810 f / I 0  Image Plane Arrangement f o r  Modules C and F 

33198 
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where h i s  t h e  wavelength  of l i g h t  forming t h e  gu ide  s t a r  image. 
G 

The minimum s i g n a l - t o - n o i s e  r a t i o  r e q u i r e d  t o  a c h i e v e  t h e  d e s i r e d  a c c u r a c y  
can be determined from t h e  f o l l o w i n g  r e l a t i o n  r e l a t i n g  p o i n t i n g  e r r o r  t o  l i n e a r  
range  and s i g n a l - t o - n o i s e  r a t i o  ( r e f e r  t o  page 1-257) .  

1s22hG/  S 
- 1 

E =- - 
P  2 D N 

(7) 

Based upon t h e  same c r i t e r i o n ,  t h e  s i g n a l - t o - n o i s e  r a t i o  r e q u i r e d  f o r  t r a n s -  
l a t i o n a  1 p o i n t i n g  i s  s imply 

S ince  t h e  s / N  r a t i o  f o r  a  g iven magnitude gu ide  s t a r  v a r i e s  a s  t h e  s q u a r e  
r o o t  o f  t h e  bandwidth,  t h e  r o l l  bandwidth must d i f f e r  from t h e  t r a n s l a t i o n  
bandwidth by t h e  f a c t o r  

Assuming,then,the wors t  c a s e  c o n d i t i o n s  p r e s e n t e d  i n  F i g u r e  81, i t  i s  
found t h a t  t h e  r o l l  c r o s s o v e r  f r e q u e n c i e s  shou ld  n o t  exceed 1/4.6 t imes  
t h a t  (0.018 Hz) r e q u i r e d  i n  t h e  t r a n s f e r  l e n s  loops  o r  0.004 Hz f o r  b o t h  
modules. The m o t i o n a l  d i s t u r b a n c e  of 5  arc-seconds  w i l l  be  a t t e n u a t e d  by 
a  f a c t o r  o f  37 i f  t h e  r o l l  and t r a n s l a t i o n  loops  have s i m i l a r  shapes .  
T h i s  shou ld  s u f f i c e  s i n c e  t h e  C and F  modules r e q u i r e  r o l l  d i s t u r b a n c e  a t t e n u -  
a t i o n s  of on ly  6.9 and 16.3 , r e s p e c t i v e l y .  

R o l l  s t a b i l i z a t i o n  requ i rements  f o r  t h i s  module a r e  q u i t e  crude and a r e  
on ly  n e c e s s a r y  t o  avo id  f a l s e  s i g n a l  f l u c t u a t i o n s ,  when o b s e r v i n g  p a r t i a l l y  
p o l a r i z e d  s o u r c e s ,  due t o  r e f l e c t a n c e  changes w i t h  a n g l e  w i t h i n  t h e  i n s t r u -  
ment. These a r i s e  p r i m a r i l y  from t h e  m e t a l i z e d  f l i p  m i r r o r  which r e c e i v e s  
l i g h t  a t  n e a r l y  70 degrees  from t h e  normal and,  hence,  w i l l  have d i f f e r e n t  
r e f l e c t a n c e s  (Rp and Rs) f o r  t h e  e l e c t r i c  f i e l d  v e c t o r  components p a r a l l e l  
t o  and i n  t h e  p l a n e  normal t o  t h e  s u r f a c e .  F i g u r e  8 2  i l l u s t r a t e s  t h e  
n a t u r e  of t h e  phenomena f o r  evaporated aluminum. I f  i t  i s  assumed t h a t  t y p i c a l  
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Figure  82. Calcula ted  Ref lec tance  of  Evaporated Aluminum a s  a 
Funct ion  of Angle of Incidence f o r  h = 546mp and 

= lop;'; 

* Kingslake, R . :  Applied Optics  and O p t i c a l  Engineering, Academic P re s s ,  V I I I ,  
1965, p .  318. 
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s o u r c e s  w i l l  be  10 p e r c e n t  p o l a r i z e d , t h e n  a  r o l l  of  1 degree  might cause  
a  one t e n t h  p e r c e n t  e f f e c t  i n  t h e  d a t a .  The 300-arc-second (20) s t a b i l i t y  
quc ted  f o r  t h e  CMG c o n t r o i  system t h u s  a p p e a r s  t o  be adequa te  i n  i t s e l f ,  
o b v i a t i n g  t h e  need f o r  an a u x i l i a r y  r o l l  c o n t r o l  loop.  The performance o f  
t h e  JTPC loop  (1.77-arc-second p o i n t i n g  u n c e r t a i n t y  and 0.63-arc-second 
s t a b i l i t y  e r r o r s )  can be  i n c r e a s e d  by 0.2 arc-second of peak e r r o r  induced 
by crew movements. Th i s  occurs  w i t h  t h e  CMG and E F C  loops  o p e r a t i n g ,  t h e  
l a t t e r  w i t h  a bandwidth of n e a r  2.5 Hz. Hence x-y s p e c t r o m e t e r  p o i n t i n g  
u t i l i z i n g  t h e  proposed s t e l l a r  i m a g e - s p l i t t i n g  e r r o r  s e n s o r  and a  gimbal 
a x i s  suspens ion ,  must e i t h e r  

a r e s o r t  t o  bandwidths w e l l  over  1 Hz i n  o r d e r  t o  
a d e q u a t e l y  s u p p r e s s  t h e  (0.1 t o  1 Hz) s p e c t r a l  
components o f  a s t r o n a u t  d i s t u r b a n c e s ,  o r  

a be i s o l a t e d  from such d i s t u r b a n c e s  by e s s e n t i a l l y  removing 
t h e  a s t r o n a u t  d u r i n g  rnodule ,opera t ion ,  

A consequence o f  t h e  f i r s t  a l t e r n a t i v e  is  a  h i g h  e q u i v a l e n t  n o i s e  bandwidth 
and t h e  requirement  t o  work on r e l a t i v e l y  b r i g h t  s t a r s  t o  a v o i d  e x c e s s i v e  
noise- induced m i s p o i n t i n g .  For  example, i f  we o p t i m i s t i c a l l y  assume a  
n o i s e  bandwidth o f  on ly  10 Hz, a  guidance a c c u r a c y  o f  0.01 arc-second,  
n  = 31.6 p e r c e n t  and n  = 10 p e r c e n t ,  t h e n  

0 q  

from which i t  i s  determined t h a t  guide  s t a r s  b r i g h t e r  t h a n  1 1 t h  magnitude 
a r e  r e q u i r e d .  Moreover t h e r e  i s  s e r i o u s  doubt whether s u f f i c i e n t  i s o l a t i o n  
a g a i n s t  t h e  d i s t u r b a n c e  can be o b t a i n e d  w i t h o u t  r e s o r t  t o  bandwidths s o  h i g h  
t h a t  t h e  18-Hz e s t i m a t e d  ( f i r s t  bending mode) resonance  of t h e  s t r u c t u r e  
p r e s e n t s  insurmountable  s t a b i l i t y  problems. The problems become i n s u r -  
mountable i n  t h e  independen t  modewhere t h e  e s t i m a t e d  d i s t u r b a n c e s  a r e  a lmos t  
two o r d e r s  of magnitude l a r g e r  due t o  t h e  lower sys tem moments of i n e r t i a .  

The c h o i c e  of t h e  second a l t e r n a t i v e ,  f o r  t h i s  and o t h e r  r e a s o n s  p r e s e n t e d  
e l sewhere ,  i s  a p p r o p r i a t e .  The a c  d i s t u r b a n c g ,  TA, which must s t i l l  b e  
hand led  t h e n  incJude g r a v i t y  g r a d i e n t  ( 1 . 5 ~ 1 0  pound-feet )  and aerodynamic 
t o r q u e s  Q 9 . 5 ~ 1 0  pound-feet )  a c t i n g  d i r e c t l y  on t h e  t e l e s c o p e  and t o r q u e s  
due t o  s p a c e c r a f t  mot ions ,  Om. The expec ted  5  a rc - seconds  of CMG loop motion 
due t o  g r a v i t y  g r a d i e n t  (and o t h e r  t o r q u e s  w i t h  t h e  same p e r i o d  o r  g r e a t e r )  
w i l l  coup le  t o r q u e s ,  

G' 
i n t o  t h e  t e l e s c o p e  v i a  t h e  gimbal s p r i n g  c o n s t a n t  

K o f  150 inch-pounds per  r a d i a n :  i . e . ,  
g  
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The o t h e r  component of t o r q u e ,  
T ~ J  

due t o  c.g. placement e r r o r  can be 
expressed  

where L i s  t h e  d i s t a n c e  from t h e  gimbal a x i s  i n t e r s e c t i o n  
t o  s p a c e c r a f t  r o t a t i o n a l  c e n t e r ,  

5 is  t h e  mass of t h e  t e l e s c o p e ,  

8 i s  t h e  d i s t a n c e  from t h e  t e l e s c o p e  c.g. t o  t h e  
gimbal a x i s  i n t e r s e c t i o n ,  and 

O i s  t h e  d i s t u r b a n c e  f requency cor responding  t o  
t w i c e  t h e  o r b i t a l  f requency.  

The p o i n t i n g  e r r o r  r e s u l t i n g  from t e l e s c o p e  t o r q u e  d i s t u r b a n c e s  i s  reduced 
by s e r v o  loop a c t i o n  by t h e  s e r v o  loop ga in  a t  t h e  d i s t u r b a n c e  f requency :  
i . e . ,  

2  2  G 
0 = T ~ /  JS - - ; when - 2  >>1 
D 2  2  

G/ JS 
JS  1+ G/ JS 

The p o i n t i n g  e r r o r  due t o  t h e  aforement ioned t o r q u e  components can t h u s  be 
expressed  a s  2 1 

[TA + KGOm - W w p m ]  j3 - 
OD - G/ JCL~ 

Q u a n t i t a t i v e l y ,  g r a v i t y  g r a d i e n t  t o r q u e  predominates  o v e r  b e a r i n g  s p r i n g  
c o n s t a n t  t o r q u e s  w i t h  t h e  l a t t e r  be ing  one f i f t h  a s  l a r g e  f o r  t h e  expec ted  
t5-arc-second v e h i c l e  v a r i a t i o n s *  Moreover T i s  found t o  be on ly  8.5 x  
lom6 pound-foot f o r  L = 20 f e e t ,  ern = k5 arc-geconds,  E = 1 inch,  J = 

2  15,000, s l u g - f t  , $ = 6000/32 s l u g s ,  and w i t h  trM.00232 cor responding  
t o  h a l f  t h e  o r b i t a l  p e r i o d .  Hence, g r a v i t y  g r a d i e n t  e f f e c t s  w i l l  t e n d  t o  
predominate and cause  a  p o i n t i n g  e r r o r  of 

- 1 . 5 x 1 0 - ~ /  15 ,000(0 .00232)~  - 3820 arc-seconds 
OD - 2  

- 2  
G/ JS G/ JS 

T h i s  i n d i c a t e s  t h a t  a n  open loop ga in  of 382 x  lo3 a t  0.00232 r a d i a n s  p e r  
second ( f  = 0.00037 Hz) i s  r e q u i r e d  t o  a t t e n u a t e  t h e  a s s o c i a t e d  e r r o r  t o  
0 , 0 1  arc-second,  S i m i l a r l y ,  t h e  aerodynamic t o r q u e ,  i f  assumed t o  be s i n u -  
s o i d a l  a t  t h e  o r b i t a l  f requency,  can be  reduced i n  e f f e c t  t o  0.01 arc-second 
i f  t h e  loop g a i n  i s  30 x l o6  a t  0.00116 r a d i a n  p e r  second. 



PERKIN-ELMER 
Report  No, 9800 

Wires c r o s s i n g  t h e  gimbal axes ,  i n  t h e  AT% a p p l i c a t i o n ,  can i n t r o d u c e  a  
non-constant  d i s t u r b a n c e  t o r q u e  which l e a d s  t o  more s t r i n g e n t  r e q u i r m e n t s .  
T h i s  i s  termed w i r e  t o r q u e  c r e e p  and has  been measured by NASA a s  a 0 . 6 -  
pound-foot change i n  15 minutes .  The e f f e c t  on a l e a d - l a g  s t a b i l i z e d  
to rqued  i n e r t i a  c o n t r o l  sys tem i s  a n  e r r o r  which c o n s t a n t l y  i n c r e a s e s  w i t h  
time. The i n c l u s i o n  of a n  i n t e g r a t o r  i n  t h e  loop, however, can reduce  t h e  
e f f e c t  o f  t h e  t o r q u e  c r e e p  t o  a s t e a d y  s t a t e  o f f s e t  e r r o r .  The e x p r e s s i o n  
f o r  t h e  minimum r e q u i r e d  open loop  g a i n  c r o s s o v e r  f requency , L&.~, of  a 
r e a s o n a b l e  c h a r a c t e r i s t i c  i s  p r e s e n t e d  i n  F i g u r e  83. Taking t h e  t o r q u e  
c r e e p  a s  0.6 pound-foot p e r  15 m i n u t e s , t e l e s c o p e  i n e r t ' i a  o f  15,000 s lug-  
f t 2  and t h e  maximum al lowed s t e a d y  s t a t e  e r r o r  a s  0.01 arc-second, i t  i s  found 
t h a t  

s s  ' 
max 

7 7 
The a s s o c i a t e d  loop g a i n s  6  x  10 and 53.6 x  10 a t  g r a v i t y  g r a d i e n t  and 
aerodynamic f r e q u e n c i e s  a r e  s u f f i c i e n t  t o  reduce t h e s e  e r r o r  components t o  
n e g l i g i b l e  l e v e l s .  

The e q u i v a l e n t  n o i s e  bandwidth o f  t h e  s e r v o  would be  abou t  2 Hz. I f  we assume 
t h a t  a 9-micron s l i t  i s  used and m i s p o i n t i n g  shou ld  n o t  cause  s p e c t r o m e t r i c  
l i g h t  v a r i a t i o n s  i n  excess  of 5  percenG t h e n  peak e r r o r s  of 0.0285 arc-second 
a r e  a l lowed ( s e e  page on P o i n t i n g  Requirements) .  The allowed rms 
e r r o r  due t o - n o i s e  t h e n  becomes e q u a l  t o  one t h i r d  o f  (0.0285 -. 0.01) o r  
0.0062 arc-second.  A s  h a s  been shown p r e v i o u s l y ,  t h e  guide  s t a r  magni tude 
r e q u i r e d  t o  accomplish  t h i s  i n  t h e  absence o f  d a r k  c u r r e n t  and background 
l i g h t  d e g r a d a t i o n s ,  i s  e q u a l  t o  t h a t  which p rov ides  3 . 1  t imes  l e s s  e r r o r  
w i t h  a  roof  pr ism s e n s o r .  Accordingly ,  t h e  s t e l l a r  magnitude i s  9.8. 
Background l i g h t  and dark  c u r r e n t  d e g r a d a t i o n  f a c t o r s , b a s e d  on t h e  f a c t  t h a t  
on ly  abou t  10 p e r c e n t  of t h e  s t a r l i g h t  i s  a v a i l a b l e  t o  the p o i n t i n g  s e n s o r s  
a t  n u l l ,  a r e  found t o  be 1.3 (2-arc-minute d iamete r  f i e l d )  and 1.5, r e s p e c t i v e l y .  

A nin th tmagni tude  s t a r ,  on t h e  o t h e r  hand, o f f e r s  roof  pr ism p o i n t i n g  o f  
0 0 0 0 1 9 5 ~ r c - s e c o n d  rms ( n o i s e  component) i n c l u d i n g  d e g r a d a t i o n s ,  and hence  
appears  t o  b e  approximately  t h e  l i m i t i n g  u s a b l e  gu ide  s t a r .  
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Figure  83.Gimbal-Axis Servo Mispointing Due t o  Torque Ramps 
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I f  w i r e s  a c r o s s  t h e  gimbal axes  a r e  e l i m i n a t e d ,  o r  o t h e r  means i n c o r p o r a t e d  
t o  a v o i d  t h e  w i r e  t o r q u e  c r e e p  d i s t u r b a n c e ,  t h e n  aerodynamic t o r q u e s  w i l l  pre-  
dominate.  I n  t h i s  e v e n t ,  t h e  c r o s s o v e r  f requency o f  t h e  proposed system cou ld  
be  reduced by a f a c t o r  o f  2.94 and t h e  r e q u i r e d  gu ide  s t a r  magnitude cou ld  
be i n c r e a s e d .  

The a t t a i n a b l e  magnitude increment  t h u s  a l lowed  would be  l e s s  t h a n  t h e  
t h e o r e t i c a l  1.17 due t o  t h e  e f f e c t s  of background l i g h t  and d a r k  c u r r e n t .  

Module D,Eche l le  S p e c t r o n r a ~ h  

Use of f r e e  f l o a t  suspens ion  p l u s  two s t a r  i m a g e - s p l i t t i n g  e r r o r  s e n s o r s  
i s  t h e  recommended approach f o r  s k & b i l i e a t i o n  u s i n g  t h i s  module and r e p r e s e n t s  
a n  a l t e r n a t e  method t o  t h e  t r a n s f e r  l e n s  approach f o r  Module C, fhe f l l P  f i l m  
imagery package, With e i t h e r  module, t h e  u s e  of c h a i n  l i n k  t r a n s f o r m e r s ,  
c a p a c i t i v e - t y p e  p o s i t i o n  s e n s o r s ,  magnet ic  pushers ,  and o t h e r  d e v i c e s  f o r  a c h i e v -  
i n g  a  h i g h  degree  o f  i s o l a t i o n  from v e h i c l e  d i s t u r b a n c e s ,  i s  s u g g e s t e d .  The 
w i r e  t o r q u e  c r e e p  d i s t u r b a n c e  i s  t h e r e b y  avoided and g r a v i t y  g r a d i e n t  (1.5 x  
10-3 pound-feet )  and aerodynamic (29.5 x 10-3 pound-f e e t )  t o r q u e s  predominate ,  
These were shown t o  produce m o t i o n a l  d i s t u r b a n c e s  of 3,820 and 300,000 a r c -  
seconds  r e s p e c t i v e l y  i n  t h e  u n s t a b i l i z e d  t e l e s c o p e  a t  t h e  a s s o c i a t e d  d i s t u r -  
bance f r e q u e n c i e s ,  Loop g a i n  requ i rements  of module C a r e  t h u s  

6 .  = 0.639 x  10 , 
0.006 a rc - seconds  

a t  two and one c y c l e s p e r  o r b i t ,  r e s p e c t i v e l y .  F i g u r e  84 i n d i c a t e s  t h e  c r o s s -  
o v e r  f r e q u e n c i e s  which t h e n  r e s u l t  from t h e  u s e  of c e r t a i n  c h a r a c t e r i s t i c s .  
I l l u s t r a t e d  a r e  1 0 : l  l e a d - l a g  s t a b i l i z e d  t o r q u e d - i n e r t i a  sys tems w i t h  z e r o ,  
one, and two low f requency  i n t e g r a t i o n s .  It shou ld  be no ted  t h a t  t h e  l o o p  
g a i n s  a t  t h e  two d i s t u r b a n c e  f r e q u e n c i e s  a r e  somewhat more t h a n  computed 
above s o  t h a t  t o t a l  peak e r r o r  i s  main ta ined  a t  0.006 arc-second.  The i n t e -  
g r a t i o n s w h o s e b r e a k  f r e q u e n c i e s  a r e  p laced  t o  c o n t r i b u t e  5.7 degrees  
o f  e x t r a  l a g  a t  t h e  c r o s s o v e r  f r e q u e n c i e s ,  have a  s m a l l  e f f e c t  upon t h e  n o i s e  
bandwidth which i n  each c a s e  i s  approximately  2.5 t imes  t h e  cor responding  
c r o s s o v e r  f requency.  While t h e  p a r t i c u l a r  c h a r a c t e r i s t i c s  a r e  by no means 
un ique ,  two c o n c l u s i o n s  can be  drawn, The u s e  of a t  l e a s t  one i n t e g r a t o r  
i s  worthwhi le  t o  reduce  t h e  n o i s e  bandwidth and, t h e  c r o s s o v e r  f requency  
w i l l  be  i n  t h e  o r d e r  of 0 . 1  Hz. While t h e  dimmest guide  s t a r  o f f e r i n g  0.006- 
a rc - second  a c c u r a c y  (from F i g u r e  7 1 )  i s  14.4 ,background l i g h t  (2-arc-minute 
f i e l d )  and  d a r k  c u r r e n t  (275K) d e g r a d a t i o n  f a c t o r s  would be  2  and 3.3, 
r e s p e c t i v e l y .  
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F i g u r e  84. Open L o ~ p  Gain C h a r a c t e r i s t i c s  f o r  Module C. 

Assumed D i s t u r b a n c e s :  G r a v i t y  G r a d i e n t  of  1.5 x 1!3-3 pound-foot  a t  Two Cycle  p e r  
O r b i t  F l u s  Aerodynamic Torque  o f  29.5  x pound-foot  a t  One Cyc le  p e r  O r b i t  
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O p e r a t i o n  w i t h  11.5-magnitude s t a r s ,  on t h e  o t h e r  hand, cor responds  t o  0.0038 
a rc - second  which i s  graded t o  0 . 0 1  a rc - second  by t h e  background l i g h t  (1.7) 
and d a r k  c u r r e n t  (2.34) d e g r a d a t i o n  f a c t o r s .  S ince  t h i s  magnitude gu ide  
s t a r  h a s  a n  a s s o c i a t e d  90-percent p r o b a b i l i t y  of d u a l  o c c u r r e n c e  i n  t h e  
guidance f i e l d  of module C, i t  i s  concluded t h a t  b r i g h t e r  s t a r s  w i t h  cor -  
r esponding  lower o c c u r r e n c e  p r o b a b i l i t i e s  s h a l l  be  r e q u i r e d .  T@eaftcb&gndeude 
s t a r s ,  o f f e r i n g  p r o b a b i l i t i e s  o f  37 p e r c e n t  a t  L = 90 d e g r e e s  and 99.7 
p e r c e n t  a t  L = 0 degree ,  w i l l  have a n  a s s o c i a t e d  no i se - induced  e r r o r  of 
0.0032 arc-second i n c l u d i n g  d e g r a d a t i o n s .  

The e c h e l l e  spec t rograph ,  module D, s h a l l  have a  l a r g e r  f i e l d  o f  v iew a l l o w i n g  
t h e s e  b r i g h t e r  s t a r s  t o  appear  abou t  90 p e r c e n t  o f  t h e  t ime.  I f  it i s  assumed 
t h a t  t h e  a s s o c i a t e d  guidance u s e s  t h e  same loop ga in  c h a r a c t e r i s t i c  a s  f o r  
module C, t h e n  t h e  peak x  and y  p o i n t i n g  e r r o r s  s h a l l  each be 

0.006 + 3 (0.0032) = 0.0156 arc-second 

This  s h a l l  be i n c r e a s e d  somewhat by a r o l l  e r r o r  component b u t  shou ld  be 
a d e q u a t e  t o  a v o i d  e x c e s s i v e  l i g h t  l e v e l  v a r i a t i o n s  w i t h i n  t h e  s p e c t r o m e t e r ,  
due t o  m i s p o i n t i n g ,  provided e n t r a n c e  d iamete r s  o r  s l i t  w i d t h s  of abou t  9 
microns o r  l a r g e r  a r e  used.  It shou ld  be r e c a l l e d  t h a t  t o t a l  p o i n t i n g  e r r o r  
o f  0.0233(0,0285)- a rc - second  peak corresponds t o  a  one-percen t  ( f i v e  p e r c e n t )  
s p e c t r o m e t r i c  l i g h t  r e d u c t i o n  f o r  a  s l i t  width  o f  9  microns ( r e f e r  t o  POINTING 
REQUIREMENTS) . 

* 
As was i n d i c a t e d  p r e v i o u s l y ,  t h e  r o l l  p o i n t i n g  requirement  f o r  module C 
i s  0.725 arc-second.  While t h e  d i s t u r b a n c e  t o r q u e - t o - i n e r t i a  r a t i o  f o r  
r o l l  i s  expec ted  t o  b e  much l e s s  t h a n  f o r  x  and y ,  t h e  same r a t i o  s h a l l  be 
assumed. Accordingly ,  t h e  r o l l  g a i n  requirement  i s  = 120 t imes  l e s s  

t h a n  f o r  t r a n s l a t i o n .  The c r o s s o v e r  f requency  f o r  a  (-3, -2, -1, -2) charac -  
t e r i s t i c  w i l l  t h e n  be  (31r120 =) 5 t imes  l e s s  o r  0.02 Hz. 

** 
For module D, t h e  r o l l  e r r o r  a 1  d  f o r  d i s t u r b a n c e  i s  1.2 arc-seconds ,  
hence t h e  g a i n  requirement  i s  = 200 t imes  l e s s  and t h e  c r o s s o v e r  

0  
f requency i s  (5.9 t imes  l e s s  or3.8.817 HZ.  S ince  t h e  same e q u i v a l e n t  n o i s e  
induced e r r o r  i n  r o l l  and c r o s s  l i n e  o f  s i g h t  occur  when t h e  bandwidths 
d i f f e r  by 

It) = r o l l  channe l  bandwidth 

t h e n  assumption of t h e  wors t -case  c o n d i t i o n s  p r e s e n t e d  i n  F i g u r e  8 1  l e a d s  t o  

* 
Refer  t o  s e c t i o n  which d i s c u s s e s  r o t a t i o n a l  a s p e c t  of module C s t a b i l i z a t i o n  
when u s i n g  t r a n s f e r  l e n s  CLOS guidance.  

** 
Taken as a p p r o x w f c e l p  f o u r  t imes  t h e  v a l u e  r e q u i r e d  f o r  module F s i n c e  
f  / 10 f i e l d  u t i l i z a t i o n  i s  abou t  t h e  same w h i l e  - p e r m i s s i b l e  d i s t u r b a n c e -  
induced e r r o r  is  h e r e  t a k e n  as 0,006 r a t h e r  t h k  0.0015 arc-second. 

1-187 
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requi red  bandwidth r a t i o s  o t  4 . 6 .  Hence i t  i s  concluaed char r o l l  perrormance 
s h a l l  be s l i g h t l y  b e t t e r  than  requi red  ( i  .e ., 5.9 > 4.6 and 5 > 4 . 6 ) .  

S t a r  F indin3  

f i e  veh ic l e  c o n t r o l  concept f o r  t h e  LTEP spacec ra f t  w i l l  be s i m i l a r  t o  t h a t  
f o r  t h e  AAP but  w i l l  d i f f e r  i n  t h a t  s t a r  t r a c k e r s  r a t h e r  than  sun sensors  
w i l l  provide f i n e  a t t i t u d e  commands. This i s  requi red  s i n c e  the  LTEP exper i -  
ments a r e  not  s o l a r  bu t  s t e l l a r  o r i e n t e d .  A poss ib l e  con f igu ra t ion  i s  
depic ted  i n  F igure  85 and uses a  r o l l  s t a r  t r a c k e r  p lus  two s t a r  s enso r s  
f o r  pitch-yaw re fe rence .  The r o l l  and coa r se  "pitch-yaw" sensor  gimbal 
angles  would be programmed t o  permit guide s t a r  t r ack ing  wi th  t h e  veh ic l e  
i n  any des i r ed  nominal a t t i t u d e .  The f i e l d  of view of t h e  senso r s  would 
be r e l a t i v e l y  l a rge  i n  o rde r  t o  ease  t h e  i n i t i a l  s t a r  a c q u i s i t i o n  i n  t a s k s .  
Operat ion on  sixth-magnitude s t a r s  o r  b r i g h t e r  would r e q u i r e  t he  use of +15- 
degree gimbal angle  ranges t o  o b t a i n  a  99-percent s t a r  occurrence p r o b a b i l i t y  
when opera t ing  a t  o r  near  t h e  g a l a c t i c  po les .  An o p t i c a l  f i e l d  of a  few 
degrees would be compatible w i th  t h i s  s i n c e  the  p r o b a b i l i t y  of i t s  viewing 
two b r i g h t  s t a r s  s imultaneously i s  extremely low: v i z ,  the  p r o b a b i l i t y  of 
observing one sixth-magnitude o r  b r i g h t e r  s t a r  i n  a  1-degree f i e l d  i s  l e s s  
than  10 percent  a t  low l a t i t u d e s .  The f i n e  sensor  would be s i m i l a r l y  
gimbaled t o  work on like-magnitude guide s t a r s .  However, t h i s  sensor  w i l l  
be a t tached  t o  t he  f i g u r e  sensor  support  t o  minimize i t s  bores ight  e r r o r s  
w i th  t h e  LTEP t e l e scope .  The f i e l d  of view of t h e  f i n e  sensor  must be l a r g e  
enough t o  permit i t  t o  cap tu re  i t s  guide s t a r  i n  s p i t e  of bores ight  e r r o r s  
w i th  t h e  coa r se  sensor  when t h e  l a t t e r  i s  c o n t r o l l i n g  t h e  v e h i c l e .  , 

The ATM gimbal r i n g  zero ing  mechanism has a n  est imated e r r o r  of approximately 
5 t o  10 arc-minutes which s e t s  t he  minimum f i e l d  diameter  t o  10 t o  20 a r c -  
minutes.  This can be reduced t o  about 2  arc-minutes by c o r r e c t i n g  t h e  coa r se  
sensor  gimbal angles  t o  compensate f o r  ATM gimbal zeroing e r r o r s .  This  i s  
poss ib l e  s i n c e  t h e  ATM gimbal angle  sensors  a r e  accu ra t e  t o  1 arc-minute.  
Even wi th  such c o r r e c t i o n  and c a r e f u l  s t r u c t u r a l  des ign  t o  minimize a d d i t i o n a l  
bores ight  e r r o r  components, a  l a r g e r  f i e l d  - i n  t h e  o rde r  of 10 arc-minutes - 
can be a n t i c i p a t e d .  Smaller  f i e l d s  could be used i f  t h e  coarse  sensor  l i n e  
of s i g h t  i s  per turba ted  t o  cause veh ic l e  gy ra t ions  u n t i l  t he  f i n e  sensor  s ees  
i t s  guide s t a r ,  bu t  t h i s  i s  considered a n  unnecessary complicat ion.  When 
ava i l ab l e ,  s i g n a l s  from t h e  f i n e  sensor  would be used t o  c o n t r o l  t h e  veh ic l e  and 
so  o b t a i n  f i n e  sensor  n u l l .  The LTEP instrument  thereby  has i t s  l i n e  of s i g h t  
c o n t r o l l e d  and w i l l  be a b l e  t o  acqui re  i t s  ( d i f f e r e n t )  guide s t a r s  i f  d i r e c t e d  with-  
i n  1 arc-minute, t h e  minimum proposed r a d i a l  s i z e  of t h e  various experiment g u i d a w e  
senso r s .  The predominating e r r o r  i n  t h i s  regard i s  t h a t  due t o  t h e  imper- 
f e c t i o n s  of t h e  f i n e  sensor  gimbals whose angles  must thus  be w i t h i n  42 a r c -  
seconds. This  l e v e l  i s  a t t a i n a b l e  u t i l i z i n g  e i t h e r  a v a i l a b l e  p rec i s ion  encoders 
(2 18) or  synchros (20 arc-second a v a i l a b l e  i n  s i z e  15) i n  closed-loop se rvo  
c o n t r o l  arrangements.  F igure  86shows one conceptua l  approach f o r  accomplish- 
ing t h i s  w i th  d i g i t a l  i npu t  commands and synchro s h a f t  p o s i t i o n  s e n s o r s .  Here 
the d a t a  s to rage  r e g i s t e r s  (p ic tured  f r o x  s i m p l i c i t y  a s  r e l a y s  Kl through K,) 



Yaw S ta r  Tracker F i n e  P i t ch  
Yaw Star  Tracker 

Figure 85 . Star  Tracker A r r a n g m e ~ t  
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opera te  i n  conjunct ion with t h e  binary ladder  network energized with ac ,  t o  
convert  t h e  d i g i t a l  comand t o  en ac analog output  s i g n a l .  This s i g n a l  i s  
app l i ed  t o  one r e s o l v e r  winding v i a  a m p l i f i e r  A 1  while  a m p l i f i e r  A2 a p p l i e s  
a  f i xed  re ference  Ex t o  t h e  o the r  winding. The arrangement i s  such t h a t  t h e  
input  d i g i t a l  command p r e c i s e l y  determines t h e  f l u x  f i e l d  d i r e c t i o n  s e t  up 
w i th in  t h e  reso lve ,  and, t he re fo re ,  t h e  s h a f t  o r i e n t a t i o n  a t  which a  n u l l  i n  
t h e  e r r o r  s i g n a l  i s  ob ta ined;  i . e . ,  

( ~ 9  = t a n  -1 E 
2 

khere  i s  cons tan t  and t h e  s i g n  and magnitude of Ey i s  ground-command t o  
o b t a i n  des i r ed  angles  i n  t h e  range of up t o  +15 degrees.  The s  
( v o l t s  per  angular  e r r o r  from n u l l )  i s  d i r e c t l y  p ropor t iona l  t o  

and so w i l l  i nc rease  with gimbal angle  magnitude (S = K./cos (p) but  should 
present  no r e a l  se rvo  design problems. The c i r c u i t r y  f o r  c o n t r o l l i n g  t h e  motor 
t o  a t t a i n  n u l l  i s  s t ra ight forward .  A command word length  of 16 b i t s j c o r r e s -  
ponding t o  an accuracy of one p a r t  i n  65,536, w i l l  be requi red  t o  quant ize  t h e  
30-degree angular  range i n t o  16.5rarc-second increments.  

Whatever the  implementation, t h e r e  appear t o  be only two ways t o  avoid t h e  
r e l a t i v e l y  s t r i n g e n t  accuracy requirements.  E i t h e r  t he  r a d i a l  s i z e  of t h e  
var ious  LTEP po in t ing  sensors  could be increased  o r  t he  f i n e  s t a r  t r a c k e r  l i n e  
of s i g h t  could be per turba ted  t o  fo rce  v e h i c l e  search  manuevers. The former 
a l t e r n a t e  i s  r a t h e r  s t rong ly  cons t ra ined  i n  t h a t  t h e  p o t e n t i a l  f i e l d  a v a i l a b l e  
i n  which t o  p o s i t i o n  the  LTEP experiment image-sp l i t t ing  prism i s  f i xed  by 
o p t i c a l  cons ide ra t ions .  Hence, a s  t he  s p l i t t i n g  prism s i z e  i s  increased ,  t h e  
apex cannot be pos i t i oned  a s  c l o s e  t o  t h e  edge of t h e  o v e r a l l  f i e l d .  This  i n  
t u r n  f o r c e s  t h e  use of dimmer guide s t a r s  t o  main ta in  a  reasonable occurrence 
p r o b a b i l i t y .  The l a t t e r  a l t e r n a t i v e ,  while  undes i rab le ,  might be r a t h e r  
r e a d i l y  accomplished wi th  e x i s t i n g  s t a r  t r a c k e r s  such a s  t h e  ITT OAO sensor ,  
whose c h a r a c t e r i s t i c s  a r e  given i n  Table 21.  The u n i t  provides a c q u i s i t i o n -  
mode a l l - e l e c t r o n i c  scanning, and f e a t u r e s  d e t e c t i o n  of angular  d e v i a t i o n  
of t a r g e t  s t a r  from sensor  l i n e  of s i g h t .  E i t h e r  e r r o r  gradient-modifying 
b i a s  s i g n a l s  o r  t h e  e l e c t r o n i c  gimbaling ( o f f s e t )  f e a t u r e  o f f e r s  convenient  
means f o r  in t roducing  search  commands, without  r equ i r ing  a s soc i a t ed  gimbal 
a x i s  motions. 

The coa r se  s t a r  t r a c k e r  provides i n i t i a l  spacec ra f t  pitch-yaw c o n t r o l ,  which 
i s  l a t e r  provided by t h e  f i n e  pitch-yaw s t a r  t r a c k e r ,  while  t h e  r o l l  s t a r  
t r a c k e r  c o n t r o l s  t h e  r o l l  a x i s .  The e r r o r  s i g n a l s  generated by sensors  
i n t e r n a l  t o  t h e  LTEP te lescope  w i l l  then c o n t r o l  e i t h e r  t he  t r a n s f e r  l e n s  o r  
girnEtal axes t o  f u r t h e r  r e f i n e  t h e  LTEP l i n e  of s i g h t .  m e n  t h e  t r a n s f e r  l e n s  
i s  opera t ing ,  i t s  p o s i t i o n  piekoff  s i g n a l s  w i l l  be used t o  b i a s  t he  v e h i c l e  
p o s i t i o n  t o  main ta in  device  ope ra t ion  around n u l l ,  Such s i g n a l s  w i l l  be 
a l t e r n a t e l y  der ived  from the  gimbal angle  sensors  d u r i w  gimbal opera t ion  end 
from t h e  c a p a c i t i v e  p o s i t i o n  sensors  during magnetic suspension mode. 
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'6ABm 21 . 1lr"r OAO SENSOR CPEAUCTERISTICS 

S t a r  Magnitude S e n s i t i v i t y  + 6 

F i e l d  of v iew 10 arc-minutes  

Track ing  accuracy  1 112 a rc - seconds  RMS 

E r r o r  F i l t e r  Bandwidth 0.5 Hz 

E r r o r  Gradient  1 v /a rc -minu te  

Photo Sur face  S-20 

Weight T o t a l  2  5 

O p t i c s  4 .85 i n c h e s  - F/1.85 

E l e c t r o n i c  Girnbaling ( O f f s e t )  21.5 degrees  i n  15 arc-second s t e p s  

Vol tage  
Power 
Sensor S i z e  

rt28 VDC t l O V  
7.7 Wat ts  
3  x 15 i n c h e s  

E l e c t r o n i c s  S i z e  5  i n c h e s  x 11 inches  x  12 i n c h e s  

The s i g n a l  f low cor responding  t o  t h e  approach d e s c r i b e d  above i s  shown i n  
F i g u r e  87 . During c o a r s e  s t a r  t r a c k  c o n t r o l ,  t h e  r o l l  star t r a c k e r  o u t p u t  
s i g n a l s  a r e  used d i r e c t l y  t o  t o r q u e  t h e  v e h i c l e ' s  i n t e g r a t i n g  r a t e  gyros .  
It shou ld  be no ted  t h a t  t h e  r o l l  star t r a c k e r  w i l l  be  n e a r l y  c o i n c i d e n t  w i t h  
t h e  v e h i c l e  r o l l  a x i s ;  v i z ,  a  k0.5-degree gimbal range  and 360 degrees  o f  
v e h i c l e  r o l l  p rov ide  a  p o t e n t i a l  guide  star r e g i o n  o f  360 s q u a r e  degrees .  The 
s i g n a l s  from t h e  c o a r s e  s t a r  t r a c k e r ,  which g e n e r a l l y  gu ides  on stars of £ s e t  
from t h e  LTFP t e l e s c o p e  and v e h i c l e  r o l l  a x i s ,  must be  c o r r e c t e d  t o  a v o i d  
i n t e r a c t i o n  w i t h  t h e  r o l l  channel.  For  v e r y  s m a l l  o f f s e t  a n g l e s  t h e  c o r r e c t i o n  
components a r e  as shown, t h e  r o l l  e r r o r  s i g n a l  t imes  t h e  s i n e s  of t h e  a p p r o p r i a t e  
s t a r  t r a c k e r  gimbal o f f s e t  a n g l e s .  

The r e s u l t i n g  p i t c h ,  yaw, and r o l l  e r r o r  s i g n a l s  a r e  t h e n  used t o  t o r q u e  t h e  
v e h i c l e ' s  I n t e g r a t i n g  Rate Gyros (IRG), and t h e r e f o r e  t h e  whole v e h i c l e ,  t o  t h e  
c o r r e c t  p o s i t i o n .  S t a b i l i t y  compensation feed  back, i n d i c a t e d  by dashed l i n e s  
i n  F i g u r e  87 , can be i n c o r p o r a t e d  t o  o b t a i n  d e s i r e d  response  c h a r a c t e r i s t i c s .  
When t h e  f i n e  s t a r  t r a c k e r  a c q u i r e s  i t s  guide  s t a r ,  IRG c o r r e c t i o n s  a r e  o b t a i n e d  
from t h i s  s e n s o r  whose s i g n a l s  a r e  s i m i l a r l y  c o r r e c t e d  by p rocessed  r o l l  e r r o r  
s i g n a l s  and, i n  a d d i t i o n ,  c o o r d i n a t e  conver ted  by a  r e s o l v e r  i n t o  t h e  v e h i c l e  
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c o o r d i n a t e  system. During exper iments ,  s i g n a l s  d e r i v e d  i n t e r n a l  t o  t h e  LTEP 
ins t rument  from v a r i o u s  s e n s o r s ,  depending upon t h e  p o i n t i n g  c o n t r o l  mode, a r e  
h e a v i l y  f i l t e r e d  and used a s  a  long term r e f e r e n c e  f o r  t h e  v e h i c l e  IRG u n i t s .  
The s t a r  t r a c k e r s  c a n  be  o p e r a t e d  d u r i n g  t h i s  t ime i n  a  s e l f - n u l l i n g  mode 
t o  remove b o r e s i g h t  e r r o r s  and hence p rov ide  more r a p i d  r e a c q u i s i t i o n  should 
t h i s  be subsequen t ly  r e q u i r e d .  

An i n s e p a r a b l e  a s p e c t  o f  a c q u i s i t i o n  and t r a c k i n g  i s  whether  t h e  main o p t i c a l  
e lements ,  which a r e  s e p a r a t e d  by r e l a t i v e l y  l a r g e  d i s t a n c e s ,  w i l l  r e t a i n  t h e i r  
r e q u i r e d  p o s i t i o n s .  Motion o f  t h e  secondary w i t h  r e s p e c t  t o  t h e  pr imary 
w i l l  n o t  on ly  c a u s e  e x c e s s i v e  o p t i c a l  d e g r a d a t i o n s ,  b u t  i n  a d d i t i o n ,  w i l l  
change t h e  l i n e  of s i g h t ,  t h u s  compounding t h e  a c q u i s i t i o n  and t r a c k i n g  t a s k s .  
The a c q u i s i t i o n  t e c h n i q u e  d e s c r i b e d  above, f o r  example, assumes t h a t  t h e  f i n e  
s t a r  t r a c k e r  and t h e  LTEP l i n e  of s i g h t  a r e  c o i n c i d e n t  w i t h i n  1 arc -minu te  
w i t h  most of t h i s  e r r o r  a t t r i b u t a b l e  t o  s e n s o r  gimbal i m p e r f e c t i o n s .  The 
whole q u e s t i o n  of a c q u i s i t i o n  and t r a c k i n g  performance i n  t h e  p resence  o f  
mechanical  and the rmal  d i s t u r b a n c e s  t o  t h e  o p t i c a l  e lements  w i l l  now be 
c o n s i d e r e d .  T h i s  i s  a p p r o p r i a t e l y  done now, b e f o r e  d i s c u s s i n g  t h e  s e p a r a t e  
LTEP p o i n t i n g  mechan iza t ions ,  s i n c e  a l l  such arrangements  a r e  c r u c i a l l y  
dependent f o r  s u c c e s s  on t h e  A c t i v e  O p t i c  c o n t r o l s  t o  be  d e s c r i b e d .  

The a l lowed f i g u r e  s e n s o r  and secondary m i r r o r  r a d i a l  d e f l e c t i o n s  a r e  d e t e r -  
minable  from p r e v i o u s l y  d e r i v e d  e q u a t i o n s  and a r e  summarized i n  F i g u r e  88. 
I n  t h e  c a s e  of t h e  f i g u r e  s e n s o r ,  t o l e r a b l e  a x i a l  mot ions ,  expressed  i n  
wavelength u n i t s ,  were shown t o  be 

where F = m i r r o r  f-number 

and I' = f r i n g e  measuring accuracy  of t h e  phase measurement 
i n t e r f e r o m e t e r  

a d i a l  t r a n s l a t i o n a l  t o l e r a n c e s  were g iven  a s  

1 o r  an  £12 primary,  an  a l ignment  requirement  of T' = - wave l e a d s  t o  a x i a l  and 
50  

a d i a l  t o l e r a n c e s  o f  1 and 114 wave , respec t ive ly  ( o r  20 and 5  mic ro inches  f o r  
= 0.5 micron) .  

he secondary m i r r o r  on t h e  o t h e r  hand, has  a r a d i a l  (coma) c o n s t r a i n t  of 
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80" Diam 
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f / 10 
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Figure  Sensor 

C o n s t r a i n t s  on  Secondary Mirror  Motion 

h 
A) Radia l  Motion = 6 4 A  F3 - Coma E f f e c t  q P ; 4  

B) Rad ia l  Motion = BD F Line-of -Sight Change p p m + l  ' 

',2. Defocusing C) Ax ia l  Motion = 8- F 
11 P lm2y 

where F = primary mi r ro r  f-number 
P 

h/q = wavefront d e v i a t i o n  permiss ib le  

9 = allowed l i n e o f - s i g h t  change 

D = primary mi r ro r  d iameter  
P 

m = s e c o d a r y  m i r r o r  magni f ica t ion  

F igure  88. E f f e c t s  of Secondary Mir ror  Motion 
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which leads  t o  a  t o l e r a n c e  of about - 
1000 inch t o  maintain coma degradat ion 

1 
wi th in  - wave a t  0.5 micron. 

10 

The a x i a l  c o n s t r a i n t  

i s  much t i g h t e r  amounting t o  64 microinches f o r  a  l / lO-wave c r i t e r i o n  a t  t h e  
same wave length.  

An appropr i a t e  t o l e rance  f o r  t h e  angular  alignment of t h e  f i g u r e  sensor  s t r u c -  
t u r e  t o  t h e  LTEP would be a  few arc-seconds, a  va lue  apprec iab ly  smal le r  than 
t h e  t o t a l  assumed 1 arc-minute of bores ight  e r r o r .  

LTEP t e l e scope  s t r u c t u r e  t r a n s l a t i o n a l  a c c e l e r a t i o n s  appear a t  t h e  gimbal 
axes,  whether f r e e  o r  clamped, due t o  veh ic l e  r o t a t i o n s  about some o t h e r  
po in t .  The tube s t r u c t u r e  w i l l  deform, due t o  bending and shear  d e f l e c t i o n s ,  
and both the  secondary mi r ro r  and f i g u r e  sensor  w i l l  d epa r t  r a d i a l l y  from t h e  
primary mi r ro r  a x i s .  While t h e  secondary mi r ro r  i s  loca ted  by means of qua r t z  
spacers ,  t he  f i g u r e  sensor  i s  not  so cons t ra ined ,  and angular  a s  we l l  a s  
t r a n s l a t i o n  motions w i l l  appear.  

The magnitude of the  d e f l e c t i o n s  may b e  est imated by cons ider ing  t h e  
s t r u c t u r e  t o  be a  simple beam, f ixed  a t  t he  primary mi r ro r  end, w i th  t h e  
secondary and f i g u r e  sensor  loca ted  a t  the  midpoint and f r e e  end, r e s p e c t i v e l y .  
This  s h a l l  be done wi th  the  a i d  of t h e  simple beam formulae of   able 2 2 ,  
assuming t h a t  t he  f i r s t  resonant  bending mode i s  18.8 Hz, a s  computed previous ly  
by LMSC ( f o r  a  d i s t r i b u t e d  lumped-mass model). 

An express ion  f o r  ~ 1 / m 3  i n  terms of wn can  be obtained from the  resonant  mode 
equat ion  and s u b s t i t u t e d  i n t o  the  end d e f l e c t i o n  formula t o  o b t a i n  

i n  t he  case of an end-loaded beam. A s i m i l a r  express ion  

2 
Y~ 

= 1.55 g/W 
n  

r e s u l t s  i n  t he  case of a  uniformly-loaded beam. 

These equat ions i n d i c a t e  t h a t  t he  allowed t r a n s l a t i o n a l  a c c e l e r a t i o n  can be 
expressed a s  9 

where yg i s  t h e  maximum allowed end def lec t ion .  

and C i s  a  cons t an t ;  un i ty  f o r  end-loaded beam and 1.55 f o r  
uniformly- loaded beam. 
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F i r s t  Resonant Bending 

Young Modulus, pounds/ i n c h  
2 

load  mass, s l u g s  

beam leng th ,  i n c h  

d i s t a n c e  from f r e e  end of beam, i n c h  

a r e a  moment of i n e r t i a ,  i n c h  
4 

n& car mss times g r a v i t y )  

beam mass pe r  u n i t  l e n g t h  

d e f l e c t i o n  i n  inches  

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

s h e a r  modulus (1/2 t o  113 E) 

c r o s s  s e c t i o n a l  area of beam 
I-. 197 
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S i n c e  t h e  mid p o i n t  and end d e f l e c t i o n s  a r e  p r o p o r t i o n a l l y  r e l a t e d ,  t h e  same 
expzess ion  a p p l i e s  w i t h  modif ied C v a l u e s ;  i . e . ,  16 = 3.2 end-loaded and 

c 

1 .55  x 45 = 4.38 f o r  uniforin l o a d i n g  c a s e s .  
J 

1 7  

A s i m i l a r  a c c e l e r a t i o n  c o n s t r a i n t  can be d e r i v e d  from t h e  s h e a r  d e f l e c t i o n  
fo rmula ;  i . e . ,  

where Ys i s  t h e  maximum al lowed s h e a r  d e f l e c t i o n .  

The maximum t o l e r a b l e  a c c e l e r a t i o n s ,  based upon e s t i m a t e d  paramete rs  and t h e  
f o r e g o i n g  formulae ,  can now be  determined.  The v a l u e s  of  C s h a l l  b e  t a k e n  a s  
t h e  average  of t h e  s t a t e d  extremes i n  t h e  end and midpoint  d e f l e c t i o n  formulae;  
i . e . ,  1.25 and 3.8,  r e s p e c t i v e l y .  Accordingly ,  t h e  maximum a c c e l e r a t i o n  
based  on t h e  f i g u r e  s e n s o r  t o l e r a b l e  r a d i a l  d e f l e c t i o n  i s  

-4 o r  abou t  1.44 x 10 g. 

S i m i l a r l y ,  f o r  t h e  c a s e  of t h e  secondary m i r r o r ,  

o r  abou t  0.114g. 

Shear  deformat ion c o n s t r a i n t s  w i l l  b e  based  upon a 100"inch d iamete r  0.03- 
inch-thick2aluminum t u b e  s t r u c t u r e  (A = 9.42 s q u a r e  i n c h e s  and MS = 3.8 x  10 

6 

poundlinch ), The e s t i m a t e d  l e n g t h  and mass s h a l l  be t a k e n  a s  130 inches  and 
750/32 s l u g s  i n  computing t h e  secondary m i r r o r  c o n s t r a i n t ;  i . e . ,  

Computation of t h e  f i g u r e  s e n s o r  c o n s t r a i n t ,  based upon an e s t i m a t e d  mass- length  
p roduc t  of (lm =) 500 s l u g  i n c h e s ,  y i e l d s  
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The veh ic l e  motional c o n s t r a i n t s  imposed a r e  presented i n  F igure  89 which 
r e l a t e s  r o t a t i o n a l  peak amplitude and a s soc i a t ed  frequency t o  t r a n s l a t i o n a l  
a c c e l e r a t i o n  a t  t he  gimbals,  assumed t o  be 20 f e e t  from t h e  c e n t e r  of r o t a -  
t i o n .  The allowed a c c e l e r a t i o n  l e v e l s ,  a s  computed above, a r e  presented 
a s  h o r i z o n t a l  l i n e s  (based upon the  use of s c a l e s  A) . It i s  seen  t h a t  t he  
most s t r i n g e n t  requirements a r i s e  from bending-induced r a d i a l  d e f l e c t i o n s  
a t  t h e  f i g u r e  s e n s o r .  For example, only 1 arc-minute of peak vehic l e  moti on 
a t  0.14 Hz, o r  6 arc-seconds a t  1.4Hz, i s  t o l e r a b l e .  Thus t h e  a s t r o n a u t  
w a l l  pushoff cyc l e  d i s tu rbance  of 5 . 3  arc-minutes,  w i t h  frequency components 
i n  t h e  0 . 1  t o  1.OHz range, i s  seen  t o  be excess ive  unless  t h e  f i g u r e  sensor  
p o s i t i o n  i s  a c t i v e l y  c o n t r o l l e d .  While such c o n t r o l  i s  contemplated, i t  i s  
doub t fu l  whether c o n t r o l  loops wi th  bandwidths i n  t he  lOHz range ( t o  o f f e r  
s u f f i c i e n t  a t t e n u a t i o n  a t  t h e  d is turbance  f requencies )  a r e  p r a c t i c a l .  This 
i s  another  reason f o r  t h e  e l imina t ion  of a s t ronau t  d i s tu rbance  during i n t e r -  
v a l s  when p rec i se  poin t ing  i s  r equ i r ed .  

Refer r ing  aga in  t o  F igure  8 9 ,  i t  i s  seen  t h a t  t h e  allowed d i s tu rbance  
magnitude a t  g r a v i t y  g rad ien t  frequency i s  very l a rge  wi th  a  l0-arc-minute 
peak amplitude caus ing  1 0 - ~ ~ ,  and a c c e l e r a t i o n  , l .44  x  104 times l e s s  t h a n  
al lowed.  Equally s i g n i f i c a n t  i s  t h e  f a c t  t h a t  d i s turbance  amplitudes over  
l0-arc-minutes peak a t  0 .03 Hz, t h e  vehic le  bandwidth, a r e  t o l e r a b l e ,  Hence, 
veh ic l e  mispoint ing due t o  sensor  noise  can be expected t o  have n e g l i g i b l e  
e f f e c t s  from t h e  s tandpoin t  of s t r u c t u r a l  r i g i d i t y .  

The aforementioned c o n s t r a i n t s ,  evolved t o  avoid excess ive  op t i ca  1 degrada - 
t i o n s ,  a l s o  place i m p l i c i t  r e s t r i c t i o n s  on a s soc i a t ed  ETEP l ine-of  - s igh t  
d e v i a t i o n s :  t h a t  i s ,  a  secondary mirror  r a d i a l  t r a n s l a t i o n  of 6 d e v i a t e s  
t h e  l i n e  of s i g h t  by 

where m i s  t h e  secondary mirror  magni f ica t ion  

D~ 
i s  t h e  primary mir ror  diameter and 

Fp is  t h e  primary mirrorf-number 

For m = 5,  D = 80 inches,  and F = 2, it i s  found t h a t  
P P 

- 6 :ra d arc-seconds 
b - 5 x 2 ~ 8 0  lnch  inch  = 0.0075 = 1,545 

Since t h e  secondary mir ror  r a d i a l  t r a n s l a t i o n  due t o  0.000144 g  ( t h e  f i g u r e  
sensor  c o n s t r a i n t  f o r  bending) i s  only about 
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F i g u r e  89. T r a n s l a t i o n a l  A c c e l e r a t i o n  A t  ATM Gimbals Due t o  V e h i c l e  
R o t a t  i o n  

D i s t a n c e  From R o t a t i o n  t o  Gimbal Axis Assumed a s  20 '  
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then  the  implied l ine-of  - s igh t  c o n s t r a i n t  i s  only 0.00315 arc-second . 
Line f 

The misalignment between the  LTEP l i n e  of s i g h t  and t h e  f i g u r e  sensor  s t r u c t u r e  
due t o  t h i s  same a c c e l e r a t i o n  l e v e l  can  be r e a d i l y  evaluated s i n c e  ( r e f e r  t o  
Table 23 ) t h e  end s lope  and def  Lection of a  simple beam a r e  simply r e l a t e d .  
For a n  end-loaded beam 

whi le  f o r  uniform loading 

Since the  f i g u r e  sensor  allowed y  was taken  a s  5  microinches, t h e  end s lope  
would be i n  t h e  order  of 

B 

9 = 1 . 5 ~  5x10-6 x  206,000 = 0.0047 arc-second 
320 

which i s  a l s o  an implied cons t r a i n t  when l imi t ing  t h e  t r a n s  l a t i o n a  1 a c c e l e r a t i o n  
t o  1.44 x 10-4 g .  

It i s  thus  concluded t h a t  t h e  mechanical d i s turbances  introduced by veh ic l e  
motions should not betroublesome provided the  a s t ronau t  i s  not p r e s e n t .  

Thermally Induced Disturbances 

Active alignment means a r e  nevertheless-,-required t o  combat t he  thermal ly-  
induced d i s tu rbances .  Lockheed s t u d i e s "  have ind ica t ed  t h a t  temperature 
g rad ien t s  due t o  s o l a r  hea t ing  can induce worst case  d e f l e c t i o n s  w e l l  i n  
excess  of allowed l e v e l s  ( r e f e r  t o  Table 23 ) .  

1 TABLE 23 : ESTIMATED VALUES FOR SOIAR RADIATION INDUCED DEFLECTIONS 

Amount of Def l e c t i o n l r a t e  of motion 

Component Radial  T rans l a t ion  Axial  Trans l a t i o n  Angular 

F igure  Sensor 1 mooi, " 1 0.058 inch 
s e c .  

800 arc-second 

s e c  
I I I 

Secondary Mirror  0 . 2 3 y  NA 
0.00015 - 

s e c .  
(See Note 1) 

N A 
(See Note 1) 

Note 1 :  Secondary t o  primary spacing and angle  cons t ra ined  by four  qua r t z  

* 
LTEP t h e r m a l / s t r u c t u t a l  d i s t o r t i o n  e f f e c t .  on o p t i c a l  alignment a d  
poin t ing .  LMSC LTIP Report 4 .5 -2 ,  Ju ly  31, 1969. 

15201 
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The angular  motion and r a d i a l  t r a n s l a t i o n s  a r e  induced by temperature d i f f e r e n c e s  
of almost . 65OF 'across t h e  tube, The approximate r a t e s  of temperature change 
were 65°F per 1500 seconds '(buildup) and - 6 5 ' ~  per 1800 seconds (cooldown). 
The a x i a l  t r a n s l a t i o n  was due t o  an 11-degree es t imated  average temperature 
v a r i a t i o n  of t h e  s t r u c t u r a l  tube. 

The r e s u l t s  given by Table 23 can be used t o  determine some of t h e  r equ i r e -  
ments f o r  t h e  a c t i v e  con t ro l  loops. For example, i f  t h e  temperature d i f f e r e n c e  
v a r i a t i o n  i s  taken t o  be s i n ~ s o i d a l ~ t h e n  t h e  temperature extremes and r a t e s  
determine an  equiva len t  frequency: v i z .  

65 oF 65 ( s i n o t )  I = 1 G I  = 1 
max max 

1 = - -  
2 

max max 

Since r a d i a l  t r a n s l a t i o n  i s  r e l a t e d  t o  temperature d i f f e r e n c e ,  
then t h e  f i g u r e  sensor  r a d i a l  t r a n s l a t i o n  can be expressed a s  

Y~ 
: ' " s i n  2n (0.0084) t, inch - 2 

To reduce t h i s  t o  5..microinches peak wi th  an  a c t i v e  c o n t r o l  loop r equ i r e s  
a minimum open loop gain of 

= 100,000 
OLG = 5 microinch 

a t  0.0084 Hz. This can be achieved with a (-2, -1, -2) system, provided t h e  
crossover  frequency i s  i n  t h e  o rde r  of 4.7 Hz. Resort  t o  systems with s t e e p e r  
low frequency s lopes ,  f o r  example (-3, -3, -1, -2) o r  (-4, -2, -1, -2) systems, 
can reduce t h i s  t o  near  1.4 and 1.1 Hz. The a s soc i a t ed  a c t u a t o r s  must be 
capable of increments of l e s s  Shan 5 microinches and must provide a t o t a l  t r a v e l  
of 2 inches ( a  r a t i o  of 4 x 10 ). 

Less s t r i n g e n t  requirements apply t o  both t h e  angular  c o r r e c t i o n  loop which a c t s  
t o  reduce 800 arc-seconds t o  l e s s  than 1 arc-second, and t h e  a x i a l  c o r r e c t i o n  
loop which must reduce 58,000 micro-imhee, t o  under 20 micm%llchea.. Approximate 
crossover  f requencies  assuming t h e  same loop c h a r a c t e r i s t i c  shapes a r e  given 
i n  Table 24 . 
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TABLE 24 : ESTIMATED CROSSOVER FREQUENCIES FOR ACTIVE OPTIC 
CONTROL IX)OPS 

T h i s  t a b u l a t i o n  a l s o  i n d i c a t e s  t h e  c r o s s o v e r  f r e q u e n c i e s  r e q u i r e d  f o r  t h e  
secondary  m i r r o r  c o n t r o l  t o  r educe  0 .23  i n c h  of motion t o  a  thousand th  of an  
i n c h .  

F u r t h e r  i n v e s t i g a t i o n  w i l l  be r e q u i r e d  t o  e s t a b l i s h  whether t h e s e  r e q u i r e m e n t s  
can  be  met a s  i s  o r  c a n  be  c o n v e n i e n t l y  r e l a x e d .  The use  of  secondary- to - f igure  
s e n s o r  s p a c e r  rods ,  f o r  exaolple, would s i g n i f i c a n t l y  reduce,  o r  p o s s i b l y  
e l i m i n a t e ,  t h e  a x i a l  and a n g u l a r  p o s i t i o n i n g  requ i rements  f o r  t h e  f i g u r e  s e n s o r .  
The s i g n a l  t o  n o i s e  r a t i o s  a v a i l a b l e  from t h e  a c t i v e  c o n t r o l  loop  s e n s o r s  
s h o u l d  be  a s s e s s e d  t o  de te rmine  whether a c c e p t a b l y  low no i se - induced  e r r o r s  
w i l l  e x i s t  i n  t h e  v a r i o u s  loops .  It i s  a l s o  recommended t h a t  s e r i o u s  c o n s i d e r a -  
t i o n  be  g iven  t o  s t r u c t u r a l - t h e r m a l  d e s i g n  m o d i f i c a t i o n s  which reduce  t h e  b a s i c  
d e f l e c t i o n s  caused by non-uniform s o l a r  h e a t i n g .  Other  o p t i c a l  a r rangements  
o f  f i g u r e  s e n s o r ,  secondary  m i r r o r  and pr imary m i r r o r  shou ld  be sought  t o  
de te rmine  a l t e r n a t e  forms which a r e  i n h e r e n t l y  l e s s  s e n s i t i v e  t o  s t r u c t u r a l  
d e f l e c t i o n s .  

'TEUSCQPE :TRANSFER. LENS , SYSTEM 

F i n a l  r e f inement  o f  t h e  LTEP l i n e  of s i g h t ,  u t i l i z i n g  t r a n s f e r  l e n s  t e c h n i q u e s ,  
has  been recommended f o r  modules C and F, t h e  £110 f i l m  and £150 e l e c t r o n i c  
imagery i n s t r u m e n t s .  The p a r t i c u l a r  mechan iza t ion  proposed f o r  t h e  l a t t e r  
module invo lved  c o n t r o l l e d  r o t a t i o n s  o f  t h e  secondary m i r r o r  abou t  i t s  s h o r t  
c o n j u g a t e  p o i n t ,  which i s  s i m u l t a n e o u s l y  main ta ined  i n  c o i n c i d e n c e  w i t h  t h e  
prime f o c u s .  S i n c e  t h e  secondary m i r r o r  m a g n i f i c a t i o n  i s  5X,: a n  a n g u l a r  
motion of 5  a rc - seconds ,  f o r  example, would compensate f o r  a  1 arc-second 
l i n e - o f - s i g h t  m i s p o i n t i n g .  While t h i s  hardware approach would s u f f i c e  f o r  o t h e r  
modules, a l t e r n a t e  ar rangements  can be  c o n s i d e r e d .  P o s s i b l e  c o n f i g u r a t i o n s ,  

i n  t h i s  r e g a r d ,  would i n c l u d e  x-y t r a n s l a t i o n s  of  t h e  equipment a t  t h e  £110 
image p l a n e  t o  match image motion and t h e r e b y  avo id  o p t i c a l  d e g r a d a t i o n s  due 
t o  r e l a t i v e  mot ion e f f e c t s .  I n  t h e  e v e n t  of  a  payload u t i l i z i n g  t h e  f / 1 0  

a s  i n t e r m e d i a t e  image p l a n e ,  e i t h e r  r e f r a c t i v e  o r  r e f l e c t i v e  t r a n s f e r  l e n s e s  
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w o r k i w  i n  e i t h e r  co l l imated  o r  uncollimated beams, a r e  poss ib l e  a l t e r n a t e s .  
The exac t  choice  would depend upon t h e  p a r t i c u l a r  experiment requirements 
a d  image movers could be considered t o  reduce t h e  requi red  s i z e  of o p t i c a l  
elements subsequent t o  t h e  f /10  image p lane .  Motional compensation subsequent 
t o  t h e  f / l 0  plane i s  an  a t t r a c t i v e  approach s i n c e  t h e  a s soc i a t ed  o p t i c a l  e l e -  
ments would be much sma l l e r ,  permi t t ing  use of more compact a d  e f f i c i e n t  
a c t u a t o r s ,  sensors ,  and o the r  r e l a t e d  hardware. A s  w i l l  become apparent  
l a t e r ,  t h i s  a l s o  f a c i l i t a t e s  temporary use of t h e  t r a n s f e r  lens  i n  a  high band- 
width mode t o  o b t a i n  b e t t e r  a c q u i s i t i o n  c h a r a c t e r i s t i c s  (v i z ,  reduced acqu i s i -  
t i o n  t ime) .  'Presented below a r e  t h e  gene ra l  cons ide ra t ions  involved i n  t h e  use 
of t r a n s f e r  lens  s t a b i l i z a t i o n  f o r  LTEP. 

F igure  90 i n d i c a t e s  t h e  i n t e r a c t i o n  of t h e  veh ic l e  c o n t r o l  system and a  
t r a n s f e r  l ens  subsystem when t h e  l a t t e r  provides low frequency c o r r e c t i  on  
s i g n a l s  t o  t he  v e h i c l e ' s  IRG t o r q u e r s .  

The veh ic l e  c o n t r o l  system opera tes  t o  main ta in  a g iven  poin t ing  d i r e c t i o n ,  

' ref '  
which can  i n  gene ra l  d i f f e r  from requi red  LTEP l i n e  of s i g h t  0 by 

s  
an  amount g n .  The t r a n s f e r  l ens  compensates by in t roducing  l ine-of-s ight  
c o r r e c t i o n s  ~ T L  which d i f f e r  from en by t h e  r e s i d u a l  LTEP poin t ing  e r r o r ,  9,. 
I f  t h e  t r a n s f e r  lens  i s  held on a x i s ,  then  t h e  veh ic l e  dynamics a r e  determined 
by i t s  c o n t r o l l e r .  I f  t h e  t r a n s f e r  lens  i s  now allowed t o  move o f f  a x i s ,  i t s  
output  s i g n a l s  t o  t h e  v e h i c l e ' s  IRG w i l l  torque t h e  gyro t o  reduce gn t o  z e r o .  
Since t h e  c o r r e c t i o n a l  r a t e  i s  p ropor t iona l  t o  ~ T L ,  t h e  e f f e c t  i s  equiva len t  
t o  t h e  s i g n a l  path represented  by t h e  i n t e g r a t o r .  Moreover, t h e  t r a n s f e r  
lens  loop, shown enc i r c l ed  by t h e  dashed l i n e ,  can  be represented  a s  un i ty  
t r a n s f e r  func t ion  f o r  f requencies  w e l l  w i t h i n  i t s  bandwidths. I n  e f f e c t ,  then, 
t h e  t r a n s f e r  l ens  pa th  d r i v i n g  t h e  I R G  torquer  c o n s t i t u t e s  t h e  a d d i t i o n  of a n  
i n t e g r a t i o n  i n  p a r a l l e l  wi th  t h e  u n i t y  t ransmiss ion  path of t h e  veh ic l e  c o n t r o l  
loop.  Adverse s t a b i l i t y  e f f e c t s ,  under such circumstances,  can  be avoided 
by l i m i t i n g  the  g a i n  of t he  i n t e g r a t i o n  path t o  u n i t y  a t  a  frequency w e l l  
below the  veh ic l e  bandwidth. I f  t h i s  frequency i s  one t e n t h  t h e  veh ic l e  
0.03Hz bandwidth, t h e  i n t e g r a t i o n  which then  r e s u l t s  w i l l  reduce t h e  veh ic l e  
mispoint ing a t  t h e  g r a v i t y  g rad ien t  f requency.  This  was mentioned before,  
i n  connect ion w i t h  veh ic l e  d i s tu rbances ,  a s  t h e  assumed approach t o  reduce 
v e h i c l e  mispoint ing t o  approximately 5 arc-seconds. The requi red  i n t e g r a t i o n  
g a i n  ( ~ 0 . 0 2 )  i s  implemented by a d j u s t i n g  t h e  system s o  t h e  gyro i s  torqued a t  
t h e  r a t e  of 0.02 arc-second / sec  per  arc-second of t r a n s f e r  lens compensation. 
Gyro dc r a t e  e r r o r ,  i t  should be noted, w i l l  t hen  be counterac ted  by a de- 
centered  nominal opera t ing  p o s i t i o n  of t h e  t r a n s f e r  l ens  . 
Secondary mir ror  c o r r e c t i o n  of t he  LTEP l i n e  of s i g h t  i s  e s p e c i a l l y  a t t r a c t i v e  
s i n c e  i t  avoids t h e  use of e x t r a  o p t i c a l  elements and c o n t r o l  s i g n a l s  can  be 
developed i n  any of t h e  var ious  experiment payloads, 
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which reduces to :  

F igure  90. I n t e r a c t i o n  Between Vehicle  and Transfer  Lens 
Contro l  Systems 
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As i n  a l l  t r a n s f e r  lens  mechanizations,  it  i s  p a r t i c u l a r l y  important t o  avoid 
ill e f f e c t s  a r i s i n g  from unin ten t iona ' l  motions e i t h e r  accompanying c o r r e c t i v e  
a c t i o n s  o r  e x i s t i n g  independently.  I n  t h e  case of t h e  secondary mir ror  approach, 
t h e  secondary mir ror  con ugate  and prime focus po in t s  must remain r a d i a l l y  .4 
coinc ident  w i th in  64 X F / n  t o  avoid excess ive  coma, Var i a t ions  i n  t h e  a x i a l  

2 d i r e c t i o n  must be wi th in  8  h F /n  t o  maintain reasonably good focus. While 
qua r t z  rods a r e  proposed t o  maintain secondarp to-pr imary  a x i a l  spacing,  an 
a c t i v e  c o n t r o l  i s  a l s o  advised and could t ake  one of s e v e r a l  forms. The 
St ra toscope  I1 system, f o r  example, accomplished t h i s  ( focusing)  by e i t h e r  of 
two methods, each of which involved examination of a  s t a r  image a t  an equipment 
image plane. The f i r s t  method u t i l i z e s  or thogonal  s l i t  scans of t h e  image t o  
d e t e c t  focus condi t ions  by i n t e n s i t y  versus  pos i t i on  (time) v a r i a t i o n  and, i n  
add i t i on ,  t h e  presence of coma evidenced by unsymmetrical responses.  The second 
method involves t h e  i n j e c t i o n  of e l e c t r i c a l  d i t h e r  s i g n a l s  i n t o  t h e  t r a n s f e r  
lens  c o n t r o l  e l e c t r o n i c s .  The servo responds by d r iv ing  t h e  t r a n s f e r  lens  
t o  genera te  compensating e r r o r  s i g n a l s .  In-focus condi t ions  a r e  i nd ica t ed  by 
the  minimum excursions which a r e  requi red  when t h e  image i s  sha rpes t .  While 
both  of t hese  methods have involved the  use  of ope ra to r s  i n  con t ro l  of focus, 
automatic equ iva l en t s  a r e  poss ib le .  A t h i r d  method, e n t i r e l y  automatic 
and a l r eady  demonstrated with spaceworthy hardware, r e s o r t s  t o  l i g h t  pro jec ted  
from t h e  des i r ed  image plane out through t h e  o p t i c a l  system where i t  i s  r e -  
d i r e c t e d  by two penta prisms back t o  t h e  image plane. This  method i s  known as  t he  
Tdlescope Alignment System (TAS) . 
The TAS arrangement f e a t u r e s  a  roof prism a t  t h e  image plane w i t h  a  b lunt  nose 
through which two beams emerge, one toward each penta ,  These l a t t e r  elements,  
pos i t ioned  a t  d i a m e t r i c a l l y  oppos i te  l oca t ions  i n  the  main ape r tu re ,  r e c e i v e  
t h e  emergent beams and d i r e c t  them ac ros s  t o  each o the r  where t h e  l i g h t  i s  then  
r e d i r e c t e d  back i n t o  t h e  o p t i c a l  system. The two beams thus  t r a v e l  oppos i te  
paths  t o  r e t u r n  reimaged onto t h e  roof prism nose, provided good focus e x i s t s .  
Under poor focus cond i t i ons ,  t h e  r e t u r n i n g  l i g h t  s t r i k e s  t he  s i d e s ,  r a t h e r  t han  
t h e  nose, of t h e  prism and i s  r e f l e c t e d  therefrom t o  two photodetec tors  whose 
outputs  a r e  d i f f e r enced  t o  ob ta i ' na  focus e r r o r  s i g n a l .  This  i s  poss ib l e  s i n c e  
t h e  two beams a r e  temporal ly  coded, 180 degrees out  of phase, and s t r i k e  
oppos i te  s i d e s  of t h e  prism, each s h i f t i n g  from one s i d e  t o  t h e  o t h e r  a s  per-  
f e c t  focus i s  t r ave r sed .  The system f e a t u r e s  ac - exc i t ed  gal l ium a r sen ide  
e m i t t e r s  and s o l i d  s t a t e  photodetec tors  and o f f e r s  adequate s i g n a l d o - q o i s e  
r a t i o s  even wi th  bandwidths i n  t h e  order  of 10 Hz. The TAS arrangement is 
analyzed i n  d e t a i l  i n  Chapter 6 s t a r t i n g  on  Page 129. 

Act ive c o n t r o l  of t h e  secondary mir ror  l a t e r a l  p o s i t i o n  i s  a l s o  planned, 
mainly t o  coun te rac t  b i a s  e r r o r s  and thermally-induced misalignments.  The 
c o n t r o l  concept involves  t h e  establ ishment  of  a n  o p t i c a l  image, a t  a  po in t  
nomiml ly  co inc iden t  w i th  prime focus, t o  s e rve  a s  a  re ference  from which 
depa r tu re s  of t h e  secondary can be monitored. The image i s  generated by l i g h t  
from t h e  f i g u r e  sensor  a s  i nd ica t ed  by Figure  9 1 ,  t h a t  normally does not 
reach  t h e  primary but i s  i n t e r cep ted  by t h e  secondary mirror  r e a r  s u r f a c e .  
It should be noted t h a t  t h e  f i g u r e  sensor  m d t a r s  t h e  primary mir ror  a d  
provides t h e  requi red  a c t u a t o r  s i g n a l s  whi le  maintaining i t s  l a s e r  l i g h t  image 
a t  po in t  Q, t he  primary mir ror  c e n t e r  of c u r v a t u r e .  This l a t t e r  func t ion  i s  
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accomplished by f i g u r e  s e n s o r  r a d i a l  p o s i t i o n i n g  t o  n u l l  t h e  t i l t  s i g n a l s  and 
a x i a l  p o s i t i o n i n g  t o  n u l l  " r a d i u s  o f  c u r v a t u r e "  e r r o r  s i g n a l s .  These o p e r a t i o n s  
a r e  no t  s i g n i f i c a n t l y  s e n s i t i v e  t o  f i g u r e  s e n s o r  r o t a t i o n s  about  p o i n t  Q. 
However, such r o t a t i o n s  do cause  s i g n i f i c a n t  movements of t h e  image a t  p o i n t  
P and must be avoided.  Whether t h i s  i s  a f f e c t e d  by a d d i t i o n a l  q u a r t z  s p a c e r s  
between secondary and f i g u r e  s e n s o r  and /or  wi th  a c t i v e  c o n t r o l  loops ,  t h e  
a n g u l a r  accuracy  requ i rement  i s  i n  t h e  o r d e r  of 

64h - F~ 
A 8 <  n  - - 64x2x10'6 inch = 6.4 m i c r o r a d i a n s  

160 
160 inch  

when 

A 9 <  1.32 arc-seconds 

h = 0 . 5 m i c r o n s a n d n  = l o .  

Th is  p r e c i s i o n  i s  commensurate w i t h  t h e  requ i rement ,  a r i s i n g  from a c q u i s i t i o n  
c o n s i d e r a t i o n s ,  t h a t  t h e  f i n e  s t a r  t r a c k e r  a t t a c h e d  t o  t h e  f i g u r e  s e n s o r  s t r u c -  
t u r e  b e  suppor ted  w i t h  s m a l l  b o r e s i g h t  e r r o r  t o  t h e  LTEP l i n e  of s i g h t .  

The comparison of secondary m i r r o r  con juga te  and prime focus  p o s i t i o n s  can be 
accomplished b y a n y  conven ien t  means. For example, a  four -quadran t  image d i v i d e r  
(and a s s o c i a t e d  s e n s o r s ) ,  w i t h  apex h e l d  w i t h  r e s p e c t  t o  t h e  secondary a t  t h e  
l a t t e r ' s  con juga te ,  cou ld  s e n s e  r a d i a l  misalignment by c o n v e n t i o n a l  s t a r  
t r a c k e r  t echn iques .  An a l t e r n a t e  method would u s e  an  a u x i l i a r y  s p h e r i c a l  
m i r r o r  f a s t e n e d  t o  t h e  secondary m i r r o r .  Th i s  e lement  would i n t e r c e p t  t h e  l i g h t  
d i v e r g i n g  from P, and r e f l e c t  t h e  beam back t o  t h e  f i g u r e  s e n s o r .  S i n c e  i t s  
c e n t e r  of c u r v a t u r e  would c o i n c i d e  w i t h  t h e  secondary c o n j u g a t e  p o i n t ,  r e -  
imaging a t  P  would t a k e  p l a c e  provided t h e  secondary i s  i n  t h e  c o r r e c t  l a t e r a l  
p o s i t i o n .  When r a d i a l  misal ignment  e x i s t s ,  t h e  l i g h t  i s  reimaged e l sewhere  and 
t h e  f i g u r e  s e n s o r  can be  mechanized t o  s e n s e  t h e  e r r o r  i n  much t h e  same way 
t h a t  primary m i r r o r y  t i l t  i s  d e t e c t e d .  

E i t h e r  l a t e r a l  c o n t r o l  method a s  d e s c r i b e d  above o r  some a l t e r n a t e  w i l l  be  
r e q u i r e d  t o  m a i n t a i n  a l ignment  between t h e  major o p t i c a l  e lements ,  whether  o r  
n o t  t h e  secondary m i r r o r  i s  used a s  a  t r a n s f e r  l e n s .  The p r e c e d i ' w  d i s -  
c u s s i o n  was n e v e r t h e l e s s  p r e s e n t e d  t o  c l a r i f y  t h e  i n t e r r e l a t i o n s h i p  Detween 
t h e  a l ignment  and t r a n s f e r  l e n s  loops a s s o c i a t e d  w i t h  t h e  secondary.  I n  con- 
n e c t i o n  w i t h  t h i s ,  s e v e r a l  p o i n t s  a r e  now worth n o t i n g :  

E i t h e r  of t h e  r a d i a l  c o n t r o l  methods d e s c r i b e d  above a r e  
i n s e n s i t i v e  t o  s m a l l  r o t a t i o n s  of t h e  secondary m i r r o r  
about  i t s  c o n j u g a t e  ( v i z ,  i n  t h e  c a s e  of a n  a u x i l i a r y  s p h e r i -  
c a l  m i r r o r ,  such r o t a t i o n  has  no e f f e c t  on where i t s  
r e f l e c t e d  l i g h t  i s  re imaged) ,  
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e I f  t h e  r a d i a l  and a x i a l  c o n t r o l  loop bandwidths a r e  
s u b s t a n t i a l l y  l a r g e r  t h a n  t h a t  a s s o c i a t e d  w i t h  t h e  
r o t a t i o n  c o n t r o l  loop, t h e n  motions o f  t h e  secondary  
c o n j u g a t e  p o i n t  accompanying r o t a t i o n  w i l l  e f f e c t i v e l y  
be  compensated o u t  by t h e  a c t i o n  of t h e  a l ignment  loops .  

s Since  t h e  p r e s e n t l y  e s t i m a t e d  t r a n s f e r  l e n s  bandwidths a r e  
l e s s  t h a n  0 . 1  Hz, t h i s  bandwidth r e l a t i o n s h i p  can b e .  
a t t a i n e d  f o r  t h e  f o c u s  c o n t r o l  loop  (wi th  t h e  a u t o m a t i c  
scheme o u t l i n e d  above) and i s  a  good p o s s i b i l i t y  f o r  t h e  
r a d i a l  c o n t r o l  loops .  

C o n t r o l  of t h e  secondary  m i r r o r  c a n  be accomplished a s  shown i n  F i g u r e  92. 
The secondary m i r r o r  cou ld  be gimbal-supported i n  a  c o u n t e r  weighted a r r a n g e -  
ment w i t h  f l e x u r e  b e a r i n g s  used t o  p rov ide  t r a n s l a t i o n a l  c o n s t r a i n t  but  p e r -  
m i t t i n g  r o t a t i o n .  Torques f o r  a n g u l a r  p o s i t i o n i n g  cou ld  be s u p p l i e d  u s i n g  
e l e c t r o m a g n e t i c  t o r q u e r s  mounted on t h e  gimbals ,  o r  loudspeaker  d r i v e  e l e m e n t s .  
The d e s i g n  would f e a t u r e  t h e  use  of c a p a c i t i v e  p o s i t i o n  s e n s o r s  which o f f e r  
e s s e n t i a l l y  i n f i n i t e  r e s o l u t i o n  and e x c e l l e n t  r e l i z i b i l i t y  i n  a  s m a l l  s i z e .  
These e lements  would be  used i n  a  feedback arrangement t o  form a  minor 
loop  which p e r m i t s  h o l d i n g  t h e  secondary  m i r r o r  a t  z e r o  p o s i t  i o n  d u r i n g  
a c q u i s i t i o n  u n t i l  c o n t r o l  s i g n a l s  a r e  a v a i l a b l e  from t h e  LTEP p o i n t i n g  
s e n s o r s .  The minor loop  i s  a l s o  a t t r a c t i v e ,  a s  s h a l l  be shown, i n  t h a t  i t  c a n  
s u p p r e s s  t h e  e f f e c t  of f l e x u r e - b e a r i n g  s p r i n g  c o n s t a n t s  w i t h o u t  r e s o r t i n g  
t o  h i g h  major loop bandwidths . 
Let us now c o n s i d e r  t h i s  approach i n  d e t a i l ,  s e l e c t i n g  where p o s s i b l e  t y p i c a l  
c h a r a c t e r i s t i c s  cor responding  t o  a v a i l a b l e  hardware .  The f l e x t u r e  b e a r i n g  
axes  shou ld  be c o i n c i d e n t  w i t h  t h e  secondary  m i r r o r  c o n j u g a t e  i n  o r d e r  t o  
avoid  i n t r o d u c i n g  unwanted t r a n s l a t i o n  w i t h  t h e  d e s i r e d  r o t a t i o n .  The a s s o c i a t e d  
t o l e r a n c e s ,  i n  t h i s  r e g a r d ,  a r e  n o t  o v e r l y  s t r i n g e n t  amounting t o  about  
k0.68 i n c h e s  a x i a l l y  and 0 .044 i n c h e s  r a d i a l l y .  These v a l u e s  were computed 
assuming t h a t  t h e  t 5  arc-minute  r o t a t i o n s  ( r e q u i r e d  f o r  '1 arc-minute  LOS 
compensation) shou ld  n o t  c a u s e  a x i a l  and r a d i a l  s h i f t s  exceeding h/10 degrada-  
t i o n s ,  a t  0 . 5  micron, from defocus  and coma: i . e . ,  . ,. 

A 5 
h 3 64 ; F 

- - 6 4 x 2 x 1 0 - ~ ~ 8  - 1 . 0 2 ~ 1 0 - ~ i n c h  = 0. 68 t3Ax 64 ; F o r  Ax = e 
5 ( 5 7 . 3 ~ 6 0 )  

-1 - 1.46 m i l l i r a d i a n  
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A c t u a l  t r a n s l a t i o n s  shou ld  be much l e s s  t h a n  t h i s ,  o f  c o u r s e ,  t o  a l l o w  f o r  
o t h e r  s o u r c e s  o f  e r r o r .  The expec ted  motions d u r i n g  t r a c k ,  i t  should be n o t e d ,  
a r e  o n l y i n  t h e  o r d e r  o f  25 arc-seconds  peak and p r i m a r i l y  o c c u r  a t  g r a v i t y  
g r a d i e n t  f requency .  Hence t o l e r a n c e s  g i v e n  above a r e  i n c r e a s e d  a c c o r d i n g l y  
(Xl2) and t h e  a l ignment  loops  shou ld  be ve ry  e f f e c t i v e  i n  remov'ing e r r o r s .  
A p p r o p r i a t e  f l e x u r e  p i v o t s  f o r  use  i n  t h i s  a p p l i c a t i o n  a r e  Bendix c a n t i l e v e r e d  
s t a n d a r d  p i v o t s  t y p e  5032-600 which a r e  1 inch  i n  d i a m e t e r ,  and c a n  p r o v i d e  
a t  l e a s t  800-pound load-bear ing  c a p a c i t y  and a  0.15 foot-pound/degree  s p r i n g  
c o n s t a n t  p e r  a x i s .  The c e n t e r  s h i f t  o f  t h e s e  u n i t s  w i t h  a n g u l a r  d e f l e c t i o n  
is  l e s s  t h a n  1 . 0  microinch a t  9 arc-minutes  a s  c a n  be s e e n  from F i g u r e  93,  
and hence i s  expec ted  t o  be s i g n i f i c a n t l y  l e s s  t h a n  even t h e  '64 microinch 
a x i a l  mot ion ' c o n s t r a i n t .  The low s p r i n g  c o n s t a n t  o f  t h e  b e a r i n g  p l a c e s  
minimal demands on t h e  a c t u a t o r  and i t s  i n p u t  power. Even h i g h e r  e f f i c i e n c i e s  

- would r e s u l t  u s i n g  o v e r c e n t e r  s p r i n g  compensation of t h e  f l e x u r e s  t o  reduce  
t h e  n e t  s p r i n g  r e s t r a i n t  of t h e  g i m b a l s .  Reduct ion f a c t o r s  exceeding t e n  
t imes  a r e  r e a d i l y  a c h i e v a b l e  a s  demonstra ted by e x i s t i n g  ATM gimbal  f l e x u r e s  
which e x h i b i t  a  n e t  1 / 2 5 t h  of t h e i r  uncompensated r a t e .  

The h o l d i n g  t o r q u e  r e q u i r e d  t o  m a i n t a i n  a 7.5-arc-minute d e f l e c t i o n ,  f o r  
example, w i l l  be  o n l y  0.0018 pound-foot w i t h  a  t e n f o l d  b e a r i n g  compensation.  
The f o r e g o i n g  a n g u l a r  d e f l e c t i o n ,  which a l l o w s  2.5 arc-minutes  f o r  mechani- 
c a l  z e r o i n g  e r r o r ,  co r responds  t o  an  a r c  l e n g t h  of t0 .0262 i n c h  per  f o o t  of 
r a d i u s .  Hence,&£ magnet ic  pushers  p o s i t i o n e d  f o r  a  two-foot l e v e l  arm a r e  
used,  t h e  h o l d i n g  f o r c e  r e q u i r e d  w i l l  be  l e s s  t h a n  0 .001 pound and t h e  
mot iona l  range w i l l  b e  t0 .052 inch.  While t h e  c u r r e n t  n e c e s s a r y  t o  deve lop  
t h i s  f o r c e  i s  a  f u n c t i o n  of a c t u a l  d e s i g n  paramete rs ,  some i d e a  of r e q u i r e d  
motor s i z e  and c u r r e n t  l e v e l  i s  o b t a i n e d  by examinat ion of t h e  hardware shown 
i n  F i g u r e s  94 and 95. P i c t u r e d  a r e  two views of a  r e f r a c t i v e  t r a n s f e r  
l e n s  assembly used f o r  l i n e - o f - s i g h t  s t a b i l i z a t i o n  o f  a  l a b o r a t o r y  model 
deep space  o p t i c a l  communication t e l e s c o p e .  The motor s c a l e  f a c t o r  o f  3 
pounds per  ampere w a s  ach ieved ,  wi thou t  s e r i o u s  a t t e m p t s  a t  o p t i m i z a t i o n ,  
o v e r  a  working range  o f  t0 .07  inch  f o r  each  c r o s s  l i n e - o f - s i g h t  d i r e c t i o n .  
F i g u r e  96 p r e s e n t s  a s i m p l i f i e d  s k e t c h  of t h e  motor which i l l u s t r a t e s  t h e  con- 
s t r u c t i o n  and p r i n c i p l e  of o p e r a t i o n .  

Only 113 m i l l i a m p e r e  through t h e  50-ohm a c t u a t o r  c o i l  would be  r e a u i r e d  w i t h  
t h i s  d e s i g n  t o  produce t h e  aforement ioned 0.001-pound. h o l d i n g  force , .  G r e a t e r  
e f f i c i e n c y  and compactness a r e  a t t a i n a b l e  through u s e  of Aln ico  V I I I  (wi th  
a  h i g h e r  energy p roduc t )  and a  change of s i z e  and c o n f i g u r a t i o n  t o  t a k e  
advantage o f  t h e  s m a l l e r  mot iona l  range w h i l e  s i g n i f i c a n t l y  reduc ing  s t r a y  
f i e l d  l e v e l s .  

Also v i s i b l e  i n  F i g u r e  95 and i l l u s t r a t e d  i n  F i g u r e  97 i s  a  form of c a p a c i t a n c e  
p o s i t i o n  s e n s o r  which would be  s u i t a b l e  f o r  secondary m i r r o r  p o s i t i o n  s e n s i n g .  
A s  shown, t h e  d e s i g n  f e a t u r e s  a  b r i d g e  arrangement and p l a t e  s i z i n g  which makes 
t h e  u n i t  s e n s i t i v e  t o  motions on ly  i n  t h e  d e s i r e d  d i r e c t i o n  and, i n  a d d i t i o n ,  
b a s i c a l l y  i n s e n s i t i v e  t o  e x t e r n a l  e l e c t r i c  f i e l d s .  The s m a l l  i n h e r e n t  s i z e  



PERKIWELMER Report N O ,  9800 

C a t a l o g  
Number D Maximum Loads - Rat e*Jc Loads - 
5000 Dia. - D e f l e c t i o n  Pounds l b - i n .  Pounds 
Series S i z e  Degrees Vc* V t *  p e r  r a d i a n  PC* Pt*  

* symbols d e s i g n a t e  t h e  d i r e c t i o n  of  a p p l i e d  l o a d  

* R a t e s  a r e  nominal ,  computed w i t h  p i v o t s  under  no load 

C e n t e r  S h i f t  v s  Angular 
D e f l e c t i o n  F o r  C a n t i l e v e r  
and Double End Suppor ted 
F l e x u r a l  P i v o t s  Under N o  
Load Condi t ions  

P i v o t s  Made t o  S tandard  
Dimens i o n s  

8, A n s l a r  Befbectfon (Degrees) 

F i g u r e  93 . F l e x  P i v o t  Center  S h i f t  v s  Angular D e f l e c t i o n  

1-212 



F i g u r e  94 , T r a n s f e r  Lens Mechanical  Subassembly, F r o n t  View 
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Force Output Axis 
and Di rec t ion  of 
Resul t ing  Motor 
C o i l  Motion 

Di rec t ion  of Allowed 
Axis of 7+x Cross Axis Motion 

Motional Cons t r a in t  
Actuator  

F igure  96 * Magnetic Pusher Actuator  Concept 
a c  

S e n s i t i v e  E x c i t a t i o n  f o r  
Axis Capaci tance Bridp 

Fixed 
Capaci tor  
P l a t e s  (4) 

I n s e n s i t i v e  * 
Axes 

Movable 
P l a t e  

F igure  97 .  Capacitance-Operated P o s i t i o n  Sensor Arrangement 
I 
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of t h e  u n i t  (most volume b e i n g  consumed by s u p p o r t  s t r u c t u r e )  p l u s  i t s  
i n s e n s i t i v i t y  t o  b o t h  a c  and dc magnet ic  f i e l d s  makes t h e  s e n s o r  i d e a l l y  s u i t e d  
f o r  u s e  n e a r  t h e  motors ,  i n t o  which i t  might even be  des igned .  High o u t p u t  
s c a l e  f a c t o r  (30 Vdc/cm) and good l i n e a r i t y  ( r e f e r  t o  F i g u r e  9 8 )  were 
ach ieved  w i t h  t h i s  p a r t i c u l a r  des ign .  

The b a s i c  secondary c o n t r o l  loop implementat ion f o l l o w i n g  t h e  aforement ioned 
concept  and f e a t u r i n g  t h e s e  components i s  shown i n  F i g u r e  9 8 .  The m i r r o r  
loop  is  used f o r  z e r o  p o s i t i o n i n g ,  p r i o r  t o  t r a c k ,  by f e e d i n g  back t h e  p o s i t i o n  
s e n s o r  o u t p u t  s i g n a l ,  as w e l l  a s  i t s  d e r i v a t i v e  f o r  damping. During t r a c k  
mode, on ly  d e r i v a t i v e  feedback i s  used and t h e  minor loop t r a n s f e r  f u n c t i o n  
becomes a n  i n t e g r a t i o n .  Th is  i s  b a s i c a l l y  t h e  same t e c h n i q u e  a s  used b o t h  on 
S t r a t o s c o p e  11, which u t i l i z e s  s e p a r a t e  r a t e  and p o s i t i o n  s e n s o r s ,  and f o r  
c o n t r o l  of t h e  t r a n s f e r  l e n s  equipment p i c t u r e d  p r e v i o u s l y .  The l a t t e r  
ar rangement  r e s o r t s  t o  a l e a d  network and a n  o p e r a t i o n a l  a m p l i f i e r ,  t o  deve lop  
a  f i l t e r e d  (AtS/l+tS) p o s i t i o n  d e r i v a t i v e  w i t h  h i g h  s c a l e  f a c t o r  bu t  uncor rup ted  
by o p e r a t i o n a l  a m p l i f i e r  o f f s e t .  Th i s  i s  accomplished w i t h  a  c i r c u i t ,  a s  shown 
below ( F i g u r e  9 9 ) j w h i c h  u t i l i z e s  a  l ag- lead  feedback network t o  produce 
a  l e a d - l a g  t r a n s f e r  f u n c t i o n .  Fol lowing t h i s  i s  a h i g h  pass  R-C s e c t i o n  t o  
produce a n  o v e r a l l  r e s p o n s e  i n c r e a s i n g  u n i f o r m i l y  a t  +6 dB/oct t o  a ga in  of 10 
and,  i n  a d d i t i o n r t o  b l o c k  any a m p l i f i e r  o u t p u t  b i a s  v o l t a g e .  A s i m i l a r  
approach would be  recommended f o r  o b t a i n i n g  LTEP secondary m i r r o r  r o t a t i o n a l  
r a t e s .  The remainder  of equipment ( i n  F i g u r e  98) i s  s t r a i g h t f o r w a r d  i n  d e s i g n  
and i n c l u d e s  a four -quadran t  p h o t o m u l t i p l i e r  and a s s o c i a t e d  s w i t c h i n g  and de- 
coding e l e c t r o n i c s  f o r  t h e  r e c o v e r y  a f  t r a c k i n g  e r r o r  s i g n a l s .  A g a i n  c o n t r o l  
t o  a l l o w  compensation f o r  g u i d e  star b r i g h t n e s s  d i f f e r e n c e s ,  and i n t e g r a t i o n  
netwotks ,  f o r  low f requency  g a i n  enhancement w h i l e  t r a c k i n g ,  a r e  a l s o  i n d i c a t e d .  
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A s  d e s c r i b e d  i n  an  e a r l i e r  s e c t i o n  of t h i s  r e p o r t ,  t h e  gimbal sys tem i s  
t o  b e  used  i n  t echno logy  exper iments  a s s o c i a t e d  w i t h  a    owl and c i r c l e  s p e c t r o -  
m e t e r  (Experiment E). As shown i n  t h e  a n a l y s i s ,  t h e  p o i n t i n g  accuracy  r e q u i r e d  
d u r i n g  Rowland c i r c l e  s :pect rograph o p e r a t i o n s  i s  i n  t h e  o r d e r  o f  0.0285 a r c -  
second peak. One of t h e  ground r u l e s  f o r  t h e  LTEP s t u d y  i s  t h a t  t h e  p r e s e n t  
ATM hardware  be  assumed wherever p o s s i b l e  a s  t h e  b a s e l i n e  d e s i g n .  I n  p r e v i o u s  
s e c t i o n s ,  t h e  s e r v o  sys tem requ i rements  f o r  p o i n t i n g  w i t h  t h e  gimbal sys tem 
were  s e t  f o r t h .  I n  t h e  p r e s e n t  s e c t i o n  we s h a l l  examine i n  d e t a i l  t h e  ATM 
Experiment P o i n t i n g  C o n t r o l  (EPc) and R o l l  P o s i t i o n i n g  Mechanism (RPM) which 
Perkin-Elmer  des igned  and manufactured f o r  M a r s h a l l  Space F l i g h t  Cen te r  under  
C o n t r a c t  NAS8-20772. The ATM s p e c i f i c a t i o n  c a l l s  f o r  a n  r m s  p o i n t i n g  
e r r o r  of  2 .5  a rc - seconds .  The LTEP requ i rements  a r e  f o r  t h e  accuracy  t o  b e  
improved by approx imate ly  2  o r d e r s  of  magnitude.  We s h a l l  examine, t h e r e f o r e ,  
t h e  hardware  and d e s i g n  a s  it p r e s e n t l y  e x i s t s  and a t t e m p t  t o  s e t  f o r t h  changes  
which may be  r e q u i r e d ,  o r  a d d i t i o n a l  a r e a s  which s h o u l d  b e  s t u d i e d  i n  o r d e r  
t o  accompl ish  t h e  p o i n t i n g  e r r o r  budget  r e q u i r e d  by t h e  LTEP Program. 

B e f o r e  p roceed ing  i n t o  t h e  a n a l y s i s  of  t h e  hardware from t h e  s t a n d p o i n t  
o f  t h e  LTEP p o i n t i n g  sys tem,  a  b r i e f  d e s c r i p t i o n  of t h e  ATM EPC and RPM 
g imba l ing  sys tem a s  d e l i v e r e d  t o  MSFC w i l l  b e  p r e s e n t e d  h e r e .  

The g e n e r a l  arrangement o f  t h e  sys tem ( r e f e r  t o  F i g u r e  100) i n c l u d e s  
launch l o c k s ,  a  r o l l  d r i v e  subsystem, and t h e  p i t c h  and yaw a c t u a t o r  packages.  
The purpose  of t h e  l aunch  l o c k s  i s  t o  unload t h e  gimbal r i n g s  from t h e  ATM 
exper iment  loads  ( ~ 5 0 , 0 0 0  l b )  exper ienced  d u r i n g  boos t  phase .  (Some analogous  
l aunch  c a g i n g  system w i l l  b e  r e q u i r e d  f o r  t h e  LTEP b u t  i s  n o t  germane t o  t h i s  
d i s c u s s i o n . )  This  r e d u c e s  t h e  s t r e n g t h  requ i rements  not  on ly  f o r  t h e  gim- 
b a l i n g  i t s e l f  b u t  a l s o  f o r  t h e  p i t c h  and yaw a c t u a t o r s .  

The yaw a c t u a t o r  packages j o i n  t h e  ATM exper iment  c a n i s t e r  ( o r  s p a r )  t o  
t h e  pitch-yaw gimbal r i n g  w h i l e  t h e  p i t c h  a c t u a t o r s  j o i n  t h e  gimbal r i n g  
t o  t h e  r o l l  r i n g .  These a c t u a t o r s  a r e  i d e n t i c a l ,  and two a r e  s u p p l i e d  i n  
each  a x i s  t o  p rov ide  s t andby  redundancy i n  t h e  even t  of f a i l u r e  o f  one 
a c t u a t o r .  

F i g u r e  1 0 1  shows t h e  assembled a c t u a t o r  artd i t s  compensated f l e x u r e  b e a r i n g  b l a d e  
a r rangement .  F i g u r e  102 i s  a  s i d e  v iew showing t h e  r e l a t i v e  l o c a t i o n  o f  some o f  
t h e  major  components, i n c l u d i n g  t h e  7 - l b - f t  l i m i t e d  r o t a t i o n  ( b r u s h l e s s )  dc  
t o r q u e  motor,  The c o n c e n t r i c  m u l t i s p e e d  (16x and l x )  r e s o l v e r  can  be s e e n  i n  
F i g u r e  103 which shows a l l  t h e  p a r t s  of  t h e  a c t u a t o r  i n  t h e i r  f u n c t i o n a l  r e l a t i o n -  
s h i p .  

The f l e x u r e  b e a r i n g s  a r e  i m p o r t a n t  and w i l l  b e  d i s c u s s e d  f u r t h e r  s i n c e  
they  s e r v e  t h e  purpose  of p r o v i d i n g  a  s u p p o r t  sys tem w i t h  mechan ica l  r o t a t i o n  
s i m i l a r  t o  t h e  b a l l  b e a r i n g s  b u t  w i t h  s e v e r a l  un ique  advan tages .  A f l e x u r e  b e a r -  
i n g  f u n c t i o n s  much l i k e  a  t o r s i o n a l  s p r i n g  bu t  can be des igned  t o  have a  low 
t o r s i o n a l  s p r i n g  r a t e .  There  i s  no f r i c t i o n .  These b e a r i n g s  have no r a d i a l  
and a x i a l  p lay  and have no moving p a r t s  i n  t h e  s e n s e  of r o t a t i n g  b a l l s  i n  a  
b a l l  b e a r i n g  r a c e .  They a r e  eminent ly  s u i t e d  f o r  s p a c e  a p p l i c a t i o n  s i n c e  
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no l u b r i c a n t s  a r e  r equ i r ed  and t h e r e  i s  no p o s s i b i l i t y  of s e i z u r e  due t o  
cold welding. 

The ATM f ive-b lade  f l e x u r e  bearing,  a s  shown i n  F igure  104, i s  s y m e t r i c a l  
about a  plane perpendicular  t o  t h e  a x i s  of r o t a t i o n .  The c e n t r a l  b lade  
of each "ha l f"  of t h e  bea r ing  forms a  s i n g l e  b lade  wi th  twice t h e  width of t h e  
o the r  b lades .  The b l ades  a r e  mounted symmetrically (120 degrees a p a r t )  
between two concen t r i c  c y l i n d r i c a l  housings. One housing i s  allowed t o  
r o t a t e  wi th  r e spec t  t o  t h e  o the r  by bending t h e  b lades .  The main cha rac t e r -  
i s t i c  of t h e  f l e x u r e  bea r ing  i s  t h e r e f o r e  one of t o r s i o n a l  s p r i n g  r a t e .  Th i s  
s p r i n g  r a t e  can, i n  t u rn ,  be reduced o r  "compensated" by togg l ing  techniques 
which provide c a n c e l l i n g  torques.  One such togg l ing  method, t h e  one used on 
ATM, r e q u i r e s  p l ac ing  t h e  b lades  i n  equal  t ens ion  a s  i nd ica t ed  by t h e  s p r i n g  
and yec to r s  i n  F i g u r e 1 M . T h e  s i t u a t i o n  i s  i d e n t i c a l  t o  a  can t i l eve red  beam 
( t h e  b lade)  wi th  a  t r a n s v e r s e  end load. A s  t h e  f r e e  end of t h e  beam (o r  
b lade)  f l e x e s ,  t h e  t e n s i o n  vec to r  (end load) moves o f f  t h e  beam cen te r  of  
r o t a t i o n  and tends t o  p u l l  o r  toggle  t he  beam i n  t h e  d i r e c t i o n  i t  moved. 
The s t a t i c  t ens ion  i n  t h e  beam t h e r e f o r e  opposes t h e  normal r e s t o r i n g  
sp r ing  f o r c e  of t h e  beam.* The n e t  r e s u l t ,  when app l i ed  t o  f i v e  symmetr ical ly  
loca ted  b lades ,  i s  a bear ing  wi th  very low t o r s i o n a l  s p r i n g  r a t e s  and n e g l i g i b l e  
f r i c t i o n .  

This  f l e x u r e  bear ing  i s  much l a r g e r  than most. It i s  requi red  t o  ope ra t e  
wi th  very small  f r i c t i o n  i n  a  weight less  environment bu t  i t  i s  a l s o  r e -  
qu i red  t c  su rv ive  loads of 4040 pounds i n  g rav i ty  (per  bearing,  o r  8080 
pounds per  a x i s ) .  These two condi t ions  a r e  b a s i c a l l y  incompatible and 
lead  t o  problems not  found i n  smal l  f l e x u r e  bear ing  des igns .  The b lades ,  f o r  
i n s t ance ,  a r e  much l a r g e r  i n  s i z e  than need be f o r  space a p p l i c a t i o n s  where 
e x t e r n a l  loads a r e  very  small .  Large i n t e r n a l  b lade  bending moments must 
t h e r e f o r e  be contended wi th  i n  t h e  design and compensated t o  achieve low t o r -  
s i o n a l  s p r i n g  r a t e s .  

The f l e x u r e  bea r ing  a l s o  incorpora tes  an alignment f e a t u r e ,  t h e  purpose of  which 
i s  t o  accommodate angular  misalignment between t h e  p a i r  of f l e x u r e  bear ings  
on e i t h e r  t h e  ATM p i t c h  o r  yaw a x i s .  Angular misalignment can occur between 
two bear ings  due t o  manufacturing to l e rances  o r  thermal  expansions. 

The performance s p e c i f i c a t i o n s  f o r  t h e  a c t u a t o r s ,  u t i l i z i n g  t h e  f l exu re  
bear ings  a s  descr ibed  above, a r e  given ' i n  Table * 2 5 =  

Now we sha 11 cons ider  som; f a c t o r s  i n  t h e  mechanical des ign  of t h e  EPC 
and RPM which may degrade point ing.  These f a c t o r s  a r e  a c t u a t o r  s t r i c t i o n ,  
cab le  bending torques ,  dynamics of t h e  r ing-torque motor combination, and t h e  
r e s i d u a l  uncompensated s p r i n g  torque  of t h e  f l e x u r e  bear ings .  

* 
Addi t iona l  d i scuss ion  of t h e  theory w i l l  be  found i n  Perkin-Elmer Engineering 
Report No. 9532. 
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TABLE 25. ACTUATOR PACKAGE FINAL DESIGN P mRS 

B. -52.0  d e g r e e s  

-0.002 l b - f t  (Mechanical  
Assembly) 

0.080 l b - f t  ( E l e c t r i c a l  
and Mechanical  Assembly) 

D.  -4040 l b  ( V e r t i c a l )  

E. - 340 l b  ( V e r t i c a l )  

F. - N e g l i b i b l e  (<<40 l b - i n . / r a d )  

(Over t h e  a n g u l a r  misa l ignment  range  
o f  k0.5 p e r c e n t )  

H. Power 

I. ( I n c l u d i n g  c e n t e r  s h i f t  
e f f e c t  of r o t a t i o n  and b e a r i n g  m i s a l i g ~ n n e n t )  

1-1 R o t a t i o n a l  Axis Cen te r  S h i f t  

k7 .0  l b - f t  (k12.5%) 

- 140 w a t t s  

-30 a rc -minu tes  ( s i n g l e  space)  
1 . 0  a rc -minu tes  ( s i x t e e n  speed)  

- Less  t h a n  0 .001 inch  

-0.002 i n c h  a t  Reso lver  gap 

-+1.0 d e g r e e  (Reso lver  
c e n t e r i n g )  

+50% r e s i d u a l  s p r i n g  rate 
ad jus tment  

-20 x  1 0 - ~ i n . / l b  ( V e r t i c l e )  
-2.2 x lom4in .  / l b  (Axial )  
12 x  10 '~  i n . / l b  ( L a t e r a l )  
0.50 x  lo6  l b - i n .  / r ad  ( T o r s i o n a l )  

-70 d e g r e e s  F t o  +I50 d e g r e e s  F 
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ACTUATOR STICTION EFFECT,§ 

The p r e s e n t  ATPi P C  a c t u a t o r s  c o n t a i n  7  f t - l b  dc  t o r q u e  motors .  These  motors  

have a  c h a r a c t e r i s t i c  (which i s  termed f r i c t i o n  breakaway by t h e  m a n u f a c t u r e r )  
t h a t  i s  c l o s e l y  a k i n  t o  " s t i c t i o n "  which would be  d e t r i m e n t a l  t o  f i n e  p o i n t i n g  
c o n t r o l .  I n  Perkin-Elmer l a b o r a t o r y  measurements, t h i s  e f f e c t  was measured t o  
b e  0.03 f t - l b  p e r  a c t u a t o r .  S i n c e  t h e r e  a r e  two a c t u a t o r s  i n  each a x i s  ( t o  
p r o v i d e  redundancy),  a  t o t a l  of  0.06 f t - l b  of  s t i c t i o n  would b e  p r e s e n t  i n  
each  system, a  v a l u e  which i s  doub le  t h e  aerodynamic t o r q u e  c o n s i d e r e d  p r e v i o u s l y .  
The e x a c t  n a t u r e  o f  t h i s  s t i c t i o n  o r  f r i c t i o n  e f f e c t  i s  no t  c l e a r l y  e s t a b l i s h e d  
b u t  i s  b e l i e v e d  t o  b e  caused  by r e s i d u a l  magnetism e f f e c t s  i n  t h e  r o t o r .  The 
m a n u f a c t u r e r  e s t i m a t e s  t h a t  it can b e  reduced 50 p e r c e n t  by changing t o  a  low- 
h y s t e r e s i s  f e r r o u s  m a t e r i a l  and,  i n  a d d i t i o n ,  i n d i c a t e s  t h a t  t h e  a b s o l u t e  magni- 
t u d e  c o u l d  b e  reduced i f  a  s m a l l e r  t o r q u e r  cou ld  b e  employed. It a p p e a r s  a s  
though t h e  maximum t o r q u e  d i s t u r b a n c e s  on t h e  LTEP w i l l  n o t  exceed 1 f t - l b .  
Hence, t h e  p r e s e n t  motors  can probably  be  r e p l a c e d  w i t h  s m a l l e r  motors  t o  r educe  
t h e  s t i c t i o n  e f f e c t  by a  f a c t o r  of  approx imate ly  7 t o  14, from t h e  p r e s e n t  
0 . 0 6 - f t - l b  v a l u e  t o  8.6- t o  4.3- m i l l i f o o t  pounds. We a r e  q u i t e  c o n f i d e n t  
t h a t  t h i s  r e d u c t i o n  w i l l  i n  f a c t  be  mean ingfu l  i n  t e rms  of t o t a l  e f f e c t  s i n c e  
t h e  f l e x u r e  b e a r i n g  breakaway i s  n e g l i g i b l y  s m a l l ;  i . e . ,  t h e  breakaway f r i c t i o n  
f o r c e s  of t h e  b e a r i n g  w i t h  no motor a r e  lower t h a n  0.002 f t - l b  a s  de te rmined  
by t e s t  d a t a .  

A f a c t o r  which r e q u i r e d  a  l a r g e  t o r q u e  motor f o r  ATM i s  t h a t  t h e  motor must 
bend t h e  e l e c t r i c a l  c a b l e s  a s  t h e y  c r o s s  t h e  g imba l ing  system b e a r i n g s .  
I n  t h e  p r e s e n t  ATM t h e  t o r q u e  r e q u i r e d  t o  overcome t h e  s t e a d y  s t a t e  bend ing  
of t h e  c a b l e s  a s  t h e y  loop  a c r o s s  t h e  EPC a c t u a t o r s  i s  approx imate ly  1 .5  f t -  
l b  ( F i g u r e 1 0 5 i l l u s t r a t e s  t h e  s i z e  of  t h e  c a b l e  b u n d l e ) .  To t h e  e x t e n t  
t h a t  t h i s  t o r q u e  can  b e  reduced,  t h e  s i z e  of  t h e  t o r q u e  motor can b e  reduced  
and t h e  magnet ic  s t i c t i o n  e f f e c t  mentioned above can b e  minimized. 

There  a r e  a  number o f  ways of  d o i n g  t h i s .  One s t r a i g h t f o r w a r d  approach  
would b e  t o  b u i l d  a n  a u x i l i a r y  s e r v o  system which would measure and m e c h a n i c a l l y  
p rov ide  t h e  cable-bending t o r q u e s  s o  t h a t  none were e x p e r i e n c e d  by t h e  g i m b a l i n g  
system. Such a  s e r v o  sys tem would c o n s i s t  o f  a  s e n s o r  which measures t h e  e x t e n -  
s i o n  of  a  molded c a b l e  loop  and a n  a c t u a t o r  b o t h  t o  m a i n t a i n  t h i s  shape  and 
p r o v i d e  a n  e q u a l  and o p p o s i t e  f o r c e ,  t h e r e b y  removing t h e  f o r c e  r e q u i r e d  t o  
bend t h e  c a b l e  from t h e  p o i n t i n g  a c t u a t o r  t o r q u e  motor load.  T h i s  scheme 
i s  shown i n  F i g u r e  106. 

A second approach would b e  t o  u s e  a  t i m e - s h a r i n g  sys tem,  such a s  t i m e  o r  f r e -  
quency m u l t i p l e x i n g ,  t o  r educe  t h e  number of  conduc to r s  r e q u i r e d .  I n  t h e  s o l a r  
ATM, a  t o t a l  of approx imate ly  1200 conduc to r s  a r e  r e q u i r e d .  I f  t h i s  number 
were reduced  t o  300-400 i n  LTEP by a  m u l t i p l e x i n g  scheme, t h e n  perhaps  
a commercial i tem such  a s  t h e  Aerof lex  "Data   ridge" cou ld  be used t o  r educe  
t h e  c a b l e  t o r q u e s .  A v e r s i o n  of t h i s  d e v i c e  u t i l i z e s  f l a t  c a b l e ,  r o l l i n g  
between two c o n c e n t r t c  c y l i n d e r s ,  a s  shown i n  F i g u r e  107 . 
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Figure 105. EPC and RPM Installed in Zero-G Simulator 
for Pointing System Testing 
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Cable Arch 
( i n  Relaxed S t a t e )  Lead Screw 

Ca l ) l e  P o s i i i o n i n g  

I 
Gimbal Axis  

F i g u r e  106. '  Techniques  f o r  Low-torque Axis Cross ing  
For  Cables 

F igure  107.  P r i n c i p l e  of  atab abridge" 
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~ a n u f a c t u r e r ' s  d a t a  shows extremely low r o l l i n g  t o r q u e s  ( 1  in -oz) ,  and 
t h e  d e s i g n  cou ld  r e a d i l y  be adap ted  t o  t h e  e x i s t i n g  ATM des ign ,  by f i t t i n g  t h e  
u n i t  o u t s i d e  o f ,  and  c o n c e n t r i c  wi th ,  t h e  t o r q u e  motors  on t h e  pitch-yaw 
a c t u a t o r s .  

A t h i r d  a l t e r n a t i v e  i s  t o  use  t h e  c h a i n  l i n k  t r a n s f o r m e r  t o  t r a n s m i t  power 
(up t o  100 w a t t s )  and m u l t i p l e x e d  s i g n a l s  a c r o s s  t h e  gimbals .  The c h a i n  l i n k  
t r a n s f o r m e r  w i l l  b e  d i s c u s s e d  i n  d e t a i l  i n  t h e  s e c t i o n  which f o l l o w s  c o v e r i n g  
t h e  f r e e - f l o a t  p o i n t i n g  system. Th is  approach w i l l  reduce t h e  c a b l e  t o r q u e s  
t o  ze ro .  

F u t u r e  e f f o r t s  shou ld  i n c l u d e  a  c l o s e r  c o n s i d e r a t i o n  of t h e  LTETP c a b l i n g  
system r e q u i r e m e n t s  t o  s e l e c t  a  s u i t a b l e  and p r a c t i c a l  approach t o  gimbal  a x i s  
c r o s s i n g s .  One m o t i v a t i o n  f o r  t h i s  i s  t h e  d e s i r e  t o  reduce,  f o r  example, 
w i r e  t o r q u e  c r e e p  d i s t u r b a n c e s .  Other  impor tan t  b e n e f i t s  would be a  r e d u c t i o n  
of t o r q u e r  motor s i z e  (and r e q u i r e d  power) w i t h  an  a t t e n d a n t  r e d u c t i o n  of 
h y s t e r e s i s  e f f e c t s ,  as d e s c r i b e d  above. Some f u r t h e r  i n v e s t i g a t i o n  would a l s o  
be i n  o r d e r  t o  de te rmine  t h e  n a t u r e  of t h e  h y s t e r e s i s  phenomena and whether  
a l t e r n a t e  motor d e s i g n s  could  e f f e c t i v e l y  avo id  t h e  e f f e c t ,  T h i s  cou ld  be  
fol lowed by a  r e a n a l y s i s  o f  p o i n t i n g  performance i n c l u d i n g  t h e  d i s t u r b a n c e s  
a r i s i n g  from h y s t e r e s j . s e f f e c t s  which, it shou ld  be no ted ,  were ignored  e l s e w h e r e  
i n  t h i s  r e p o r t .  

While t h e  usage  of t h e  gimbal ing system i s  i n  s p a c e ,  i t  i s  ground h a n d l i n g  
c o n s i d e r a t i o n s  which l a r g e l y  governed t h e  d e s i g n  of t h e  gimbal r i n g s .  When 
t h e  t e l e s c o p e  o r  exper iment  c a n i s t e r  i s  i n  o r b i t  i t  i s ,  o f  course ,  w e i g h t l e s s  
and t h e  s t r e n g t h  requ i rements  f o r  t h e  gimbal r i n g s  a r e  q u i t e  modest. However, 
on t h e  ground, t h e  gimbal ing system i s  c a l l e d  upon t o  suppor t  t h e  f u l l  we igh t  
of t h e  t e l e s c o p e  o r  ATM experiment package. The ground h a n d l i n g  requ i rements ,  
then ,  s e t  t h e  s t r e n g t h ,  geometry and m a t e r i a l s  used i n  t h e  gimbal r i n g s  and a l l  
o t h e r  p a r t s  which form t h e  load  p a t h s  f o r  t h e  g imba l ing  system when i n  t h e  
e a r t h ' s  g r a v i t y  environment.  A s  a  r e s u l t ,  t h e  gimbal r i n g s  a r e  h e a v i e r  t h a n  
t h e y  would be  i f  t h e y  d i d  n o t  need t o  meet t h i s  requirement .  

From t h e  s e r v o  a n a l y s i s  p o i n t  of v iew t h e  dynamics of t h e  gimbal r i n g  a p p e a r  
i n  t h e  s e r v o  loop  a n a l y s i s .  That  is, i f  t h e r e  a r e  any energy-s to rage  e lements  
between t h e  t o r q u e  motor where c o r r e c t i v e  t o r q u e s  a r e  g e n e r a t e d  and t h e  e r r o r  
s e n s o r ,  t h e  r e s u l t i n g  dynamics must b e  t a k e n  i n t o  account  i n  t h e  s t a b i l i t y  
a n a l y s i s  and performance a n a l y s i s  o f  t h e  c l o s e d  loop se rvo .  The gimbal r i n g  
c o n s t i t u t e s  a  d i s t r i b u t e d  mass and s p r i n g  system which w i l l  i n t e r a c t  w i t h  t h e  
moment o f  i n e r t i a  o f  t h e  t o r q u e  motor and t h e  i n e r t i a  of t h e  po in ted  body 
t o  f o m a  dynamic sys tem whose c h a r a c t e r i s t i c s  may e f f e c t  t h e  p o i n t i n g  per -  
f o m a n c e .  The gimbal  r i n g s  a r e  a l l  welded c o n s t r u c t i o n  and,  hence,  do have 
f a i r l y  h i g h  mechanical  Q. I f  t h e  r e s o n a n t  peak i s  c l o s e  enough i n  f requency  
t o  t h e  c r o s s o v e r  o f  t h e  c losed- loop  p o i n t i n g  s e r v o  and i f  t h e  phase i s  c o r r e c t ,  
an  u n s t a b l e  mode i n  h i c h  t h e  t o r q u e  motors and gimbal r i n g  combinat ion a r e  
invo lved  could  occur .  
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No t e s t  d a t a  e x i s t s  a s  t o  what t h e  n a t u r a l  f r equency  of  t h e  t o r q u e  motor-  
g imbal  r i n g  combinat ion i s .  However, u s i n g  a  s i m p l i f i e d  model o f  t h e  t o r q u e  
motor-gimbal r i n g  sys tem,  a  n a t u r a l  f r equency  of 90 Hz h a s  been c a l c u l a t e d .  
It i s  b e l i e v e d  t h a t  t h i s  i s  s u f f i c i e n t l y  f a r  removed from t h e  c r o s s o v e r  f r e -  
quency of  t h e  ATM a p p l i c a t i o n  (2 .5  Hz) and even f a r t h e r  removed from t h e  0.58 
Hz con templa ted  f o r  t h e  LTEP t o  b e  o f  any harm. 

Another p o s s i b l e  r e s o n a n t  mode can b e  conce ived  i n  which t h e  t o r q u e  motor  
i s  locked  and t h e  t e l e s c o p e  o r  exper iment  c a n i s t e r  i s  caused  t o  r e s o n a t e  a g a i n s t  
t h e  s p r i n g  of t h e  g imbal  r i n g .  I n  t h i s  mode t h e  n a t u r a l  f requency would 
be  o n l y  1 . 5  t o  2 Hz. However, s i n c e  t h e  t o r q u e  motor i s  d r i v e n  by e l e c t r o n i c s  
hav ing  e x t r e m e l y  h i g h  o u t p u t  impedance (e.g.  c u r r e n t  d r i v e  e l e c t r o n i c s ) ,  such 
a  mode would n o t  a p p e a r  i n  t h e  loop c l o s u r e .  T h i s  i s  because  t h e  t o r q u e  g e n e r a t e d  
i s  n o t  a  f u n c t i o n  o f  t o r q u e r  motor v e l o c i t y .  To t h e  e x t e n t  t h a t  t h e  g imbal  
r i n g  i n e r t i a  i s  n o t  a s i g n i f i c a n t  f r a c t i o n  of  t h e  body t o  b e  p o i n t e d ,  t o r q u e s  
g e n e r a t e d  by  t h e  t o r q u e  motor a r e  immediate ly  a p p l i e d  t o  t h e  p o i n t e d  body. 
T h e r e f o r e ,  t h e r e  a r e  no dynamic e f f e c t s  around 2 Hz which e n t e r  i n t o  t h e  s e r v o  
s t a b i l i t y  a n a l y s i s .  

RESIDUAL UNCOMPENSATED FLEXURE BEARING SPRING EFFECTS 

The n e t  s p r i n g  r a t e  f o r  t h e  compensated f l e x u r e  b e a r i n g  i s  no t  a c o n s t a n t  
v a l u e ,  b u t  r a t h e r  f o l l o w s  a  s q u a r e  law a s  shown i n  F i g u r e  108 . (This  
f i g u r e  i s  t h e  t h e o r e t i c a l  n e t  s p r i n g  r a t e . )  The impor tan t  p o i n t  t o  n o t e  i s  
t h e  changing s l o p e  o f  t h e  curve ,  which i s  t h e  i n s t a n t a n e o u s  s p r i n g  r a t e .  

Some t e s t  d a t a  i s  now a v a i l a b l e  f o r  v a r i o u s  o p e r a t i o n a l  c o n d i t i o n s  o f  t h e  
f l e x u r e  b e a r i n g  a c t u a t o r .  R e p r e s e n t a t i v e  d a t a  i s  shown i n  F i g u r e  109.  
It w i l l  b e  no ted  t h a t  a  h y s t e r e s i s  e f f e c t  e x i s t s ,  and because  of t h i s ,  t h e  
e f f e c t i v e  s p r i n g  r a t e  becomes q u i t e  h i g h  n e a r  t h e  r e v e r s a l  p o i n t .  

Moment, Iv$T ' ( lb- in . )  

T 

Angle ( ~ e g r e e s )  

F l g u r e  10B. T h e o r e t i c a l  Moment v s  Angle 
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The e x a c t  c a u s e  f o r  t h e  h y s t e r e s i s  i s  n o t  p o s i t i v e l y  known. The most l i k e l y  
c a u s e  i s  t h e  coulomb f r i c t i o n  between t h e  f l e x u r e  b l a d e  and t h e  r e t e n t i o n  bush- 
i n g  a t  t h e  l o c a t i o n  o f  t h e  B e l l e v i l l e  s p r i n g  washers  ( r e f e r  t o  F i g u r e s  102,  
and 103 ) .  F r i c t i o n  w i l l  c a u s e  f l u c t u a t i o n s  i n  t h e  compensation t e n s i o n  i n  
t h e  b l a d e s ,  which r e s u l t s  i n  under-compensation when t h e  f r i c t i o n  i s  working 
a g a i n s t  t h e  b e l l e v i l l e  S p r i n g  washers ,  and over-compensat ion when f r i c t i o n  
a i d s .  I f  t h e  t o t a l  f o r c e  e x e r t e d  by t h e  s p r i n g  washers  ( approx imate ly  160 l b )  
were r e a c t e d  by t h e  f r i c t i o n  i n  t h e  bushing,  then  t h e r e  would be  no compensa- 
t i o n .  The s p r i n g  r a t e  o f  t h e  uncompensated f l e x u r e  b l a d e s  s e t s  t h e  maximum 
s l o p e  of  t h e  h y s t e r e s i s  loops .  No d a t a  i s  p r e s e n t l y  a v a i l a b l e  f o r  h y s t e r e s i s  
caused  by s m a l l  a n g u l a r  changes and t h e  a c t u a l  e f f e c t  o f  h y s t e r e s i s  on p o i n t i n g  
c o r r e c t i o n s  can on ly  b e e s t i m a t e d .  For  ATM, t h e  h y s t e r e s i s  i s  n e g l i g i b l e .  
I n  t h e  wors t  case ,  t h e  h y s t e r e s i s  loops  s h o u l d  be  bounded by t h e  l a r g e  l o o p s  
shown on t h e  F i g u r e  109 .  I f  t h e  f l e x u r e s  a r e  o p e r a t e d  i n  t h e  c e n t r a l  
'lo of t r a v e l ,  then  t h e  maximum h y s t e r e s i s  e f f e c t  would be k0.083 i n - l b .  The 
a n g u l a r  r ange  over  which t h e  t o r q u e  change would o c c u r  i s  h a r d e r  t o  e s t i m a t e .  
However, t h e  s p r i n g  r a t e  cannot  p o s s i b l y  exceed t h a t  o f  t h e  f l e x  b l a d e s  w i t h  
no compensation a t  a l l  a s  ment ioned p r e v i o u s l y .  T h i s  r a t e  i s  443 i n - l b  p e r  r a d i a n  -3 
o r  about  2 . 3  x  10 i n - l b / a r c - s e c o n d .  A t  t h i s  s p r i n g  r a t e ,  t h e  '0.083 i n - l b  
h y s t e r e s i s  e f f e c t  would t a k e  p l a c e  o v e r  36 arc - seconds .  For t h e  5-arc-second 
whnder o f  t h e  s t a b i l i z e d  v e h i c l e ,  t h e  maximum d i s t u r b a n c e  t o r q u e  t h e  h y s t e r e s i s  
e f f e c t  could  cause  i s  20.012 i n - l b ,  and i f  t h e  e f f e c t  were a c t u a l l y  measured,  
i t  most l i k e l y  would b e  c o n s i d e r a b l y  s m a l l e r .  I f  t h e  h y s t e r e s i s  i s  indeed  
caused by a  s t i c k - s l i p  a t  t h e  compensator, t h e n  t h e  e f f e c t  w i l l  r e s u l t  i n  
a c t u a l  t o r q u e  p u l s e s .  I f ,  however, t h e  h y s t e r e s i s  i s  due t o  i n t e r n a l  h y s t e r e s i s  
o f  t h e  f l e x u r e  b l a d e  m a t e r i a l  ( ano the r  p o s s i b l e  cause )  t h e n  t h e  e f f e c t  is  
mere ly  t o  change t h e  s p r i n g  r a t e ,  depending upon t h e  d i r e c t i o n  of r o t a t i o n .  
T h i s  would n o t  c a u s e  t o r q u e  p u l s e s  b u t  would merely  change t h e  amount of 
c o u p l i n g  between s p a c e c r a f t  mot ion and t e l e s c o p  p o i n t i n g .  

Now t o  e v a l u a t e  t h e  e f f e c t .  The wors t  c a s e  d i s c u s s e d  above c o u l d  r e s u l t  
i n  d i s t u r b a n c e  t o r q u e s  of '0.012 i n - l b ,  o r  0.001 f t - l b .  T h i s  i s  approx imate ly  
t h e  same a s  t h e  g r a v i t y  g r a d i e n t  d i s t u r b a n c e  t o r q u e s  d i s c u s s e d  e a r l i e r .  How- 
e v e r ,  t h e  f requency would b e  t h e  same as f o r  t h e  v e h i c l e  mot ions .  I f  t h e s e  
f r e q u e n c i e s  a r e  c h a r a c t e r i s t i c  of a s t r o n a u t  movements, t h e n  m o d i f i c a t i o n s  
t o  t h e  f l e x u r e  b e a r i n g s  t o  r educe  h y s t e r s i s  shou ld  be  under taken .  (These  
m o d i f i c a t i o n s  would b e  t o  e l i m i n a t e  t h e  s l i d i n g  bush ings  and s u b s i t i t u t e  
a  f l e x u r e  t y p e  r e t e n t i o n  f o r  t h e  l o a d - c a r y i n g  f l e x u r e  b l a d e s ,  o r  s u b s t i t u t i o n  
of  l o w - h y s t e r e s i s  m a t e r i a l  f o r  t h e  p r e s e n t  f l e x u r e  b l a d e  m a t e r i a l . )  

I f  a s t r o n a u t  mot ions  can be  reduced,  t h e n  t h e  most l i k e l y  f requency  of 
s p a c e c r a f t  motion would b e  t h e  same a s  t h a t  f o r  t h e  g r a v i t y  g r a d i e n t .  In 
t h a t  c a s e ,  t h e  h y s t e r e s i s  d i s t u r b a n c e s  w i l l  bp n ~ v l i . y i b l e .  I n  any e v e n t ,  i t  
would be  w e l l  wor thwhi le  t o  f u l l y  a s s e s s  t h e  n a t u r e  o f  t h e  e f f e c t  and t o  
make measurements t o  de te rmine  r e p r e s e n t a t i v e  h y s t e r e s i s  v a l u e s  f o r  u s e  i n  
t h e  LTE3? p o i n t i n g  a n a l y s i s .  
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The t a s k  of d e m o n s t r a t i n g  p r e c i s e  c losed- loop  p o i n t i n g  a c c u r a c i e s  i n  e a r t h ' s  
g r a v i t y  environment f o r  l a r g e  hardware  which i s  d e s i g n e d  f o r  space  usage  
c a n  be  a  fo rmidab le  one ,as  w i l l  b e  d i s c u s s e d  below. The t a s k  i s  f u r t h e r  
compounded by t h e  judgments which must be  made a s  t o  how much t e s t i n g  i s  
enough. A t  one ext reme t h e r e  i s  t h e  p o s s i b i l i t y  of  t e s t i n g  on ly  sub-  
sys tems,  a s sembl ing  them, and f i r s t  c l o s i n g  t h e  p o i n t i n g  s e r v o  loop when i n  
o r b i t .  A t  t h e  o t h e r  ext reme i s  t o  assemble  a l l  t h e  f l i g h t  hardware and un- 
load ,  o r  s u p p o r t  t h e  v a r i o u s  f u n c t i o n a l  components on v e r v  low f r i c t i o n  b e a r -  
i n g s  s o  t h a t  a l l  f u n c t i o n a l  modes can  be o p e r a t e d  i n  t h e l - g  environment .  
An i n t e r m e d i a t e  approach i s  t o  d e s i g n  t h e  sys tem s o  t h a t  performance i s  un- 
a f f e c t e d  by g r a v i t y .  The f i r s t  approach i s  r i s k y  w h i l e  t h e  l a s t  two a r e  
c o s t l y  o r  we igh tyo  I f  i t  i s  NASA'S judgment t h a t  c l o s e d  loop t e s t i n g  o f  t h e  
l a r g e  t e l e s c o p e  exper iment  program i n  t h e  1-g environment  b e  performed, t h e n  
some development i n  f l u i d  b e a r i n g  ( i . e . ,  a n  a p p r o p r i a t e  g rav i ty -compensa t ing  
s u p p o r t - b e a r i n g  t echno logy  w i l l  be  r e q u i r e d  i n  o r d e r  t o  accompl ish  t h i s  end.  
Otherwise ,  t h e  p o i n t i n g  sys tem must b e  r e d e s i g n e d  K O  work t h e  same i n  e a r t h ' s  
g r a v i t y  a s  i n  space .  F i n a l  judgments w i l l  weigh t h e  c o s t - e f f e c t i v e n e s s  of 
ground t e s t i n g  v e r s u s  t h e  p r o b a b i l i t y  of  f a i l u r e  and t h e  c o s t s  of  launch.  

A s  t h e  l a r g e  t e l e s c o p e  exper iment  program moves i n t o  t h e  d e t a i l  d e s i g n  phases ,  
t h e  problems of  d o i n g  t h e  sys tem t e s t i n g  i n  t h e  e a r t h ' s  g r a v i t y  environment 
s h o u l d  b e  f u l l y  r e c o g n i z e d  and t h e  necessa ry  d e c i s i o n s  made a s  t o  what t h e  
n a t u r e  o f  p o i n t i n g  sys tem t e s t i n g  s h a l l  be,  and what accommodations s h o u l d  
b e  made i n  t h e  t e l e s c o p e  c o n f i g u r a t i o n  t o  p e n n i t  t h e  t e s t i n g  t h a t  i s  deemed 
a d e q u a t e .  

A few p o s s i b l e  approaches  t o  ground t e s t i n g  w i l l n o w  b e  d i s c u s s e d .  

ZERO- G STMUEATION 

A l l  p r e s e n t  zero-g  s i m u l a t i o n s  a r e  ach ieved  u s i n g  v e r y  low f r i c t i o n  s u p p o r t  
b e a r i n g s  a r r a n g e d  s o  t h a t  t h e  e f f e c t i v e  c e n t e r  of  s u s p e n s i o n  c o i n c i d e s  w i t h  
t h e  c e n t e r  of g r a v i t y  of t h e  body under t e s t .  

Cand ida te  b e a r i n g s  which would have s u f f i c i e n t l y  low f r i c t i o n  l e v e l s  t o  a f f o r d  
a  good zero-g  s i m u l a t i o n  a r e  a i r  b e a r i n g s ,  and mercury f l o a t a t i o n  b e a r i n g s .  
Both of t h e s e  approaches  a r e  b e i n g  u t i l i z e d  on t h e  c u r r e n t  ATM program. The 
a i r - - b e a r i n g  p r i n c i p l e  i s  u t i l i z e d  by MSFC i n  a n  EPC t e s t  f i x t u r e  which 
w i l l  be  d e s c r i b e d  l a t e r .  The mercury f l o a t a t i o n  approach i s  used  i n  t h e  
Dynamic T e s t  F i x t u r e  which was des igned  and f a b r i c a t e d  by Perkin-Elmer a s  
p a r t  of t h e  ATM EPC-RPM Program. Th i s  d e v i c e  was c o n s t r u c t e d  t o  pe rmi t  c l o s e d  
loop  EPC s e r v o  t e s t i n g  and f e a t u r e s  a n  ATM s p a r  s i m u l a t i o n  a s  w e l l  a s  s t r u c t u r e  
t o  s i m u l a t e  t h e  ATM rack  ( s u p p o r t )  and i t s  expec ted  a n g u l a r  m o t i o n a l  d i s t u r b a n c e .  
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Mercury h a s  a t t r a c t i v e  p h y s i c a l  c h a r a c t e r i s t i c s  f o r  a  f l o a t a t i o n  b e a r i n g .  I t s  
h i g h  d e n s i t y ,  as shown i n  t h e  t a b u l a t i o n  below, a l l o w s  a  r e l a t i v e l y  s m a l l  
d e v i c e  t o  s u p p o r t  s i g n i f i c a n t  loads .  The o t h e r  l i s t e d  c h a r a c t e r i s t i c s  i n d i c a t e  
t h a t  mercury a l s o  o f f e r s  a minimal d r a g  r e l a t i v e  t o  t h a t  of  most o t h e r  l i q u i d s .  

a )  D e n s i t y :  847 l b / c u  f t  

b) V i s c o s i t y  : 3.22 x  l b  s e c l f t  
2  

c) Kinemat ic  0.123 x  
V i s c o s i t y  ( i . e . ,  approx 1/10 t h a t  o f  w a t e r )  

d) T y p i c a l  88 x  10 
5  

Reynolds No : 

e )  F l u i d  F r i c t i o n  0.2 
F a c t o r :  

The b a s i c  p r i n c i p l e . i n  u t i l i z i n g  t h e  mercury f l o a t a t i o n  b e a r i n g  i s  t o  
a r r a n g e  t o  have t h e  c e n t e r  of  g r a v i t y  o f  t h e  t e l e s c o p e  which is  undergo ing  
p o i n t i n g  t e s t i n g  t o  c o i n c i d e  w i t h  t h e  e f f e c t i v e  c e n t e r  of  bouyancy o f  t h e  
mercury f l o a t a t i o n  b e a r i n g .  I n  a d d i t i o n ,  t h e  c e n t e r  of r o t a t i o n  (e.g.,  
p o i n t  o f  i n t e r s e c t i o n  of  t h e  gimbal a x i s )  s h o u l d  c o i n c i d e  w i t h  t h e  c e n t e r  
of  bouyancy and c e n t e r  o f  g r a v i t y  t o  a v o i d  t r a n s l a t i o n  mot ions  of  t h e  f l o a t  
w i t h  r e s p e c t  t o  i t s  c o n t a i n e r .  F i g u r e  i l l u s t r a t e s  t h i s  p r i n c i p l e .  
Any subsystem whose weight  would i m p a i r  sys tem o p e r a t i o n  c a n  s i m i l a r l y  b e  
r e a c t e d  by a s e p a r a t e  bouyancy f o r c e  a c t i n g  on a  f l o a t  immersed i n  mercury.  
An example o f  t h e  r a t i o  o f  s u p p o r t e d  we igh t  t o  b e a r i n g  s i z e  i s  t h e  ATM 
exper iment  c a n i s t e r  whose 5500 pounds c a n  b e  s u p p o r t e d  on a 27.8-inch d i a m e t e r  
s p h e r i c a  1 bear ing .  

Another advan tage  o f  t h e  mercury f l o a t a t i o n  b e a r i n g  i s  t h a t  t h e  p a r t s  need 
n o t  b e  manufac tu red  t o  v e r y  c l o s e  mechan ica l  t o l e r a n c e s  a s  i s  t h e  c a s e  o f  a n  
a i r  b e a r i n g .  F i g u r e  110 i I l u s t r a t e s t h e  mechan iza t ion  reached  on t h e  ATM 
program. It was n e c e s s a r y  t o  f l o a t  o r  unload t h e  g imbals  a s  w e l l  as t h e  mass 
r e p r e s e n t i n g  t h e  ATM exper iment  c a n i s t e r ,  The s i m u l a t e d  c a n i s t e r  was f l o a t e d  
on a  s p h e r i c a l  f l o a t  as shown i n  F i g u r e  111, The two s e p a r a t e  mercury 
f l o a t a t i o n  b e a r i n g s  were c o n c e n t r i c a l l y  a r r a n g e d  and each  mercury c o n t a i n e r  
was s u p p o r t e d  by s t r u c t u r e  connec ted  t o  t h e  f l o o r .  F i g u r e  112 shows t h e  
f l o a t  and s t r u c t u r e  used t o  s u p p o r t  t h e  weight  o f  t h e  gimbal r i n g .  F i g u r e  113 
shows t h e  i n s t a l l e d  gimbal and i t s  s u p p o r t  s t r u c t u r e .  F i g u r e  114 i s  a n  
a r t i s t ' s  concep t  showing t h e  o v e r a l l  g e n e r a l  t e s t  c o n f i g u r a t i o n .  A s i g n i f i c a n t  
s p e c i f i c a t i o n  f o r  t h e  ATM Dynamic T e s t  F i x t u r e  i s  t h a t  t h e  r e s i d u a l  unba lance  
of  t h e  s i m u l a t e d  3000-pound exper iment  c a n i s t e r  be  l e s s  t h a n  0 , 0 1  f k - l b ,  a  v a l u e  
c o r r e s p o n d i n g  t o  t h e  e q u i v a l e n t  of o n l y  1/300,000 f t  c .g .  e r r o r  
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F i g u r e  112. Gimbal Support  S t r u c t u r e  and Mercury F l o a t  
1-23 9 
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F i g u r e  113. Gimbal and Suppor t  I n s t a l l e d  i n  T e s t  Fgx tu re  
1-240 



Figure  114 . Dynamic Tes t  F i x t u r e  
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It i s  not  always p o s s i b l e  t o  a r range  t o  have t h e  c e n t e r  of bouyancy of a  mercury 
f l o a t a t i o n  bear ing  co inc ide  wi th  t h e  cen te r  of g r a v i t y  and t h e  center  of ro t a -  
t i o n .  I n  t hese  cases ,  t h e  a i r  bear ing  i s  a t t r a c t i v e .  For example, t h e  MSFC 
a i r  bear ing  a r r a n g m e n t  shown i n  F igure  115 i s  t o  be used i n  ATM prelaunch 
gimbal checkout where i t  would be q u i t e  imprac t i ca l  t o  u t i l i z e  a  mercury 
f l o a t a t i o n  bearing.  The bea r ing  i s  a compound a i r  bearing.  Items (1) and 
(2) c o n s t i t u t e  a s p h e r i c a l  a i r  bear ing  t o  permit two-axis r o t a t i o n  of the  
system about i t s  c.g. ( s h i f t e d  7.5 in .  downward by t h e  a d d i t i o n  of a i r  bear -  
i n g  components), and i tems (2) and (3)  c o n s t i t u t e  an  a i r  s l i d e  bearing.  
The l a t t e r  degree of  freedom i s  requi red  t o  a l low f o r  h o r i z o n t a l  t r a n s l a t i o n s  
due t o  r o t a t i o n s  about  t h e  gimbal axes which a r e  non-coincident with t h e  a i r  
bear ing  center  of r o t a t i o n .  The gimbal axes and t h e  air ' -bearing cen te r s  
cannot b e  made co inc ident  (by counterweighting i n  t h i s  case  t o  avoid t h e  7.5- 
i n .  s h i f t )  s ince  t h e  ATM a c t u a t o r s  could not  then r o t a t e  t h e  experiment canis -  
t e r .  This is  because t h e  a c t u a t o r  torque requi red  t o  r o t a t e  t h e  a i r  bear ing-  
supported c a n i s t e r  would be t h e  7.5-in. arm times t h e  weight t imes t h e  angle ,  
0 r 

Since only 7  l b - f t  of to rque  can be generated by t h e  a c t u a t o r s ,  t h e  maximum 
ang le  t h e  to rque r  can produce would be only 

0 = 7 = 0.0018 rad ians  o r  0 . 1  degree 
7.5 x  6240 
M 

This  i s  obviously incompatible  wi th  t h e  requirement t o  demonstrate ope ra t ion  
over t h e  f u l l  k 2 d e g r e e  gimbal angle.  The i l l u s t r a t e d  conf igu ra t ion  avoids  
t h i s  problem s i n c e  t h e  e f f e c t i v e  r o t a t i o n  i s  about t h e  c.g.  The a s s o c i a t e d  
0.005-in. v e r t i c a l  displacement component causes no ill e f f e c t s .  

The schemes which we have been d iscuss ing  a r e  i l l u s t r a t i v e  of t h e  problems 
encountered when t r y i n g  t o  t e s t  a  po in t ing  system i n  e a r t h ' s  g rav i ty .  It 
should be emphasized t h a t  t h e  p a r t i c u l a r  a i r  bear ing  scheme (Figure 115 ) 
discussed  was not designed t o  permit closed-loop t e s t i n g ,  bu t  i s  intended 
only f o r  prelaunch checkout of gimbal freedom. It cannot i n  i t s  p resent  form 
be used f o r  servo t e s t i n g  because the  l i n e  of s i g h t  of t h e  f i n e  sun sensor  i s  
obscured by t h e  a i r  bear ing ,  and the  v e r t i c a l  motion requirement,  d i scussed  
above, caused conf igu ra t ion  changes i n  t h e  torque r e a c t i o n  path incompatible  
wi th  po in t ing  servo  opera t ion .  (The d e t a i l s  of t hese  changes a r e  not germane 
and w i l l  not be descr ibed  here.)  The problems of s u i t a b l e  t e s t  f i x t u r i n g  a r e  
n o t  neces sa r i l y  i n so lvab le  bu t  t h e r e  i s  a  tendency both f o r  t h e  f i x t u r e s  t o  
become more complicated, and/or  t o  in t roduce  o the r  e f f e c t s  which may obscure 
phenomena t h a t  would be puzzl ing o r  even c a t a s t r o p h i c  when l a t e r  encountered 
i n  space. 
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AY = 7.5-7.5 cos 2 "  
A Y  = 0.005" 

ATM Experiment 

- -  

81 Rad-Air Brg. 

Trim Balance 
4 ea ,  C2 20# 

AX = 7.5 s i n  2"  = 0.261%" 

Figure  115, MSFC A i r  Bearing For ATM Checkout 
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A way o f  a v o i d i n g  many o f  t h e s e  d i f f i c u l t i e s  and problems might b e  t o  r e -  
d e s i g n  t h e  gimbal system s o  t h a t  it  i s  u n a f f e c t e d  by t h e  removal o f  g r a v i t y .  
The need f o r  r e d e s i g n  under  s u c h  c o n d i t i o n s  i s  i l l u s t r a t e d  by t h e  fo l lowing .  

It i s  a x i o m a t i c  i n  s t r u c t u r a l  d e s i g n  t h a t  it i s  much e a s i e r  t o  a c h i e v e  a given 
s t r e n g t h  requirement  t h a t  i t  i s  t o  a c h i e v e  a p a r t i c u l a r  r i g i d i t y  requ i rement .  
T h i s  can be i l l u s t r a t e d  by c o n s i d e r i n g  t h e  ATM EPC gimbal r i n g .  F i g u r e  
116 i s  a  photograph o f  t h i s  r i n g .  It has  t h e  s t r e n g t h  c a p a b i l i t y  of s u p p o r t i n g  
8000 l b  and i t  weighs o n l y  192 l b .  However, under t h e  l-g weight  of 5500 l b  
of t h e  ATM exper iment  c a n i s t e r ,  t h e  d e f l e c t i o n  of t h e  r i n g  i s  approx imate ly  
0 .5  i n .  F i g u r e  117 (A) shows t h e  geometry of t h e  d e f l e c t e d  gimbal r i n g .  It 
w i l l  be  no ted  t h a t  t h e  yaw a x i s  h a s  s e t t l e d  1 / 2  i n .  below t h e  p i t c h  a x i s  due 
t o  t h e  weight  o f  t h e  exper iment  c a n i s t e r  and e a r t h ' s  g r a v i t y .  

I n  o r d e r  f o r  t h e  outermost  a c t u a t o r  t o  r o t a t e  t h e  package abou t  i t s  a x i s ,  i t  
must overcome t h e  couple  t h a t  i s  genera ted  by t h e  weight  of t h e  exper iment  
c a n i s t e r  and t h e  1/2- in .  arm g e n e r a t e d  by d e f l e c t i o n  o f  t h e  r i n g .  F i g u r e  
117 (B) i l l u s t r a t e s  t h i s  geometry. For t y p i c a l  t o r q u e  motor c a p a b i l i t y  
(e.  g.,  7 f t  -lb), mot ions  o f  o n l y  0.03 degrees  a r e  p o s s i b l e  i n  e a r t h ' s  g r a v i t y  
i n  t h e  f a c e  of t h i s  r i n g  d e f l e c t i o n .  I n  o r d e r  t o  f u n c t i o n  i n  e a r t h ' s  g r a v i t y ,  
i t  would be  n e c e s s a r y  t o . r e d u c e  t h e s e  d e f l e c t i o n s  by s e v e r a l  o r d e r s  o f  magnitude.  
I f  a  l a r g e  r i n g  t y p e  of s t r u c t u r e  were des igned t o  do t h i s ,  t h e  weight  and 
s i z e  o f  t h e  r i n g  would i n c r e a s e  s u b s t a n t i a l l y .  

T h i s  i s  i n  marked c o n t r a s t  wi th ,  f o r  example, t h e  e f f e c t s  encounte red  w i t h  t h e  
S t r a t o s c o p e  I1 c o n f i g u r a t i o n .  Here t h e  t e l e s c o p e  i s  "LtL shaped, a s  i l l u s -  
t r a t e d  i n  F i g u r e  l l 8 , t o  p l a c e  t h e  c.g. o u t  of c o i n c i d e n c e  w i t h  s t r u c t u r e .  
T h i s  p e r m i t t e d  t h e  uee  o f  a  compact, r e l a t i v e l y  l i g h t  weight ,  y e t  h i g h l y  
r i g i d  gimbal ing mechanism, one w i t h  v e r y  s m a l l  d e f l e c t i o n s  and hence more 
compat ib le  w i t h  tes t  and o p e r a t i o n  i n  e a r t h ' s  g r a v i t y .  

I f  t h e  LTEP t e l e s c o p e  were t o  be  o p e r a t e d  on ly  on a gimbal system, a  r a d i c a l  
change i n  t h e  c o n f i g u r a t i o n  i n  l i n e  w i t h  t h e  above d i s c u s s i o n  would be  
recommended. However, t h e  f r e e - f l o a t  p o i n t i n g  mode i s  t h e  method of c h o i c e  
f o r  h i g h  r e s o l u t i o n  imagery. Many of  t h e  problems of mechan ica l  suspens ion  
a r e  avo ided  by t h e  f r e e - f l o a t  p o i n t i n g  system, and t e s t  r e q u i r e m e n t s  a r e  
t h e r e f o r e  eased  (e.g. ,  t h e  problem of s t r u c t u r a l  resonance i n t e r a c t i o n  
w i t h  t h e  t e l e s c o p e  i s  e l i m i n a t e d . )  

I n  Chapter  1 0 ' P a g e  249 w a n s  f o r  t e s t i n g  t h e  free-float:  sys tem w i l l  be 
d i s c u s s e d .  
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C W T E R  1 0  - FREE FLOAT POINTING SYSTEM 

DESCRIPTION 

F i n e  a n g u l a r  p o i n t i n g  o f  t h e  LTEP f o r  b o t h  t h e  CLOS and t h e  RLOS, u t i l i z i n g  t h e  
f r e e  f l o a t  t e c h n i q u e ,  i s  recommended Eor M o d u l e s e  and D, t h e  £110 f i l m  a n d  
e c h e l l e  s p e c t r o g r a p h  (uv) i n s t r u m e n t s .  I n  t h e  f r e e  f l o a t  o r  m a g n e t i c  s u s -  
p e n s i o n  p o i n t i n g  c o n f i g u r a t i o n ,  t h e  LTEP t e l e s c o p e  i s  c o m p l e t e l y  i s o l a t e d  
m e c h a n i c a l l y  from t h e  s u r r o u n d i n g  s p a c e c r a f t  by t a k i n g  a d v a n t a g e  o f  t h e  
w e i g h t l e s s n e s s  on o r b i t .  The f r e e  f l o a t  o f f e r s  s u b f r a c t i o n a l  a r c - s e c o n d  
p o i n t i n g  a c c u r a c y  c a p a b i l i t y .  I t s  u n i q u e  a d v a n t a g e  i s  n e a r l y  comple t e  
i s o l a t i o n  f rom e x t e r n a l  d i s t u r b a n c e s .  High g a i n ,  h i g h  bandpass  s e r v o  s y s t e m s  
can  n o r m a l l y  cope  w i t h  l a r g e  e x t e r n a l  d i s t u r b a n c e s ,  b u t  n o t  w i t h o u t  s a c r i f i c i n g  
pe r fo rmance  b e c a u s e  o f  i n c r e a s e d  s u s c e p t i b i l i t y  t o  random n o i s e  s o u r c e s .  The 
f r e e  f l o a t  c o n t r o l  s y s t e m  c a n  b e  d e s i g n e d  t o  pe r fo rm a t  v e r y  low b a n d p a s s  
f r e q u e n c i e s  t h u s  t a k i n g  a d v a n t a g e  o f  i t s  i s o l a t i o n  f e a t u r e s .  

E x t e r n a l  d i s t u r b a n c e s  are  n o t  comple t e ly  a b s e n t  of  c o u r s e ,  b u t  t h o s e  t o r q u e  
d i s t u r b a n c e s  a f f e c t i n g  t h e  sys t em a r e  low f r e q u e n c y  o n c e - o r - t w i c e - p e r - o r b i t  
t y p e s ,  s u c h  as g r a v i t y  g r a d i e n t s  and  ae rodynamic  d i s t u r b a n c e s .  The e s t i m a t e d  
magn i tudes  o f  t h e s e  d i s t u r b a n c e s  h a v e  been  i t e m i z e d  i n  T a b l e  2 6 w h e r e  g r a v i t y  
g r a d i e n t s  c o n t r i b u t e  1 .5  x  1 0 " ~  l b - f t  o f  t o r q u e ,  and  aerodynamic  d i s t u r b a n c e s  
c o n t r i b u t e  29.5 x 10-3 l b - f t .  . The minimum a n g u l a r  p o i n t i n g  a c c u r a c y  r e q u i r e -  
ments f o r  Modules C and  D i n  a r c - s e c o n d s  r m s  a r e ,  f o r  n o i s e - i n d u c e d  e r r o r s ,  
0 .0032 f o r  CLOS and  0.0032 o r  less f o r  RLOS* F o r  e x t e r n a l  t o r q u e  d i s t u r b a n c e -  
i nduced  e r r o r s ,  t h e  a c c u r a c y  r e q u i r e m e n t s  a r e  0.0060 a r c - s e c o n d  (peak)  f o r  b o t h  
CLOS and  RLOS. No i se - induced  e r r o r s  are  s i m p l y t h o s e  e r r o r s  caused  by n o i s e  
o r  random i n p u t s  s u c h  a s  pho ton  s h o t  n o i s e  a t  t h e  o u t p u t  o f  t h e  g u i d e  s tar  
s e n s o r s .  

The f r e e  f l o a t  p o i n t i n g  s y s t e m  h a s  s i x  d e g r e e s  of  f reedom t o  c o n t r o l  s i n c e  i t  
i s  f u l l y  i s o l a t e d  from t h e  o u t e r  s p a c e c r a f t .  T h e r e  a r e  t h r e e  d e g r e e s  o f  l i n e a r  
t r a n s l a t i o n  (x ,y  and  z )  and  t h r e e  d e g r e e s  o f  a n g u l a r  mo t ions  (xp, 6, and @) a s  
i l l u s t r a t e d  i n  t h e  s i m p l i f i e d  s k e t c h  o f  F i g u r e  119. 

The l i n e  o f  s i g h t  (WS)  l i e s  a l o n g  t h e  z a x i s .  The c r o s s  l i n e  o f  s i g h t  a x e s  
(CLOS) a r e  d e f i n e d  as P and and t h e  r o l l  a x i s  (RLOS) d e f i n e d  by  t h e  a n g l e  9. 

The CLOS a n <  RLOS a x e s  m i s p o i n t i n g  e r r o r s  a r e  s e n s e d  by p o i n t i n g  e r r o r  s e n s o r s  
l o c a t e d  w i t h i n  t h e  t e l e s c o p e  s t r u c t u r e ,  one  s e n s o r  For t h e  CLOS a n d  one  f o r  
RLOS. The t r a n s l a t i o n  a x e s  e r r o r s  a r e  s e n s e d  by c a p a c i t i v e  s e n s o r s  mounted 
be tween t h e  t e l e s c o p e  and  t h e  o u t e r  s p a c e c r a f t *  These  s e n s o r s ,  two p e r  
( t r a n s l a t i o n )  a x i s ,  m o n i t o r  t h e  r e l a t i v e  p o s i t  i o n  o f  t h e  t e l e s c o p e  w i t h  
r e s p e c t  t o  t h e  o u t e r  s p a c e c r a f t  f o r  t h e  p u r p o s e  o f  m a i n t a i n i n g  t h e  t e l e s c o p e  
c e n t e r e d  i n  t h r e e  d i r e c t i o n s  w i t h  r e s p e c t  t o  t h e  o u t e r  s p a c e c r a f t .  

The p o i n t i n g  e r r o r  s e n s o r ,  a  two-ax i s  d e v i c e ,  u t i l i z e s  a  d i v i d i n g  p r i s m  and  pho to -  
m u l t i p l i e r  t u b e s  l o c a t e d  a t  t h e  f o c a l  p l a n e  of t h e  LTEP o p t i c a l  sys t em.  The 
s e n s o r  i s  shown s c h e m a t i c a l l y  i n  t h e  s k e t c h  o f  F i g u r e  120.  
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S t a r l i g h t  e n t e r i n g  t h e  o p t i c a l  system converges  a t  t h e  apex of  a  f o u r - s i d e d  
pr ism where a focused  image i s  formed and d i v i d e d  i n t o  two p a r t s  pe r  a x i s .  
Each d i v i d e d  image i s  c o l l e c t e d  bv a p h o t o m u l t i p l i e r  t u b e  which produces  e l e c -  
t r i c a l  o u t p u t s  p r o p o r t i o n a l  t o  l i g h t  i n t e n s i t y .  With c o r r e c t  a n g u l a r  a l i g n -  
ment o r  p o i n t i n g  i n  a  g i v e n  a x i s ,  t h e  t w o - p h o t o m u l t i p l i e r s  r e c e i v e  e q u a l  
q u a n t i t i e s  of l i g h t  and,  i f  t h e i r  e l e c t r i c a l  o u t p u t s  a r e  d i f f e r e n c e d ,  t h e  n e t  
o u t p u t  i s  ze ro .  M i s p o i n t i n g  u p s e t s  t h e  l i g h t  i n t e n s i t y  d i v i s i o n  and c a u s e s  t h e  
e l e c t r i c a l  o u t p u t  s i g n a l  t o  d e p a r t  from n u l l .  

I n  a  p r a c t i c a l  c o n f i g u r a t i o n  of t h e  s e n s o r ,  a n  o p t t c a l  chopper i s  used  t o  modu- 
l a t e  t h e  l i g h t  p r i o r  t o  e n t e r i n g  t h e  photocathode s u r f a c e s  o f  t h e  p h o t o t u b e s .  
The p h o t o m u l t i p l i e r  c u r r e n t  o u t p u t s  a r e  t h e r e f o r e  a l s o  modula ted and s i g n a l  pro- 
c e s s i n g  i s  accomplished u s i n g  a n  a c  c a r r i e r .  Modula t ion t e c h n i q u e s  e l i m i n a t e  
t h e  d i f f i c u l t y  o f  m a i n t a i n i n g  ba lanced  o u t p u t s  i n  t h e  d u a l  s e n s i n g  m u l t i p l i e r  
t u b e s  a s  shown i n  t h e  above s k e t c h  o f  F i g u r e  120 . The e f f e c t s  of  p h o t o m u l t i p l i e r  
darlc c u r r e n t s ,  e l e c t r o n i c  b i a s e s ,  e t c . , a n d  t h e i r  t i m e  v a r i a t i o n s  would c a u s e  
m i s p o i n t i n g  b u t  t h e s e  e f f e c t s  can b e  e i t h e r  minimized o r  complete ly  e l i m i n a t e d  
i n  a n  a c  system. 

The c a p a c i t i v e  s e n s o r s  c o n s i s t  of  two p a r a l l e l  p l a t e s ,  one  mounted on t h e  t e l e -  
scope and t h e  o t h e r  mounted on t h e  s p a c e c r a f t ,  fo rming  a  c a p a c i t o r  where t h e  
c a p a c i t a n c e  i s  de te rmined  by c  = eA/d. The term "d" i s  t h e  s e p a r a t i o n  between 
p l a t e s  o r  a  measure o f  t h e  r e l a t i v e  s p a c i n g  between t h e  t e l e s c o p e  and space-  
c r a f t .  A s  I'd" changes,  s o  does  "c", t h e  c a p a c i t a n c e .  The change i n  c a p a c i t a n c e  
i s  t h e n  c o n v e r t e d  i n t o  a  p r o p o r t i o n a l  change i n  v o l t a g e .  

Both t h e  e r r o r  s e n s o r  and c a p a c i t i v e  d i sp lacement  s e n s o r  e l e c t r i c a l  o u t p u t  s i g -  
n a l s  a r e  p rocessed  t h r o u g h  e l e c t r i c a l  i n t e g r a t i o n  c i r c u i t s  p r i o r  t o  a r r i v i n g  a t  
t h e  magnet ic  p u s h e r s .  The magnet ic  pushers ,  two p e r  a x i s ,  s i x  t o t a l  p e r  p o i n t -  
i n g  system, a r e  key components i n  t h e  f r e e  f l o a t  p o i n t i n g  system. They a r e  
used  t o  s i m u l t a n e o u s l y  c o n t r o l  b o t h  c e n t e r i n g  and a n g u l a r  mot ion of  t h e  t e l e -  
scope w i t h  a  p a i r  o f  . p u s h e r s  c o n t r o l l i n g  one a n g u l a r  d e g r e e  o f  freedom a n d  one 
c e n t e r i n g  d e g r e e  o f  freedom. 

A s i n g l e  magnet ic  pusher  c o n s i s t s  o f  a  permanent magnet, which i s  mounted on 
t h e  o u t e r  s p a c e c r a f t  and a  wire-wound c o i l  l o c a t e d  on t h e  t e l e s c o p e .  The 
c o i 1 . i ~  p l a c e d  i n  t h e  uniform r a d i a l  f l u x  f i e l d  c r e a t e d  by t h e  permanent magnet 
and o r i e n t e d  t o  produce a  l i n e a r  o u t p u t  (magnetic r e a c t i o n )  f o r c e  when c u r r e n t  
i s  a p p l i e d  t o  t h e  c o i l  windings .  The concept  i s  i l l u s t r a t e d  i n  F i g u r e  121. 

T h i s  t y p e  of  dc f o r c e  a c t u a t o r  h a s  s e v e r a l  un ique  f e a t u r e s ;  f i r s t ,  t h e  c o i l  
and permanent magnet a r e  mechan ica l ly  i s o l a t e d  i n  t h r e e  t r a n s l a t i o n a l  d i r e c t i o n s  
w i t h  t r a v e l  c a p a b i l i t y  o f  a t  l e a s t  2112 i n c h  i n  a l l  t h r e e  d i r e c t i o n s .  Thus,  
t h e  t e l e s c o p e  i s  p rov ided  w i t h  a  f o r c e  a c t u a t o r  t h a t  p r e s e r v e s  t h e  f r e e  f l o a t  
mechanical  i s o l a t i o n  f e a t u r e .  Second, t h e  t e l e s c o p e  i s  n o t  d i s t u r b e d  by mot ions  
of  t h e  permanent magnet w i t h  r e s p e c t  t o  t h e  c o i l .  C u r r e n t  can b e  a p p l i e d  t o  
t h e  magnet ic  pusher c o i l  w h i l e  t h e  permanent magnet i s  i n  motion w i t h o u t  c o u p l i n g  
any of  t h e s e  s p a c e c r a f t  mot ions  i n t o  t h e  t e l e s c o p e .  Both mechan ica l  and magne t i c  
i s o l a t i o n  a r e  t h e r e f o r e  o b t a i n a b l e  w i t h  t h i s  t y p e  of  a c t u a t o r .  
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A p a i r  of magnet ic  pushers  i s  used t o  c o n t r o l  a  s i n g l e  a x i s  of t r a n s l a t i o n  
and a l s o  a  s i n g l e  degree  of a n g u l a r  freedom. Two a c t u a t o r s  spaced  e q u a l l y  
a p a r t  a b o u t  t h e  c e n t e r  o f  r o t a t i o n  a x i s  of  t h e  t e l e s c o p e  w i l l  form a  c o u p l e  o r  
moment when t h e  magne t i c  r e a c t i o n  f o r c e s  a r e  i n  o p p o s i t e  d i r e c t i o n s .  When t h e  
f o r c e  o u t p u t  of b o t h  a c t u a t o r s  i s  i n  t h e  same d i r e c t i o n ,  t r a n s l a t i o n  of t h e  
t e l e s c o p e  wi 11 o c c u r .  

The i n t e g r a t i o n  c i r c u i t s  th rough  which t h e  o p t i c a l  s t a r  t r a c k e r  o u t p u t  s i g n a l s  
a r e  p rocessed  s e r v e  t o  s t a b i l i z e  t h e  p o i n t i n g  sys tem c o n t r o l  loops  i n  b o t h  t h e  
CLOS and RLOS axes .  These RCetype e l e c t r i c a l  networks p r o v i d e  t h e  h i g h  g a i n  
r e q u i r e d  t o  combat d i s t u r b a n c e s  a t  low frequency.  T h i s  a v o i d s  t h e  n e c e s s i t y  
o f  u s i n g  a n g u l a r  r a t e  gyros  a s  minor loop  feedback e lements  t o  a c h i e v e  a  h i g h  
i s o l a t i o n  from t o r q u e  d i s t u r b a n c e s  a s  i s  u s u a l l y  done w i t h  i n e r t i a l  p l a t f o r m s .  
R a t e  gyros  a r e  i n  themse lves  a  s o u r c e  o f  n o i s e  and d r i f t ,  c r e a t i n g  e r r o r s  d e t r i -  
m e n t a l  t o  a c h i e v i n g  t h e  p r e c i s e  0 .0032rarc-second(rms)  p o i n t i n g  accuracy  r e -  
q u i r e d  f o r  modules C and D. O ther  r a t e  s t a b i l i z i n g  d e v i c e s  such  a s  v e l o c i t y  
g e n e r a t o r s  o r  t achomete r s  a r e  a l s o  u n d e s i r a b l e  s i n c e  t h e y  must: a c h i e v e  t h e i r  
r e f e r e n c e  from t h e  s p a c e c r a f t .  Outer  s p a c e c r a f t  v e l o c i t i e s  t h e r e f o r e  would 
b e  coup led  d i r e c t l y  th rough  t h e  t achomete r s  t o  t h e  t e l e s c o p e .  

The s i g n a l  i n t e g r a t i o n  c i r c u i t s  a l s o  i n c l u d e  p r o p o r t i o n a l  f eedforward  e l e c t r i c a l  
p a t h s  t o  add l e a d i n g  phase  s h i f t  a t  s e r v o  c r o s s o v e r  f r e q u e n c i e s  t o  s a t i s f y  
s e r v o  loop s t a b i l i t y  c r i t e r i a . .  A t y p i c a l  p o i n t i n g  loop  i s  shown i n  F i g u r e 1 2 2 .  

O p t i c a l  

Sensor  

Magnet ic  
P u s h e r s  

F i g u r e  122 . Servo Loop Torque 
D i s t u r b a n c e s  

The advan tage  of u s i n g  i n t e g r a t i o n  i n  t h e  s i g n a l  p a t h s  l i e s  i n  t h e  a b i l i t y  t o  
a c h i e v e  low s e r v o  loop  bandpass  f r e q u e n c i e s ,  w h i l e  s t i l l  a c h i e v i n g  ex t remely  
h i g h  g a i n s  a t  e x t e r n a l  d i s t u r b a n c e  i n p u t  f r e q u e n c i e s .  On t h e  o t h e r  hand,  low 
bandpass  f r e q u e n c i e s  h e a v i l y  f i l t e r  n o i s e  i n p u t s  r e d u c i n g  no i se - induced  p o i n t i n g  
e r r o r s  t o  a c c e p t a b l e  l e v e l s .  

To m a i n t a i n  complete  p h y s i c a l  i s o l a t i o n  between t h e  t e l e s c o p e  and s p a c e c r a f t ,  
w i r e  c r o s s i n g s  f o r  e l e c t r i c a l  s i g n a l s  and power a r e  avo ided .  To t r a n s f e r  
e l e c t r i c a l  power t o  t h e  t e l e s c o p e  from t h e  s p a c e c r a f t  f o r  i n s t a n c e ,  a  c h a i n  
l i n k  t r a n s f o r m e r  i s  used.  T h i s  d e v i c e  c o n s i s t s  of  a  t o r o i d a l  wound pr imary 

t h r o u g h  which a  secondary  c o i l  i s  wound. The u n i t  i s  s h o ~ m  below i n  F i g u r e  123 
1-253 
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F i g u r e  123. Chain Link Transformer  

The secondary winding and t h e  primary windings  a r e  p h y s i c a l l y  s e p a r a t e d  by a  
112 inch  gap i n  a l l  d i r e c t i o n s  and t h e  two windings  a r e  s i t u a t e d  a t  r i g h t  
a n g l e s  t o  each o t h e r ,  The r i g h t  a n g l e  o r i e n t a t i o n  of t h e  secondary winding 
w i t h  r e s p e c t  t o  t h e  primary winding c a n c e l s  magnet ic  r e a c t i o n  f o r c e s  between 
t h e  primary and secondary when power i s  a p p l i e d  t o  t h e  t r a n s f o r m e r *  Exper i -  
mental  r e s u l t s  w i t h  t h i s  dev ice  have shown f o r c e  l e v e l s  t o  be no g r e a t e r  t h a n  
1 x 10-4 l b  w i t h  100 w a t t s  o f  a p p l i e d  e l e c t r i c a l  power. The d i s t u r b a n c e  
t o r q u e  l e v e l s  caused by t h e s e  f o r c e s  can p o t e n t i a l l y  be minimized by l o c a t i n g  
t h e  t r a n s f o r m e r  a t  t h e  c e n t e r  of mass of t h e  t e l e s c o p e ,  The c h a i n  l i n k  
t r a n s f o r m e r  pr imarylsecondary magnet ic  r e a c t i o n  f o r c e s  w i l l  t h e r e f o r e  a c t  
th rough  on ly  a  s m a l l  moment arm. 

This  type  of t r a n s f o r m e r  proved t o  be ve ry  e f f i c i e n t .  A t  power l e v e l s  o f  40 
wat t s ,  e x p e r i m e n t a l  t e s t s  r e v e a l e d  e f f i c i e n c i e s  i n  t h e  o r d e r  of 90 p e r c e n t  a t  
100 a c  and 400 H z .  

E x t e r n a l  i n p u t  commands and ou tpu t  s i g n a l s  can a l s o  be s e n t  back and f o r t h  
between t h e  t e l e s c o p e  and s p a c e c r a f t  u s i n g  c h a i n  l i n k  t r a n s f o r m e r s .  S i g n a l  
and command e l e c t r i c a l  power l e v e l s  are  s m a l l  and t h e  p h y s i c a l  s i z e  of t h e  
t r a n s f o r m e r s  used f o r  t h i s  purpose can be v e r y  s m a l l ,  The gap s i z e  l i m i t s  
t h e  o v e r a l l  s i z e  of t h e  t r ans former  ra ther  t h a n  t h e  p h y s i c a l  dimensions of 
t h e  pr imary and secondary  c o i l s .  An exper imenta l  low power c h a i n  l i n k  t r a n s -  
former weighing o n l y  a  few ounces was t e s t e d  i n  t h e  l a b o r a t o r i e s  a t  Perkin-Elmer 
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w i t h  s u c c e s s f u l  r e s u l t s .  A s i n g l e  c h a i n  l i n k  t r a n s f o r m e r  can a l s o  t r a n s f e r  
s e v e r a l  s i g n a l s  a t  once u s i n g  t echn iques  such a s  phase  modula t ion .  Two s i g n a l s  
phased 90 d e g r e e s  a p a r t  can  be  f e d  i n t o  a  c h a i n  l i n k  transformer s i ~ n u l t a n e o u s l y  
f o r  i n s t a n c e ,  and s e p a r a t e d  a t  t h e  o u t p u t  by demodula to r s - -opera t ing  90 d e g r e e s  
a p a r t .  T h i s  t echn ique  was used d u r i n g  t h e  f r e e  f l o a t  exper iment  ( s e e  "Exper i -  
ments R e s u l t s " )  . 

THEORETICAL CONSIDERATIONS 

LTEP f i n e  p o i n t i n g  c o n t r o l  i s  ach ieved  by u s i n g  two p r e s e l e c t e d  g u i d e  s tars  
l o c a t e d  i n  p rox imi ty  t o  t h e  s t e l l a r  s o u r c e  b e i n g  obse rved .  The s t a r  t r a c k e r s ,  
a s  d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n ,  a n g u l a r l y  de te rmine  t h e  l o c a t i o n  o f  t h e  
s t a r s  w i t h i n  t h e  s e n s o r  f i e l d  of  view and produce e r r o r  s i g n a l s  p r o p o r t i o n a l  
t o  m i s p o i n t i n g  which, v i a  t h e  s e r v o  l o o p  e l e c t r o n i c s  and magnet ic  pushers ,  
ho ld  t h e  t e l e s c o p e  p o i n t e d  a t  t h e  o b j e c t  of i n t e r e s t .  A minimum of  two gu ide  
s t a r s  i s  n e c e s s a r y  i n  o r d e r  t o  a c h i e v e  p o i n t i n g  i n f o r m a t i o n  f o r  b o t h  t h e  CLOS 
axes  and t h e  RLOS a x i s .  

E x t e r n a l  d i s t u r b a n c e  t o r q u e s  cause  p o i n t i n g  e r r o r s  a s  e x p l a i n e d  b u t  e q u a l l y  
impor tan t ,  no i se - induced  e r r o r s  can a l s o  p r e v e n t  t h e  c o n t r o l  sys tems from 
a c h i e v i n g  p o i n t i n g  s p e c i f i c a t i o n s .  Fundamentally,  t h e  s t a r  t r a c k e r  p r o v i d e s  
t h e  p o i n t i n g  c o n t r o l s  w i t h  commands i n  t h e  form of e r r o r  s i g n a l s  and t h e r e  i s  
no method of  d i s t i n g u i s h i n g  between o u t p u t  t r a c k e r  e r r o r  s i g n a l s  caused by 
t o r q u e  d i s t u r b a n c e s  o r  t h o s e  caused by i n t e r n a l  s t a r  t r a c k e r  n o i s e .  Although 
t h e r e  a r e  s e v e r a l  s o u r c e s  t h a t  can cause  e x c e s s i v e  n o i s e  a t  t h e  s t a r  t r a c k e r  
ou tpu t ,  s u c h  a s  e l e c t r i c a l  c i r c u i t  n o i s e ,  most of t h e s e  s o u r c e s  can a l l  be 
r e a s o n a b l y  minimized by p roper  c i r c u i t  d e s i g n  w i t h  one e x c e p t i o n ;  t h e  funda- 
menta l  " n o i s e  i n  s i g n a l "  due t o  random photon a r r i v a l  r a t e s  from t h e  gu ide  
s t a r s .  This n o i s e  i s  e v e r  p r e s e n t .  Random photon n o i s e  cannot  be e l i m i n a t e d ,  
on ly  minimized, by f  i l t e r i n g , i .  e . ,  by i n t e g r a t i n g  t h e  o u t p u t  s i g n a l s ,  o r ,  i n  
t h e  c a s e  o f  a  c l o s e d  loop  s e r v o  system, by u s i n g  low bandpass f r e q u e n c i e s .  
A l l  methods a c h i e v e  t h e  same r e s u l t  ; fundamental ly ,  sampl ing t h e  t r a c k e r  o u t - '  
put  over  a  p e r i o d  of t ime t o  e n a b l e  t h e  d e t e c t i o n  of t h e  s i g n a l  i n  t h e  p r e s -  
ence  of n o i s e .  The key pa ramete r  used i n  s i g n a l  d e t e c t i o n  i s  t h e  r a t i o  of  
s i g n a l  t o  n o i s e  (SIN) .  The f i r s t  impor tan t  s t e p  i n  d e t e r m i n i n g  s e r v o  p o i n t i n g  
e r r o r s  i n v o l v e s  s i g n a l - t o - n o i s e  c a l c u l a t i o n s  and i n  p a r t i c u l a r ,  s i g n a l - t o -  
n o i s e  c a l c u l a t i o n s  based on expec ted  gu ide  s t a r  magni tudes .  Large magnitude,  
low-intens  i t y  s t a r s  produce g r e a t e r  n o i s e .  

I n  o r d e r  t o  c a l c u l a t e  t h e  s t a r  t r a c k e r  and p o i n t i n g  sys tem SIN r a t i o ,  a  r e l a -  
t i o n s h i p  between t r a c k e r  r e c e i v e r  c h a r a c t e r i s t i c s ,  power d e n s i t y  a t  t h e  r e c e i v e r  
c o l l e c t o r ,  n o i s e  due t o  background i l l u m i n a t i o n ,  photon d i s c r e t e n e s s  o r  s h o t  
no i se ,  d e t e c t o r  n o i s e  c o n t r i b u t i o n s ,  and s e r v o  r e s p o n s e  bandwidth must be de- 
ve loped .  

The a n a l y t i c a l  r e l a t i o n s h i p  between t h e  s t a r  t r a c k e r  o u t p u t  s i g n a l  and t h e  
a n g u l a r  p o i n t i n g  e r r o r  f o r  t h e  d i v i d i n g  pr ism type  of  s e n s o r  i s , d e t e r m i n e d  
from t h e  A i r y  d i f f r a c t i o n  p a t t e r n  of t h e  s t a r  image formed a t  the  d i v i d i n g  
pr ism.  From t h e  d i f f r a c t i o n  p a t t e r n ,  t h e  image energy  t r a n s f e r  c u r v e  i s  
d e r i v e d  a s  a  f u n c t i o n  of t h e  p o i n t i n g  e r r o r  which can be measured i n  terms 
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of a f r a c t i o n  of t h e  Ai ry  d i s k  d i a m e t e r .  The image t r a n s f e r  curve is shown 
i n  F i g u r e  124. I t  p l o t s  l i g h t  i n t e n s i t y  v e r s u s  a n g l e  a s  r e l a t e d  t o  wave- 
l e n g t h  ( h )  and t h e  a p e r t u r e  (D) of t h e  o p t i c a l  sys tem.  

Boundary Position Relative to Axis of Image Synmetry 

F i g u r e  1 2 4 .  Image L i g h t  Energy on One S i d e  
of a Knife  Edge Boundary 

Using a  s t r a i g h t  l i n e  approx imat ion  t o  t h e  energy t r a n s f e r  curve,  i t  is e v i -  
d e n t  t h a t  t h e  energy  t r a n s f e r  a t  n u l l  p o s i t i o n  i s  e q u i v a l e n t  t o  t h e  t o t a l  
energy t r a n s f e r r e d  f o r  a n  a n g u l a r  motion of 1.22 h/D (A = wavelength, D = 
a p e r t u r e  diameter ,  both  i n  m e t e r s ) .  Such an  a n g u l a r  motion r e s u l t s  i n  t h e  
f i r s t  b r i g h t  r i n g  of t h e  d i f f r a c t i o n  p a t t e r n  being moved t o  t h e  apex o f  t h e  
image-dividing pr ism.  Then, s i n c e  t h e  ou tpu t  of t h e  pho tosensors  a r e  d i f -  
f  erenced,  

E t o t a l  = 2 s  ( 1 )  

where S i s  s i g n a l  i n  terms o f  a n g u l a r  p o i n t i n g  e r r o r  r e l a t i v e  t o  t h e  d i f -  
f r a c t i o n  p a t t e r n ,  and E  i s  t h e  e l e c t r i c a l  s i g n a l  i n  t h e  pho tosensor .  

Assuming p r i o r  knowledge of t h e  S/N r a t i o  i n  a p a r t i c u l a r  r esponse  bandwidth, 
an  r m s  n o i s e  of N i n  t h i s  same bandwidth w i l l ,  t h e r e f o r e ,  cause  t h e  sys tem 
t o  have an  r m s  po in t i ng  e r r o r  (Ep) d e s c r i b e d  by 
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f o r  p o i n t i n g  e r r o r s  c l o s e  t o  n u l l .  

Th i s  e x p r e s s i o n  i s  c o r r e c t  even when f a i r l y  l a r g e  c e n t r a l  o b s c u r a t i o n s  a r e  
p r e s e n t ,  provided,  i n  a l l  cases ,  t h a t  t h e  S/N r a t i o  i s  r e a s o n a b l y  l a r g e  ( v i z ,  
S/N 1 0 ) .  As t h e  S/N r a t i o  i s  lowered, t h e  e x p r e s s i o n  becomes o p t i m i s t i c  
(due t o  g r e a t e r  d e p a r t u r e s  of t h e  s t r a i g h t  l i n e  approx imat ion  from t h e  e n e r g y  
t r a n s f e r  cu rve)  and more a c c u r a t e  r e s u l t s  can be o b t a i n e d  w i t h  o t h e r  than  
s imple  s l o p e  a p p r o x i m a t i o n s .  

The S/N r a t i o  i s  d e r i v e d  s t a t  i s t i c a l l y  from a n a l y s i s  assuming Gaussian cond i -  
t i o n s  and can be c a l c u l a t e d  from a  knowledge of t h e  o p t i c a l  t r a n s m i s s i o n  and 
photocathode quantum e f f i c i e n c i e s ,  background i l l u m i n a t i o n ,  photon d i s c r e t e -  
ness ,  s t a r  i r r a d i a n c e  and bandpass f r e q u e n c i e s  . The f i n a l  e x p r e s s i o n  f o r  t h e  
S/N r a t i o  can t h e n  be s u b s t i t u t e d  i n t o  Equa t ion  ( 2 )  which would complete  t h e  
r e l a t i o n s h i p  n e c e s s a r y  t o  de te rmine  t h e  magnitude of t h e  m i s p o i n t i n g  caused 
by n o i s e .  

The r e l a t i o n s h i p  f o r  t h e  s i g n a l - t o - n o i s e  r a t i o  i s  g i v e n  by 

where 
PS = ' l o I m € q A  

Terms a r e  d e f i n e d  a s  £01 1 ows : 

P = A r r i v a l  r a t e  of s i g n a l  photons  a t  t h e  photon d e t e c t o r s  
S  

(pho tons / second)  

= System o p t i c a l  t r a n s m i s s i o n  e f f i c i e n c y  
0 

I = S t a r  i r r a d i a n c e  f o r  a  s p e c i f i c  p h o t o m u l t i p l i e r  s p e c t r a l  
m 

r a n g e  ( w a t t s l m e t e r z )  

s = Photon quantum energy  a t  a  s p e c i f i c  wavelength  (pho tons /  
second /wat t ) ,  l / h f  

sr 2 
A = Ent rance  a p e r t u r e  a r e a  f o r  t h e  o p t i c a l  sys tem (meter2),; D 

Mv = Guide s t a r  v i s u a l  magnitude 

= Photocathode quantum e f f i c i e n c y  
Q 

' n  
= E q u i v a l e n t  p h o t o m u l t i p l i e r  quantum energy  (rms p u l s e s  con- 

t r i b u t e d  by d a r k  c u r r e n t ) ,  background i l l u m i n a t i o n ,  and 
cosmic r a y  v a r i a t i o n s  (pho tons / second) .  

A t  = B a  dwidth  p e r i o d  (second)  o r  sampl ing i n t e r v a l  which e q u a l s  P 
2 feq  where feq(Hz) i s  t h e  e q u i v a l e n t  sys tem bandwidth.  
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I f  t h e  background i l l u m i n a t i o n ,  d a r k  c u r r e n t ,  and o t h e r  n o i s e  s o u r c e s  a r e  
n e g l e c t e d ,  i c e . ,  e = 0, t h e  r e l a t i o n s h i p  f o r  t h e  t h e o r e t i c a l  maximum S/N r a t i o  

n  
i s  o b t a i n e d .  

I f  t h e  maximum S/N r a t i o  is  t h e n  s u b s t i t u t e d  i n t o  Equa t ion  (2 ) ,  t h e  f i n a l  r m s  
p o i n t i n g  e r r o r  r e l a t i o n s h i p  i s  o b t a i n e d .  I n  t h i s  case ,  en  = 0  and Ep is  t h e r e -  
f o r e  c o n s i d e r e d  t h e  minimum p o i n t i n g  e r r o r  t h a t  c a n ' b e  o b t a i n e d .  

The e x p r e s s i o n  f o r  Ep (min. )  i s  p l o t t e d  l o g a r i t h m i c a l l y  a g a i n s t  s t a r  magnitude 
(Mv) i n  F i g u r e  125, Values of  pa ramete r s  used were a s  fo l lows :  

2 I (Mv = 0 )  = 3 . 8  x  1 0 - l 2  wa t t s / cm /micron a t  0 .55  microns over  a  
m 0.lOmnicron s p e c t r a l  r ange  

The E (min.) r e l a t i o n s h i p  d e r i v e d  u s i n g  t h e  above v a l u e s  i s  shown i n  F i g u r e  125. 
P  

The E  (min.)  r e l a t i o n s h i p  c l e a r l y  i n d i c a t e s  t h e  e f f e c t  of a p e r t u r e  d i a m e t e r  
I! on p o ~ n t i n g  a c c u r a c y .  It i s  o b v i o u s l y  more d i f f i c u l t  t o  o b t a i n  a  g iven  p o i n t i n g  

accuracy  w i t h  a  1-meter  a p e r t u r e  d i a m e t e r  t h a n  t o  o b t a i n  t h e  same accuracy  w i t h  
a  3-meter a p e r t u r e  d i a m e t e r  f o r  t h e  same s t e l l a r  magnitude and s e r v o  bandwidth.  

I f  t h e  d a r k  c u r r e n t  and o t h e r  n o i s e - c o n t r i b u t i n g  s o u r c e s  i n h e r e n t  i n  c n  a r e  i n -  
c luded,  t h e  SIN w i l l  be reduced,  r e s u l t i n g  i n  a n  i n c r e a s e d  r m s  e r r o r .  T h i s  i s  
p a r t i c u l a r l y  t r u e  i f ,  f o r  i n s t a n c e ,  d a r k  c u r r e n t  v a r i a t i o n s  due t o  the rmal  emis- 
s i o n  produce photocathode c u r r e n t s  n o t  much s m a l l e r  t h a n  t h o s e  due t o  s i g n a l .  
However, t h e  amount of E i n c r e a s e  due t o  a l l  t h e  sn f a c t o r s  c a n  be minimized by 

P  u s i n g  reduced t e m p e r a t u r e s  f o r  t h e  pho tosensors ,  minimal f i e l d  of  view, e t c .  
Dark c u r r e n t ,  f o r  example, due t o  the rmal  emiss ion  a p p e a r s  a s  a  photocathode 
o u t p u t  c u r r e n t  l e v e l  which may e x h i b i t  a  s low d r i f t  r a t e .  Coo l ing  t h e  photo- 
c a t h o d e  markedly reduces  t h e s e  c u r r e n t  l e v e l s .  This  was shown i n  F i g u r e  77, 
where d a t a  was o b t a i n e d  u s i n g  5-20- tgp  p h o t o m u l t i p l i e r  tube. Cool ing t o  2 0 0 , ~  
( - 7 3 ' ~ ) ,  i f  p r a c t i c a l ,  can reduce  t h e  d a r k  c u r r e n t  by a  f a c t o r  ok n e a r l y  4 0 : l .  

Another t e c h n i q u e  f o r  e l i m i n a t i n g  t h e  d c  component of  the rmal  d a r k  c u r r e n t  is  
o p t i c a l  o r  e l e c t r i c a l  chopping of  t h e  l i g h t  s i g n a l .  The photocathode o u t p u t  
c u r r e n t  can be made t o  appear  i n  a  coded a c  form and, w i t h  p r o p e r  e l e c t r i c a l  
p r o c e s s i n g  t echn iques ,  photocathode d c  o r  v e r y  low f requency  v a r i a t i o n s  c a n  be 
r e j e c t e d .  Photocathode s p e c t r a l  s e n s i t i v i t y  and g a i n  changes t h a t  normal ly  
would produce e l e c t r i c a l  imbalances r e s u l t i n g  i n  p o i n t i n g  e r r o r s  f o r  a  two- 
tube  pe r  a x i s  t y p e  o f  s e n s o r  would be e l i m i n a t e d .  

O p t i c a l  chopping has  a n o t h e r  s i g n i f i c a n t  advan tage .  One tube  p e r  a x i s  can  be 
e l i m i n a t e d  which, i n  tu rn ,  d i r e c t l y  e l i m i n a t e s  t h e  e f f e c t s  of  tube  imbalance ,  
The s i n g l e  t u b e  concept  is  accomplished by d i r e c t i n g  each  d i v i d e d  image t o  a  
common o p t i c a l  chopper and pho to tube  combinat ion a s  shown i n  F i g u r e  
S e v e r a l  s i g n a l  chopping t e c h n i q u e s  a r e  f e a s i b l e  t h a t  c a p t u r e  100 p e r c e n t  o f  
t h e  e n t e r i n g  s t a r l i g h t  t o  m a i n t a i n  maximum s i g n a l - t o - n o i s e  r a t i o .  By p roper  
phase  s y n c h r o n i z a t i o n  i n  t h e  s e n s o r  e l e c t r o n i c s ,  t h e  i n t e n s i t y  o f  each  d i v i d e d  
s t a r  image i s  d i f f e r e n c e d  t o  accomplish  t h e  same purpose, i.e.., t o  make p o i n t i n g  
e r r o r  p r o p o r t i o n a l  to image i n t e n s i t y  v a r i a t i o n s  a c r o s s  a  d i v i d i n g  p r i sm.  A 
t y p i c a l  o p t i c a l  chopping scheme i s  d e s c a b e d  below. 

$*S 
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D = m e t e r s  

f = hz 
e a 

/ E (min) = ( 2 . 1 4 ~  lo-') 
P 

4 8 9 10 1 E 12 13 

S t a r  Magnitude (Mvj 

F i g u r e  125. Minimum RMS P o i n t i n g  E r r o r  (E ) v s  S t e l l a r  
Magnitude P 

1-259 
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The focused  guide  s t a r  image i s  d i v i d e d  i n t o  f o u r  e q u a l  p a r t s  by t h e  d i v i d i n g  
p r i sm a s  shown i n  F i g u r e  126 The d i v i d e d  images a r e  s y m m e t r i c a l l y  spaced  
d u r i n g  p e r f e c t  p o i n t i n g  and d i r e c t e d  outward i n  f o u r  d i r e c t i o n s  t o  m i r r o r s  
which r e f l e c t  t h e  images o n t o  t h e  f a c e  o f  a  s p i n n i n g  r e t i c l e .  The d i v i d e d  
images a r e  shown i n  F i g u r e  127 a s  t h e y  a p p e a r  on t h e  s p i n n i n g  r e t i c l e .  

The r e t i c l e  i t s e l f  i s  l o c a t e d  behind t h e  d i v i d i n g  p r i sm and i t  i s  c i r c u l a r .  
It i s  e q u a l l y  d i v i d e d  i n t o  a  r e f l e c t i n g  s u r f a c e  and a  t r a n s p a r e n t  s u r f a c e .  
Two p h o t o m u l t i p l i e r  t u b e s  a r e  used t o  c o l l e c t  t h e  energy  from a l l  f o u r  d i v i d e d  
images.  Cons ide r  t h e  images o f  F i g u r e  1 2 7 f o r  i n s t a n c e ,  denoted by i n t e n s i t i e s  
11, I 2  I and 14. Images I2 and I3 a r e  r e f l e c t e d  i n t o  one p h o t o m u l t i p l i e r  
(PM $1) w t i l e  images I1 and I4 pass  th rough  t h e  r e t i c l e  t o  a  second photo- 
m u l t i p l i e r  (PM #2) f o r  t h e  r e t i c l e  p o s i t i o n  shown. One of t h e  pho to tubes  
cou ld  f a i l  and t h e  s t a r  t r a c k e r  would . c o n t i n u e  t o  o p e r a t e .  For  a  s i n g l e  
f a i l u r e  however, a  2 : l  r e d u c t i o n  i n  s i g n a l  i n t e n s i t y  would r e s u l t  i n  a n  
approximate  1ff2 r e d u c t i o n  i n  SIN.  

The fundamental  o p t i c a l  chopping and a s s o c i a t e d  s i g n a l  p r o c e s s i n g  t e c h n i q u e  
is  b e s t  d e s c r i b e d  by waveforms a t  t h e  p h o t o m u l t i p l i e r  p r e a m p l i f i e r  o u t p u t s  
( s e e  o p t i c a l  s e n s o r  e l e c t r s n i c s ,  F i g u r e  128 ) .  A s  t h e  r e t i c l e  s p i n s ,  t h e  
images a r e  chopped producing s q u a r e  waves a t  t h e  p h o t o m u l t i p l i e r  o u t p u t s .  
The p h o t o t u b e k  q u t p u t s  a r e  a c  coupled t o  a  wideband a c  p r e a m p l i f i e r  which 
r e j e c t s  t h e  pho to tube  d c  components and a m p l i f i e s  t h e  s q u a r e  wave i n p u t s .  

The r e s u l t  i s  he p r e a m p l i f i e r  o u t p u t  waveforms shown i n  F i g u r e  129 .' The 
ampl i tude  o f  e  ch waveform i s  s t i l l  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  o f  each  
d i v i d e d  image a s  i n d i c a t e d  i n  t h e  f o u r  o u t p u t  waveforms f o r  e a c h  pho tomul t i -  
p l i e r  ( P M l  and PM #2) p r e a m p l i f i e r  o u t p u t .  The a n g u l a r  e r r o r  phas ing,  ampl i -  
t u d e  and c o r r e c t  a x i s  informatLon i s  o b t a i n e d  from t h e s e  waveforms by: 

1 )  Summing t h e  two p r e a m p l i f i e r  o u t p u t  s i g n a l s  ( r e f l e c t e d  
and t r a n s m i t t e d ,  ( i . e . ,  PM#l p l u s  PM#~) ,  

2)  Applying t h e s e  summed s i g n a l s  t o  two synchronous demodu- 
l a t o r s  which a r e  e x c i t e d  by h o r i z o n t a l  and v e r t i c a l  
s y n c h r o n i z a t i o n  s i g n a l s  from. magnet ic  heads s i t u a t e d  
n e a r  t h e  r e t i c l e .  The h o r i z o n t a l  and v e r t i c a l  synchro-  
n i z a t i o n  s i g n a l  f r e q u e n c i e s  a r e  i n  q u a d r a t u r e .  

3 )  Adding and s u b t r a c t i n g  t h e  demodulator  o u t p u t s .  

The two demodulator  o u t p u t s  y i e l d  dc  v o l t a g e s  p r o p o r t i o n a l  t o  p o i n t i n g  e r r o r  
i n  two axes  r e s p e c t i v e l y .  Adding t h e  demodulator  o u t p u t s  g i v e s  a  dc  v o l t a g e  
p r s p o r t % s n a l  t d  t h e  v e r t i c a l  a x i s  image p o s i t i o n  

v ( V e r t i c a l )  = (V13+ V ) - (VI1 + V14) 
k;, 12 
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Figure 126 . Single Axis Tracking Sensor Utilizing 
a Single Tube and Optical Chopper 
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( v e r t i c a l  
Sync. Reference)  ( H o r i z o n t a l  Sync. Reference)  

Ref l e c  t i v e  D i r e c t i o n  of R o t a t i o n  
S u r f a c e  

H o r i z o n t a l  Image 
Motion 

n s p a r e n t  S u r f a c e  

H o r i z o n t a l  Sync. - 3 TI V e r t i c a l  Sync. 
2 

P h o t o m u l t i p l i e r  (Trans .) P h o t o m u l t i p l i e r  (Ref 1 .) P r e  - 
Voltage P r e a m p l i f i e r  Outputs  Vol tage  a m p l i f i e r  Outputs  

F i g u r e  12gp T y p i c a l  Output Wave Forms 
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'13- '11 
= H o r i z o n t a l  Demodulator o u t p u t  

'16- '12 
= V e r t i c a l  Demodulator o u t p u t  

v ~ 1 7  '12, '13' '14 
= I n d i v i d u a l  v o l t a g e  components p r o p o r t i o n a l  

t o  e a c h  d i v i d e d  image i n t e n s i t y .  

S u b t r a c t i n g  t h e  demodulator  o u t p u t  g i v e s  a  d c  v o l t a g e  p r o p o r t i o n a l  t o  t h e  
h o r i z o n t a l  a x i s  image p o s i t i o n ,  

V ( h o r i z o n t a l )  = V13- V12) - (VI1- V14) 
Jr 

(6 )  

The v o l t a g e s  V and V of  Equa t ions  (5 )  and ( 6 )  a r e  p r o p o r t i o n a l  t o  p o i n t i n g  
e r r o r  which c a t  a l s o  b e  s e e n  by c o n s i d e r i n g  what occurs  t o  t h e  d i v i d e d  images 
d u r i n g  m i s p o i n t i n g .  Assume a n  a n g u l a r '  e r r o r  e x i s t s  i n  t h e  v e r t i c a l  a x i s  (up- 
ward) .  For  t h i s  case ,  t h e  d i v i s i o n  of  l i g h t  a t  t h e  o p t i c a l  s e n s o r  d i v i d i n g  
p r i sm (See F i g u r e 1 2 6 )  w i l l  c ause  t h e  i n t e n s i t y  i n  images I1 and I4 ( s e e  
F i g u r e  127) t o  e q u a l l y  i n c r e a s e  and t h e  i n t e n s i t y  i n  images I2 and I3 t o  
e q u a l l y  d e c r e a s e .  The demodulator  v o l t a g e  V@ of E q u a t i o n  (5)  w i l l  go p o s i t i v e  
s i n c e  

> v + . v  
'13+ '12 11 I 4  

The p o s i t i v e  i n c r e a s e  i n  v o l t a g e  i s  e q u a l  t o  p o i n t i n g  e r r o r .  On t h e  o t h e r  
hand, t h e  demodulator v o l t a g e  V o f  Equa t ion  ( 6 )  shou ld  n o t  change which is  
t r u e  s i n c e  JI 

'13 = '12 
and 

The o p t i c a l  chopper s p i n n i n g  r e t i c l e  d e s i g n  is f u n c t i o n a l l y  s u p e r i o r  t o  o t h e r  
t y p e s  of choppers .  It a v o i d s  a  l o t  o f  problems. Choppers u s i n g  v i b r a t i n g  
r e e d s  f o r  i n s t a n c e ,  encoun te r  d e s i g n  d i f f i c u l t i e s  s i n c e  r e l a t i v e l y  l a r g e  
motions a r e  r e q u i r e d  a t  r e l a t i v e l y  h i g h  f r e q u e n c i e s .  Second, i f  phase  modu- 
l a t i o n  i s  used a s  d i s c u s s e d  above t o  r e c a p t u r e  t h e  i n f o r m a t i o n  i n  t h e  d c  
o u t p u t  v o l t a g e  form, a t  l e a s t  two s e t s  of r e e d s  a r e  r e q u i r e d .  Frequency 
modula t ion  t e c h n i q u e s  reduce  t h e  amount of  v i b r a t i n g  r e e d s  t o  one s e t  bu t  
t h i s  approach c r e a t e s  h i g h e r  harmonics c a u s i n g  s e v e r e  a x i s  c r o s s  c o u p l i n g  
e r r o r s .  

The c i r c u l a r  r e t i c l e  s p i n  r a t e  can be q u i t e  low. The main requ i rement  is  t o  
m a i n t a i n  a n  a c  c a r r i e r  f r equency  h i g h e r  t h a n  t h e  s e r v o  bandwidth f r e q u e n c i e s .  
Se rvo  bandwidth f o r  t h e  f r e e  f l o a t  i s  v e r y  low ( l e s s  t h a n  1 / 5  Hz) s o  a  chopping 
f requency  of 1 0  Hz t o  20 Hz i s  more t h a n  a d e q u a t e .  

A s tar  t r a c k e r  implemented w i t h  a n  o p t i c a l  chopper a s  d e s c r i b e d  h e r e  does  n o t  
a l t e r  t h e  fundamental  S/N r e l a t i o n s h i p  g iven  by Equa t ion  ( 3 ) .  

C o n s i d e r i n g  aga in ,  t h e  p o i n t i n g  sys tem no i se - induced  e r r o r  (Ep) d e f i n e d  by 

(;)-land t h e  S/N r e l a t i o n s h i p  of Equa t ion  ( 3 ) ,  t h e  c o n t r o l l i n g  f a c t o r  
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i n  t h e s e  e q u a t i o n s ,  i . e . ,  t h e  parameter  which c a n  be e a s i l y  v a r i e d ,  i s  Ct ,  
t h e  bandwidth p e r i o d  o r  sampl ing i n t e r v a l .  The SIN r a t i o  i n c r e a s e s  w i t h  l a r g e r  
A t  and p r o p o r t i o n a l l y  r e d u c e s  t h e  no i se - induced  p o i n t i n g  e r r o r  (Ep).  S i n c e  
by d e f i n i t i o n ,  A t  = 1 / 2 f e q ,  t h e  " e q u i v a l e n t  n o i s e "  bandwidth f requency Lfeq 
shou ld  t h e r e f o r e  be a s  low a s  p o s s i b l e  t o  minimize n o i s e  e r r o r .  The equ iva -  
l e n t  n o i s e  bandwidth f requency  term ( f e q ) ,  however, i s  d i r e c t l y  dependent on 
and determined by, t h e  f r e e  f l o a t  c l o s e d - l o o p  s e r v o  p a r a m e t e r s .  It t h e r e f o r e  
becomes n e c e s s a r y  a t  t h i s  p o i n t  t o  examine t h e  f r e e  f l o a t  s e r v o  sys tem p r i o r  
t o  c a l c u l a t i n g  v a l u e s  f o r  b f e q .  More impor tan t ,  v a l u e s  f o r  Afeq must be 
s e l e c t e d  a l s o  k e e p i n g  i n  mind t h e  magnitude and f requency  o f  e x t e r n a l  t o r q u e  
d i s t u r b a n c e s .  A t r a d e - o f f  i n  s e r v o  loop  g a i n  and bandpass f r e q u e n c i e s  i s  
r e q u i r e d  i n  o r d e r  t o  s i m u l t a n e o u s l y  minimize p o i n t i n g  e r r o r  due t o  n o i s e  and 
p o i n t i n g  e r r o r  due t o  t o r q u e  d i s t u r b a n c e .  

A s  s t a t e d  p rev ious ly ,  t h e  f r e e  f l o a t  sys tem uses  e l e c t r i c a l  i n t e g r a t i o n  i n  
t h e  s i g n a l  p a t h s .  A t y p i c a l  s e r v o  loop  f o r  t h e  CLOS and RLOS axes  i s  shown 
i n  F i g u r e  130 u s i n g  two s t a g e s  o f  i n t e g r a t i o n .  

K Includes Torquer 
Constant, and Sensor gains. 

Proportional Proportional 

or 

Guide 
Star Re 

I Inteerator I 

J S ~  
I 

(Disturbance) 

F i g u r e  130. Servo U t i l i z i n g  I n t e g r a t i o n  
( S i n g l e  Axis) 
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The advan tages  of u s i n g  i n t e g r a t i o n ,  bo th  from t h e  viewpoint  of minimizing 
p o i n t i n g  e r r o r  due t o  d i s t u r b a n c e s  and e r r o r s  due t o  n o i s e ,  can  r e a d i l y  be 
s e e n  by examining and comparing s e r v o  l o o p  t r a n s f e r  f u n c t i o n s  w i t h  and w i t h o u t  
i n t e g r a t i o n .  F i g u r e  1 3 1  shows a  s e r v o  l o o p  w i t h o u t  i n t e g r a t i o n  u s i n g  a  l e a d -  
l a g  compensat ion network f o r  s t a b i l i z a t i o n  i d e n t i c a l  t o  t h e  l e a d  networks  
used t o  s t a b i l i z e  t h e  s e r v o  sys tem o f  F i g u r e  130 . 

Torquer Current (Disturbance) 
Guide Star I 'd (8 )  

Ref. 

Amplification 
and 

Compensat ion 
(Lead-Lag) 

1 

Telescope 7.2 
Posit ion 

F i g u r e  131. Fundamenta 1 Guidance Servo Loop 
( S i n g l e  Axis) 

Using feedback r e l a t i o n s h i p s ,  t h e  s e r v o  e r r o r  t r a n s f e r  f u n c t i o n  o f  F i g u r e  130 
( w i t h  i n t e g r a t i o n )  f o r  i n p u t  t o r q u e  d i s t u r b a n c e s  is  

(: + 1)s4 T ~ ( s )  
r e ( s )  = 

2 s  + 1) s4+;  (Ts + 1 )  3  
n  

and f o r  F i g u r e  131 ( w i t h o u t  i n t e g r a t i o n ) ,  t h e  t r a n s f e r  f u n c t i o n  i s  
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Def in ing  terms, 

7  ( s )  = Torque e r r o r  
e  

7 ( s )  = Dis tu rbance  i n p u t  to rque  
d  

T  = P r o p o r t i o n a l  t ime c o n s t a n t  

K = T o r q u e - o p t i c a l  sensor -ampl i tude  g a i n  

J = Telescope  I n e r t i a  

n  = I n t e g e r  

s  = L a p l a c i a n  o p e r a t o r  

- 1 
I f  n +  OJ o r  (T/n) i 3  by des ign ,  l a r g e  compared t o  t h e  t o r q u e  i n p u t  d i s t u r b i n g  
f requency  (a) and i f  T a l s o  p r e s e n t s  a  f requency ( i . e . ,  T  = 1/2fif)  much h igher  
t h a n  t h e  inpu t  d i s t u r b i n g  f requency,  t h e n  terms c o n t a i n i n g  t h e s e  parameters  can 
be n e g l e c t e d .  S i m i l a r l y ,  t h e  remaining denominator terms J / K S ~  and J / K S ~  o f  
Equa t ions  ( 7 )  and (8)  a r e  a l s o  by des ign ,  much s m a l l e r  t h a n  u n i t y .  The e r r o r  
t r a n s f e r  f u n c t i o n s  reduce t o  

o r  i n  terms of t ime 
J d47d(t )  

( w i t h  i n t e g r a t i o n )  
d t  

and 

o r  i n  terms of t ime 
2  

J d  r d ( t )  
7 ( t )  = - 

2  
(wi thou t  i n t e g r a t i o n )  

e  d t  

The r e s u l t  of add ing  two s t a g e s  of i n t e g r a t i o n  is  t o  add a t  l e a s t  two o r d e r s  
o f  d i f f e r e n t i a t i o n  t o  t h e  t o r q u e  d i s t u r b a n c e .  S i n c e  t h e  d i s t u r b i n g  t o r q u e  
( r d )  i s  a s i n u s o i d a l  f u n c t i o n ,  i . e .  

r d ( t )  = A s i n  u l t  (13)  

t h e n  d4r, ( t  

4  
= Aw4sin ~t 

d t  

A t  peak ampl i tudes ,  t h e  t o r q u e  e r r o r  i s  
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where 
A = Peak a m p l i t u d e  of d i s t u r b i n g  t o r q u e  

= 2x/2700 rad / second  = O r b i t a l  f r equency  

The d i s t u r b i n g  f requency  (w) i s  l e s s  t h a n  u n i t y ,  s o  t h e  t o r q u e  e r r o r  (7,) 
becomes r a p i d l y  reduced when w i s  r a i s e d  t o  h i g h e r  powers.  The p o i n t i n g  
e r r o r  (@ ) i s  a l s o  reduced  c o n s i d e r a b l y  w i t h  i n t e g r a t i o n  s i n c e  i t  i s  pro-  
p o r t i o n a f  t o  se - 0 

- - - -  " A ( w i t h o u t  i n t e g r a t i o n )  
- 2 - K  peak Jw 

The " e q u i v a l e n t  n o i s e  bandwidth" ( f e q )  can be c a l c u l a t e d  and compared f o r  t h e  
s e r v o  loops  of  F i g u r e s  130 and 1 3 1  . The bandwidth ( f e q )  i s  u n l i k e  t h e  
bandwidth normal ly  d e f i n e d  i n  l i n e a r  networks t h e o r y  and is d e r i v e d  from s t a -  
t i s t i c a l  t h e o r y .  It  i s  d e f i n e d  by r e l a t i o n s h i p  

2 f e q  = ---- A j G ( s )  G ( - s )  d s  Hz 231 j - im 
J 

G(s)  is t h e  c l o s e d  loop  t r a n s f e r  f u n c t i o n  and G(-s)  i s  t h e  c o n j u g a t e  of  G ( s ) .  

For  F i g u r e  130 , 

For F i g u r e  131  , 
(Ts + 1 )  

G(s) = 
s2 + (Ts + 1 )  

K 

Equa t ions  (19)  and (20) assumed T /n  i s  s m a l l  compared t o  T. S u b s t i t u t i n g  
Equa t ions  (19)  and (20) i n t o  Equa t ion  (18)  r e s u l t s  i n  s o l u t i o n s  f o r  t h e  
e q u i v a l e n t  bandwidth i n  terms of  t h e  s e r v o  l o o p  p a r a m e t e r s ;  

and 
T 2 X + l  

1 
f e q  = --- 9 

2 2T 
Hz ( w i t h o u t  i n t e g r a t i o n )  
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Comparing Equa t ions  (21)  and (22)  and r e a c h i n g  c o n c l u s i o n s  by i n s p e c t i o n  is  
d i f f i c u l t  w i t h o u t  v a l u e s  f o r  T, K and J .  However, based on known i n p u t  d i s -  
tu rbance  t o r q u e  l e v e l s  and r e q u i r e d  p o i n t i n g  e r r o r  r equ i rements  f o r  modules 
C and D i n  t h e  CLOS and RLOS'axes, numer ica l  v a l u e s  f o r  t h e s e  pa ramete r s  can 
be eas  il y  d e r i v e d .  

- 3  
The major  t o r q u e  d i s t u r b a n c e  ('Td) has been s p e c i f i e d  a s  29.5 x  10  l b - f t  a t  
115400 Hz w i t h  t h e  requ i rement  t o  p o i n t  t o  0.0060 a rc - second  (peak)  d u r i n g  
a p p l i c a t i o n  of  t h e s e  d i s t u r b a n c e s .  The loop  g a i n  f o r  t h e  s e r v o  loop  w i t h o u t  
i n t e g r a t i o n  (F igure  1 3 1 )  can  be approximated from Equa t ion  (17)  

K = e ( t ) l  
- - 2 9 - 5  

x 2.06 x 10 
5  

E: peak 0 .006 

6  l b - f t  
2 l . l x  10 - 

r a d  

The s e r v o  open l o o p  f requency  r e s p o n s e  i s  a s  shown i n  t h e  Bode s t a b i l i t y  p l o t  
of F i g u r e  132 assuming a  t e l e s c o p e  i n e r t i a  (J) o f  15,000 s l u g - f t 2  w i t h  K = 
1.1 x  1 0 6  l b - r a d .  A r e a s o n a b l e  v a l u e  f o r  t h e  t ime  c o n s t a n t  (T )  i s  0 .22  second 
which r e s u l t s  i n  a  phase  margin of 43 d e g r e e s .  The e q u i v a l e n t  bandwidth i s  
c a l c u l a t e d  from Equa t ion  (22)  which y i e l d s  

f e q  = 5.10 HZ 

S i m i l a r l y ,  v a l u e s  can  be s e l e c t e d  f o r  s e r v o  loop  w i t h  d u a l  i n t e g r a t o r s  i n  t h e  
s i g n a l  p a t h s  ( F i g u r e  1 3 9 ,  R e f e r r i n g  t o  Equa t ion  (16) ,  r, 

The Bode s t a b i l i t y  p l o t  i s  a l s o  shown i n  F i g u r e  132 f o r  K = 1 . 3 6  l b - f t l r a d  and 
J = 15,000 s l u g - f t 2 .  The t ime  c o n s t a n t  (T) i s  s e l e c t e d  a t  1 4  seconds  which 
a l s o  r e s u l t s  i n  a  phase  margin of 43 d e g r e e s .  The e q u i v a l e n t  bandwidth i s  
de te rmined  from Equa t ion  ( 2 1 ) .  

f e q  = 0.14 Hz 

The no i se - induced  p o i n t i n g  e r r o r  (Ep) can  now be c a l c u l a t e d  f o r  each t y p e  o f  
s e r v o  g i v e n  t h e  above v a l u e s  f o r  t h e  e q u i v a l e n t  bandwidth ( f e q ) .  From Equa- 
t i o n  ( 2 )  and u s i n g  F i g u r e  125 , t h e  p o i n t i n g  e r r o r  f o r  t h e  s e r v o  sys tem 
w i t h o u t  i n t e g r a t i o n  i s  

112 2  
Ep = 0.0089 ( 5 . 1 )  12  + 0.005 a rc - second  (rms) 

Assuming, 
D = 2  mete r s  

Mv = 1 3 t h  ( s t a r  magni tude)  

1-269 
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No = 0 . 1  ( o p t i c a l  e f f i c i e n c y )  

Nq = 0 . 1  (quantum e f f i c i e n c y )  

Using t h e  above assumpt ions ,  a  s e r v o  loop  w i t h  d u a l  i n t e g r a t i o n  y i e l d s ,  

The c o n c l u s i o n s  a r e  obv ious .  By s imply  i n s e r t i n g  e l e c t r i c a l  i n t e g r a t i o n  i n t o  
t h e  s i g n a l  pa ths ,  t h e  no i se - induced  p o i n t i n g  e r r o r s  f o r  t h e  CLOS and RLOS axes  
can be markedly reduced  ( 5 : l  f o r  t h e  above example) w i t h o u t  s a c r i f i c i n g  e r r o r  
due t o  e x t e r n a l  t o r q u e  d i s t u r b a n c e s  ( i . e . ,  t h e  t o r q u e  d i s t u r b a n c e  e r r o r s  a r e  
i d e n t i c a l  i n  bo th  c a s e s  f o r  t h e  above examples ) .  

EXPERIMENTAL RESULTS 

D e s c r i p t i o n  

The l i n e - o f - s i g h t  s t a b i l i z a t i o n  method proposed f o r  t h e  P r i n c e t o n  Advanced 
(OAO) Exper imenta l  package, a  one-meter t e l e s c o p e  w i t h  u l t r a v i o l e t  imaging 
and s p e c t r a l  a n a l y s i s  c a p a b i l i t y ,  was t h e  f r e e  f l o a t  approach .  Th i s  recom- 
mendat ion was one r e s u l t  of t h e  OAO - Advanced P r i n c e t o n  S a t e l l i t e  Study 
(Phase  I )  performed by Perkin-Elmer .  An e x t e n s i o n  of  t h i s  program (Phase  11)  
had a s  i t s  g o a l s  t h e  exper imenta l  v e r i f i c a t i o n  of  t h e  f e a s i b i l i t y  of  t h e  
concept  and a  r e d u c t i o n  t o  hardware of  t h e  major r e q u i r e d  components. The 
f o l l o w i n g  pa ragraphs  d e s c r i b e  t h e  hardware and t e s t  ar rangement  t o g e t h e r  w i t h  
r e s u l t s  r e l e v a n t  t o  t h e  performance a t t a i n e d  w i t h  e a c h .  

The d a t a  is  p r e s e n t e d  s i n c e  t h e  components a r e  a p p r o p r i a t e ,  w i t h  o n l y  s t r a i g h t -  
forward m o d i f i c a t i o n s ,  f o r  use  on t h e  LTEP t e l e s c o p e  f r e e  f l o a t  implementa t ion .  
Furthermore,  w h i l e  t h e  measurement p r e c i s  i o n  was i n s u f f i c i e n t  t o  v e r i f y  po ten-  
t i a l  p o i n t i n g  of  a c c u r a c i e s  g r e a t e r  t h a n  0.1 arc-second nns, t h e  r e s u l t s  o b t a i n e d  

V e r i f i e d  t h e  p r a c t i c a l i t y  o f  t h e  f r e e  f l o a t  approach;  
i . e . ,  t h a t  p r e c i s e  c o n t r o l  o f  a  m a g n e t i c a l l y  suspended 
t e l e s c o p e  i s  f e a s i b l e  and, t h a t  magnet ic  suspens ion  
o f f e r s  a  h i g h  d e c o u p l i n g  from v e h i c l e  mot iona l  d i s -  
t u r b a n c e s .  

@ I n d i c a t e d  no fundamental  r e a s o n  why h i g h e r  p r e c i s i o n  
s h o u l d  be u n a t t a i n a b l e ;  i . e  ., g r e a t e r  p r e c i s  i o n  was n o t  
demons t ra ted  due t o  t h e  l a c k  of an  o p t i c a l  e r r o r  
s e n s o r  o 

An e x p e r i m e n t a l  breadboard o f  t h e  f r e e  f l o a t  p o i n t i n g  sys tem was c o n s t r u c t e d  
t o  de te rmine  t h e  f e a s i b i l i t y  of  a c h i e v i n g  s e v e r a l  of t h e  p o i n t i n g  sys tem r e -  
qu i rements .  Breadboard v e r s i o n s  of t h e  s p e c i a l  e l e c t r i c a l - m e c h a n i c a l  compon- 
en t s  r e q u i r e d  f o r  t h i s  sys tem concept  were c o n s t r u c t e d  a s  p a r t  of  t h i s  e f f o r t .  
These inc luded  t h e  magnet ic  "pushers", c a p a c i t i v e  s e n s o r s  and t'he c h a i n  l i n k  
t r a n s  fo rmer .  
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I n  t h e  e x p e r i m e n t a l  s e t u p ,  s p e c i a l l y  des igned  a i r  b e a r i n g s  were used t o  " f l o a t "  
a  535-pound p l a t f o r m  t o  s i m u l a t e  w e i g h t l e s s  c o n d i t i o n s .  The p l a t f o r m  was 
approx imate ly  6 f e e t  i n  l e n g t h  and 2 . 5  f e e t  wide and s e r v e d  t o  s i m u l a t e  t h e  
t e l e s c o p e  s t r u c t u r e .  

The main goa l  of  t h e  exper iment  was t o  prove o u t  t h e  f r e e  f l o a t  c o n t r o l  s y s t e m  
concep t s  f o r  t h r e e  o f  t h e  p o s s i b l e  s i x  degrees  o f  freedom ( t h r e e  a n g u l a r  and 
t h r e e  t r a n s l a t i o n a l )  c o n t r o l l e d  by t h e  p o i n t i n g  sys tem.  One CLOS r o t a t i o n a l  
a x i s  and t h e  l o n g i t u d i n a l  ( z )  and l a t e r a l  ( x )  t r a n s l a t i o n a l  d e g r e e s  of freedom 
were s e l e c t e d  f o r  t h e  t e s t .  The m a j o r i t y  of  a c t u a l  t e s t s  were focused on t h e  
a n g u l a r  a x i s  and t h e  a s s o c i a t e d  c e n t e r i n g  c o n t r o l .  P r o v i n g  o u t  a  combinat ion 
of a n  a n g u l a r  and a s s o c i a t e d  c e n t e r i n g  a x i s  v e r i f i e s  n e a r l y  a l l  of  t h e  c r i t i c a l  
f r e e  f l o a t  p o i n t i n g  sys tem c o n c e p t s .  A f u l l  s c a l e ,  s ix -degree -o f - f reedom t e s t  
would be more complete  o n l y  i n  t h a t  a n  e v a l u a t i o n  of  t h e  e f f e c t s  of  a x i s - t o -  
a x i s  c r o s s - c o u p l i n g  would be p o s s i b l e  ( a l t h o u g h  t h e  d i f f i c u l t y  of t h e  t e s t  
would be g r e a t l y  m a g n i f i e d ) .  

The pr ime concern  i n  d e v i s i n g  t h e  exper iment  c o n f i g u r a t i o n  i t s e l f  was t o  
deve lop  a  t e s t  d e v i c e  which would r e a l i s t i c a l l y  s i m u l a t e  t h e  w e i g h t l e s s  con- 
d i t i o n s  of  o u t e r  s p a c e .  To accompl i sh  t h i s ,  a  means of  s u s p e n s i o n  had t o  be 
developed i n  which u n c o n t r o l l a b l e  d i s t u r b a n c e  f o r c e s  and t o r q u e s  were an  o r d e r  
o f  magnitude l e s s  t h a n  t h o s e  known t o  e x i s t  i n  t h e  s p a c e  environment .  The 
approach  used was t o  deve lop  a  f r i c t i o n l e s s  s u r f a c e  ( d e s c r i b i n g  a  p l a n e  e x a c t l y  
a t  r i g h t  a n g l e s  t o  t h e  g r a v i t y  v e c t o r )  on which a mass r e p r e s e n t i n g  t h e  t e l e -  
scope  cou ld  be s u p p o r t e d .  It was concluded t h a t  t h e  b e s t  t e c h n i q u e  f o r  g e n e r a -  
t i n g  a  f r i c t i o n l e s s  s u r f a c e  was t o  suspend t h e  s i m u l a t e d  t e l e s c o p e  on a  c u s h i o n  
o f  a i r .  The t e c h n i q u e  i s  i , l l u s t r a t e d  below i n  F i g u r e  133 . 

A i r  B e a r i n g  Tab le  R e p r e s e n t i n g  
S imula ted  APS. Experiment Package (Telescope)  

A i r  cush ions  Upon 
which T a b l e  i s  
s u p p o r t e d  

F i g u r e  1 3 3 ,  A i r  Bear ing  s$y  Concept 
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Located s y m m e t r i c a l l y  benea th  t h e  t a b l e  were f o u r  6 - inch  d i a m e t e r  a i r  pads 
which l i f t e d  t h e  s t r u c t u r e  and suspended i t  on a i r .  The o n l y  f r i c t i o n  from 
such  d e v i c e s  a r e  t h e  s h e a r i n g  f o r c e  ( v i s c o u s  f o r c e )  between t h e  a i r  pads and 
t h e  t a b l e ,  but  f o r c e s  of  t h i s  n a t u r e  a r e  v e r y  s m a l l .  For  t h e  p a r t i c u l a r  d e s i g n  - 5  
used and t e l e s c o p e  v e l o c i t i e s  of 0.050 inch l second ,  t h e  f o r c e  i s  on ly  1 . 8  x  10 
pound. T h i s  was w e l l  below t h e  e x t e r n a l  f o r c e s  expec ted  i n  space  and we igh t -  
l e s s  c o n d i t i o n s  i n  one p l a n e  were c l o s e l y  s i m u l a t e d .  

Having e s t a b l i s h e d  a w e i g h t l e s s  environment f o r  t h e  s i m u l a t e d  exper iment  pack- 
age  i n  one plane,  t h e  remainder  o f  t h e  exper iment  was d i r e c t e d  towards p r o v i n g  
t h e  magnet ic  s u s p e n s i o n  c o n c e p t s .  The f i r s t  goa l  was t o  d e t e r m i n e  whether  o r  
n o t  t h e  sys tem cou ld  be e a s i l y  s t a b i l i z e d  and r e m o t e l y  c o n t r o l l e d .  It was a l s o  
n e c e s s a r y  t o  d e t e r m i n e  whether  t h e  magnet ic  pushers ,  c a p a c i t i v e  s e n s o r s  and 
c h a i n  l i n k  t r a n s f o r m e r s ,  developed d u r i n g  t h i s  program, could  perform s i m u l -  
t a n e o u s l y  and a c c e p t a b l y  w i t h o u t  c r e a t i n g  unexpected d e t r i m e n t a l  e f f e c t s .  I n  
summary t h e r e f o r e ,  t h e  t e s t  e f f o r t  was d i r e c t e d  a t  

1 )  Determining a n g u l a r  p o i n t i n g  and l i n e a r  d i sp lacement  e r r o r s  
caused by p u r p o s e l y  a p p l i e d  t o r q u e  and f o r c e  d i s t u r b a n c e s  
i n t e n d e d  t o  s i m u l a t e  t h o s e  expec ted  i n  s p a c e .  

2 )  S e p a r a t e  e v a l u a t i o n  o f  t h e  s p e c i a l  components'  performance 
when used i n  t h e  sys tem.  

I n  r e g a r d  t o  t h e  c o n t r o l  loops ,  t h e  c a p a c i t i v e  d i sp lacement  s e n s o r  o u t p u t  s i g -  
n a l s  were e l e c t r i c a l l y  added t o  produce o u t p u t  v o l t a g e s  p r o p o r t i o n a l  t o  a n g u l a r  
e r r o r s  i n  a d d i t i o n  t o  d e r i v i n g  c e n t e r i n g  a x i s  e r r o r  s i g n a l s .  The t e s t  base  
s t a n d  o r  t h e  e a r t h  was used a s  t h e  p o i n t i n g  r e f e r e n c e ,  which i s  i d e n t i c a l  i n  
concept  t o  u s i n g  a  s t e l l a r  r e f e r e n c e  s o u r c e  and a n  o p t i c a l  s e n s o r  f o r  c o n t r o l .  
Double e l e c t r i c a l  i n t e g r a t i o n  was i n c o r p o r a t e d  i n  t h e  CLOS a x i s  s e r v o  l o o p  
w i t h  a  bandwidth o f  approx imate ly  115 Hz. 

I n  a d d i t i o n ,  a  s t a g e  o f  i n t e g r a t i o n  was used i n  e a c h  o f  t h e  two c e n t e r i n g  s e r v o  
loops  t o  n u l l  o u t  unwanted e l e c t r i c a l  o f f s e t s  and p rov ide  a  measure of  t h e  a i r  
b e a r i n g  t a b l e  u n b a l a n c e s .  Any unbalance  i n  t h i s  sys tem would produce, by des ign ,  
d c  v o l t a g e s  a t  t h e  c e n t e r i n g  s e r v o  loop  i n t e g r a t o r  o u t p u t s  i n  t h e  c o r r e c t  pro- 
p o r t i o n .  These v o l t a g e s  were s e n t  from t h e  t a b l e  t o  a  remote a u t o m a t i c - b a l a n c i n g  
sys tem which l e v e l e d  t h e  t a b l e  t o  0.005 arc-second w i t h  r e s p e c t  t o  a  p l a n e  pe r -  
p e n d i c u l a r  t o  g r a v i t y .  T h i s  a u x i l i a r y  c l o s e d  l o o p  s e r v o  was swi tched  o u t  of t h e  
l o o p  when a c t u a l  d a t a  was t a k e n .  The a u t o m a t i c  b a l a n c i n g  subsystem u t i l i z e d  
p i e z o e l e c t r i c  d i s k s  l o c a t e d  benea th  e a c h  a i r  b e a r i n g .  The h e i g h t  o f  e a c h  a i r  
b e a r i n g  could  t h e r e f o r e  be v a r i e d  i n  inc rements  a s  s m a l l  a s  11-1 i n . .  by a p p l y i n g  
v o l t a g e  t o  t h e  p i e z o d i s k s  t o  p r e c i s e l y  l e v e l  t h e  t a b l e .  An a r t i s t ' s  v e r s i o n  
of  t h e  a c t u a l  t a b l e  s e t - u p  i s  shown i n  F i g u r e  1 3 4 .  Photographs  of t h e  e x p e r i -  
menta l  s e t u p  a r e  shown i n  F i g u r e  135. 

Two l a b o r a t o r y  rooms were a l s o  used f o r  t h e  e x p e r i m e n t .  One room c o n t a i n e d  t h e  
power s u p p l i e s ,  c o n t r o l  e l e c t r o n i c s ,  r e c o r d i n g  equipment, and t h e  a i r  s u p p l y  f o r  
remote o p e r a t i o n  of  t h e  s i m u l a t e d  p o i n t i n g  sys tem which was l o c a t e d  i n  a n  ad- 
j o i n i n g  room and cou ld  be viewed from t h e  c o n t r o l  room th rough  a  window i n s t a l l e d  
between t h e  rooms. The room c o n t a i n i n g  t h e  a i r  b e a r i n g  t a b l e  was i s o l a t e d  from 
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A i r  Pad Assembly 

Table  Viewed From Ad joining I<ocni 

Figure l i 5  . Experi, ~ n t a l  Settlp (~'i1ec.t 1 of 2 )  
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View of Power Chain Link Transformer  and Capac i to r  Sensor  

Vier .  of S i g n a l  Cnsin  L ink  Transforiners and I4sgneti.c Tushers  

- 0 

i 1 Experimental  Setup ( shee t  2 of  2)  

1-276 
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t h e  c o n t r o l  room a s  w e l l  a s  from any s u r r o u n d i n g  a r e a s  f o r  s e v e r a l  r e a s o n s .  
Temperature  u n i f o r m i t y  of t h e  a i r  pads was r e q u i r e d  s i n c e  d i f f e r e n c e s  i n  
t e m p e r a t u r e  among t h e  pads c r e a t i n g  uneven expans ions  would d i s t u r b  t h e  p e r -  
p e n d i c u l a r i t y  of  t h e  t a b l e  w i t h  r e s p e c t  t o  t h e  g r a v i t y  v e c t o r .  Also,  d i f f e r -  
ences  i n  a i r  v i s c o s i t y  might c a u s e  unwanted d i s t u r b a n c e s .  Thermal measurements 
were made and v a r i a t i o n s  from a i r  pad t o  a i r  pad s t a b i l i z e d  t o  l e s s  t h a n  0.05"C 
which was t o o  s m a l l  t o  c r e a t e  any  problems.  I s o l a t i n g  t h e  a i r  b e a r i n g  t a b l e  
a l s o  a i d e d  i n  s t a b i l i z i n g  a i r  mass motions which would d i s t u r b  t h e  p o i n t i n g  s y s -  
tem. C a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  r a t e  o f  f low o f  t h e  s u r r o u n d i n g  a i r  mass 
had t o  be h e l d  t o  0 .05  i n c h / s e c o r d  i n  o r d e r  t o  avo id  d i s t u r b a n c e s  due t o  a i r  
d r a g  i n  e x c e s s  o f  1 x 10-5 pound . I n  t h e  c a s e  of v i b r a t i o n s ,  t h e  a i r  b e a r i n g  
t a b l e  had t o  be l e f t  a lmost  e n t i r e l y  v u l n e r a b l e  t o  t h e  l a b o r a t o r y  f l o o r  o r  
b u i l d i n g  v i b r a t i o n s .  S u p p o r t i n g  t h e  a i r  b e a r i n g  t a b l e  and i t s  pneumatic pad 
sys tem on s t a n d a r d  v i b r a t i o n  i s o l a t o r s  was n o t  p o s s i b l e  because  of e i t h e r  t h e  
s p r i n g  c o n s t a n t s  a s s o c i a t e d  w i t h  v i b r a t i o n  i s o l a t o r s  o r  i s o l a t o r  r e p e a t a b i l i t y  
problems f o r  changing l o a d s .  The t a b l e  was des igned  t o  t r a v e l  +1 /2  i n c h  i n  t h e  
h o r i z o n t a l  p l a n e  and a s  t h e  c e n t e r  of  g r a v i t y  of t h e  t a b l e  t r a v e l s  r e l a t i v e  t o  
t h e  s u p p o r t i n g  pads, v a r y i n g  l o a d s  a r e  imposed on e a c h  pad and i s o l a t o r s  mounted 
benea th  e a c h  pad would e x p e r i e n c e  t h e  same l o a d .  I f  t h e  i s o l a t o r  c o n s i s t e d  of  
s p r i n g  mass damper d e v i c e s ,  it would compress and u p s e t  t h e  t a b l e  l e v e l .  The 
l a c k  of p r e c i s e  ( l e s s  t h a n  1 . 0  mic ro inch)  p o s i t i o n  r e p e a t a b i l i t y  i n  some of  t h e  
more advanced ( h i g h  s p r i n g  r a t e )  s e r v o - c o n t r o l l e d  i s o l a t i n g  sys tems would i n c u r  
t h e  same d e t r i m e n t a l  r e s u l t s .  T h e r e f o r e  t h e  t a b l e  and pads were ha rd  mounted 
t o  t h e  f l o o r .  E a r l i e r  s e i s m i c  v i b r a t i o n  measurements were made on t h e  ground 
f l o o r  of t h e  b u i l d i n g  - on t h e  same f l o o r  l e v e l  a s  t h e  l a b o r a t o r y  but  removed 
approx imate ly  350 f e e t  - and c o n s i s t e d  mos t ly  of h igh- f requency  (10 Hz and up) 
and e x t r e m e l y  low-amplitude (0 .10 mic ro inch  o r d e r s )  p e r t u r b a t i o n s .  S i n c e  t h e  
p o i n t i n g  sys tem i s  a n  u l t r a - l o w  f requency  s e r v o  sys tem w i t h  a  bandpass o f  115 
Hz, t h e s e  v i b r a t i o n s  d i d  n o t  a f f e c t  t h e  sys tem.  

COMPONENT EVALUATION 

Three  s p e c i a l  components - t h e  magnet ic  pusher ,  c a p a c i t i v e  d i sp lacement  s e n s o r ,  
and t h e  c h a i n  l i n k  t r a n s f o r m e r  - were developed and proven o u t  i n  t h e  l a b o r a t o r y .  
These components, s p e c i f i c a l l y  t a i l o r e d  t o  t h e  f r e e  f l o a t  p o i n t i n g  system, a r e  
r e q u i r e d  t o  perform t h r e e  e s s e n t i a l  t a s k s :  

1 )  Te lescope  P o s i t i o n i n g  - Accomplished w i t h  t h e  magnet ic  pushers  
which deve lop  c o n t r o l l i n g  f o r c e s  p r o p o r t i o n a l  t o  e l e c t r i c a l  i n -  
p u t  s i g n a l  c u r r e n t s .  

2 )  T e l e s c o p e  P o s i t i o n  S e n s i n g  - Accomplished w i t h  t h e  c a p a c i t o r  
d i sp lacement  s e n s o r s  which deve lop  d c  o u t p u t  s i g n a l  v o l t a g e s  
p r o p o r t i o n a l  t o  d i sp lacement  v a r i a t i o n s  between two p a r a l l e l  
c a p a c i t o r  p l a t e s .  

3 )  D e l i v e r i n g  e l e c t r i c a l  power t o  t h e  Te lescope  - Accomplished w i t h  
t h e  c h a i n  l i n k  t r a n s f o r m e r .  These t r a n s f o r m e r s  can a l s o  be 
used t o  t r a n s m i t  d a t a  t o  and from t h e  t e l e s c o p e .  

I n  c o n s i d e r i n g  each  of t h e  component d e s i g n  p h i l o s o p h i e s ,  t h e r e  i s  one i m p o r t a n t  
g o a l  t h a t  i s  common t o  a l l  t h r e e .  They a r e  r e q u i r e d  t o  perform t h e i r  s p e c i f i c  
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p o i n t i n g  sys tem f u n c t i o n s ,  w h i l e  a t  t h e  same t ime m a i n t a i n i n g  i s o l a t i o n ,  t h a t  
i s ,  no  p h y s i c a l  c o n t a c t  between t h e  t e l e s c o p e  and t h e  o u t e r  s p a c e c r a f t .  I n  view 
of  t h i s  goa l ,  t h e  r e a s o n  f o r  e a c h  of t h e  s p e c i f i c  component d e s i g n s  becomes 
a p p a r e n t .  The magnet ic  pusher  c o n s i s t s  of  a  permanent magnet des igned  w i t h  a  
gap t h a t  a c c e p t s  a  c o i l  which does  n o t  make c o n t a c t  w i t h  t h e  magnet.  The mag- 
n e t  i s  l o c a t e d  on t h e  o u t e r  s p a c e c r a f t  and t h e  c o i l  is  l o c a t e d  on t h e  t e l e s c o p e .  
C u r r e n t  i s  f e d  t o  t h e  c o i l  from i h e  t e l e s c o p e  p o s i t i o n  s e n s o r s  t o  deve lop  f o r c e s  
by magnet ic  r e p u l s i o n  o r  a t t r a c t i o n .  S i m i l a r l y ,  t h e  c a p a c i t i v e  d i s p l a c e m e n t  
s e n s o r  r e q u i r e s  a  gap between i t s  two c a p a c i t o r  p l a t e s ,  one o f  which i s  l o c a t e d  
on t h e  o u t e r  s p a c e c r a f t  and t h e  o t h e r  on t h e  t e l e s c o p e .  Again, no p h y s i c a l  con- 
t a c t  i s  made. The c h a i n  l i n k  t r a n s f o r m e r  d e l i v e r s  power th rough  a  pr imary 
mounted on t h e  o u t e r  s p a c e c r a f t  and a  p h y s i c a l l y  d i s c o n n e c t e d  secondary  mounted 
on t h e  t e l e s c o p e .  I s o l a t i o n  of  t h e  p o i n t i n g  sys tem i s  t h e r e f o r e  main ta ined  by 
t h e s e  "gaps". Conversely,  t h e s e  a l s o  p rov ide  most o f  t h e  d i f f i c u l t y .  
The 1 - i n c h  gap r e q u i r e d  i n  t h e  permanent magnet of t h e  magnet ic  pusher  l e n d s  i t-  
s e l f  t o  f l u x  l eakage  l o s s e s  which t end  t o  compromise t r a d e - o f f s  i n  o t h e r  d e s i g n  
a r e a s  such  a s  s i z e ,  weight ,  and e l e c t r i c a l  power. A s i m i l a r  s i t u a t i o n  e x i s t s  
f o r  t h e  c h a i n  l i n k  t r a n s f o r m e r  i n  which e f f i c i e n c y  is  compromised. The c a p a c i -  
t i v e  s e n s o r s  u l t i m a t e l y  s u f f e r  from l a c k  o f  r e s o l u t i o n  o r  t h e  d e t e c t i o n  of  s m a l l  
d i s p l a c e m e n t s  between p a r a l l e l  p l a t e s  i n  t h e  p resence  of  a  l a r g e  d i sp lacement  
( i . e . ,  s i g n a l - t o - n o i s e ) ,  t h e  nominal  0 .60- inch  gap.  

One of  t h e  f i r s t  components f a b r i c a t e d  and t e s t e d  was t h e  magnet ic  p u s h e r .  A 
photograph of t h i s  u n i t  is  shown i n  F i g u r e  136. 

I n  t e s t i n g  t h e  magnet ic  pusher,  t h e  major e x p e r i m e n t a l  g o a l s  were:  

( a )  The d e t e r m i n a t i o n  o f  t h e  t r a n s f e r  f u n c t i o n ,  f o r c e  o u t p u t  v e r s u s  
c u r r e n t  i n p u t ,  which r e s u l t s  i n  l i n e a r i t y  and s e n s i t i v i t y  p e r -  
formance a s  w e l l  a s  p r o v i n g  o u t  t h e  b a s i c  concep t  o r  o p e r a t i o n .  
A f o r c e  o u t p u t  o f  0.167 pound f o r  a  1 - A  i n p u t  was t h e  main 
d e s i g n  g o a l  i n  t h i s  a r e a .  

( b )  The d e t e r m i n a t i o n  of r e s o l u t i o n  o r  t h e  a b i l i t y  t o  perform a t  
v e r y  s m a l l  l e v e l s  of  f o r c e ,  1 x 10-4 pound and l e s s .  .Achieving 
l i n e a r  o p e r a t i o n  i n  t h e s e  lower f o r c e  ranges  i s  v i t a l  t o  t h e  
performance of t h e  f r e e  f l o a t  p o i n t i n g  s y s t e m  d u r i n g  f i n e  
t r a c k i n g .  

( c )  The d e t e r m i n a t i o n  of  o t h e r  p e r t i n e n t  e l e c t r i c a l  and mechanical  
c o n s t a n t s  such  a s  t h e  magnet ic  f i e l d  d i s t r i b u t i o n ,  maximum 
power, s i z e ,  and w e i g h t .  The power a l l o c a t e d  t o  each  u n i t  has  
been s p e c i f i e d  a t  1 w a t t  f o r  1 amp a n d / o r  0 ,167 pound of f o r c e  
p e r  a x i s .  

The r e s u l t s  of  t h e  t e s t s  a s  w e l l  a s  t h e  d e s i g n  of t h e  magnet ic  pusher  a r e  
l i s t e d  i n  Tab le  26 below. 
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TABLE 26, MGNmIC PUSHER SPECIFICATIONS 

( a  mechanical  assembly i s  shown i n  F i g u r e  137 ) .  

S i z e  : - 
Weight : - 

M a t e r i a l  : - 
Gap S ize : -  

Approximately s p h e r i c a l  w i t h  a d iamete r  o f  6.00 inches  

13.25 pounds. The l i g h t w e i g h t  v e r s i o n  (3-4  l b )  was 
n o t  f a b r i c a t e d  f o r  t h i s  exper iment .  

Aln ico  V and C1018 s t e e l  

The gap forms an  annu lus  w i t h  a n  i n s i d e  d iamete r  o f  
2.322 inches  and a n  o u t s i d e  d iamete r  of 4.724 i n c h e s .  
The d e p t h  is  1.57 i n c h e s .  

Gap F i e l d  S t r e n g t h  F lux  d e n s i t y  is  700 gauss  (average)  i n  t h e  c e n t e r  o f  t h e  
and D i s t r i b u t i o n : -  gap and i s  d i s t r i b u t e d  r a d i a l l y  from t h e  c e n t e r .  

E x t e r n a l  F i e l d s  : - Magnetic f l u x  l i n e s  p r o t r u d e  o u t s i d e  t h e  gap forming a 
f i e l d  e x t e r n a l  t o  t h e  magnet ic  hous ing .  I n  a d d i t i o n ,  
f i e l d s  a l s o  l i e  o u t s i d e  t h e  p e r i m e t e r  of t h e  housing 
but  a r e  much s m a l l e r  i n  magnitude.  

C o i l  ( a  mechanical  assembly is  shown i n  F i g u r e  138) .  

S i z e  :- The c o i l  and i t s  mount form a c y l i n d e r  3.33 i n c h e s  i n  
d iamete r  and 2.67 inches  i n  h e i g h t .  

Weight :- C o i l  and mounting assembly: 0.75 pound 

M a t e r i a l  : - Aluminum mounting s t r u c t u r e  w i t h  a copper c o i l  

Windings : - 80 t u r n s  of No. 20 wire ,  f i v e  l a y e r s  on a 3.323-inch 
d iamete r  c y l i n d e r  

R e s i s t a n c e  :- 0.768 ohm (nominal)  

Inductance:-  9.0 x l o s4  h e n r i e s  

Maximum C u r r e n t  2.0 amperes 
Ra t ing :  - 

Performance a s  a Uni t  

Nominal S e n s i t i v i t y : -  0.313 pounds/ampere a t  c e n t e r .  When s p e c i f i e d  a s  a 
t o r q u e r  w i t h  a , 3 - f o o t  moment arm, a p a i r  o f  ,magnet ic  
pushers  would develop 1.88 potind-foot/ampere. 

,- 

L i n e a r  it y : - Not g r e a t e r  t h a n  5 p e r c e n t  f o r  0.185 pound f o r c e  range  
and f u l l  l e f t - r i g h t  t r a v e l  o f  f 0 . 5 0  i n c h .  

Peak Force  (maximum 0 .63  pound. (When s p e c i f i e d  a s  a t o r q u e r  w i t h  a 3 - foo t  
s a t i n g  o r  s a t u r a t i o n  moment arm, p a i r  of magnet ic  pushers  deve lops  a peak 
l i m i t )  : - t o r q u e  of 3.80 pound- fee t . )  
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I Core (C1018 S t e e l )  

Housing (C1018 S t e e l )  

Magnet (ALNICO V )  

Note: 
Sca le  = 1 / 2 : 1  
Dimensions i n  Inches 

Figure 137 . Magnetic Pusher Design 

/ 

Cyl i  

Mounting P l a t e  

nder (0.005 Wall) 

L 3 . 7 2 2  
Copper Coil  

Note: 
Sca le  = L/2 :1  
Dimensions i n  Inches 

Figure 138.. Coil  Assembly 
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Maximum Power: - 3.10 watts a t  a  peak f o r c e  of  0 .61  nound. 

R e s o l u t i o n : -  Forces  i n  t h e  o r d e r  o f  1 x pounds t o  1 x l o e 4  
pounds were developed f o r  s p e c i f i c  c u r r e n t  i n p u t s  
based on t h e  nominal s e n s i t i v i t y  o f  0.313 pounds lh .  

C o i l  T r a v e l  W i t h i n  Not l e s s  t h a n  a0.50 i n c h  i n  a l l  d i r e c t i o n s  
t h e  Magnet:- 

A p l o t  o f  f o r c e  o u t p u t  v e r s u s  c u r r e n t  i n p u t  i s  a l s o  shown i n  F i g u r e  139 f o r  
t h e  lower  magnet ic  pusher  f o r c e  r a n g e .  

Var ious  s i z e d  c h a i n  l i n k  t r a n s f o r m e r s  were a l s o  t e s t e d .  T e s t  d a t a  was con- 
s i s t e n t  from t r a n s f o r m e r  t o  t r a n s f o r m e r .  T e s t  r e s u l t s  from one o f  t h e s e  u n i t s  
is  l i s t e d  i n  T a b l e  27 . A photograph'  of  t h e  u n i t  is  shown i n  F i g u r e  140. 

TABLE 27. CHAIN LINK'TRANSFORMER SPECIFICATION 

Trave 1 : - 

Weight: - 

Res is  t a n c e  : - 

Inductance: -  

Maximum Power 
C a p a b i l i t y : -  

The p r imary  forms a hol low c y l i n d e r  which has  a n  o u t -  
s i d e  d i a m e t e r  of 3.375 i n c h e s  and a n  i n s i d e  d i a m e t e r  
of  2 .125 i n c h e s .  It is  1 .375  inches  i n  h e i g h t .  The 
secondary  forms a s o l i d  r i n g  w i t h  a n  e q u i v a l e n t  c i r -  
c u l a r  d i a m e t e r  of  2 .11 i n c h e s .  The c r o s s - s e c t i o n a l  
d i a m e t e r  is  0.7365 i n c h .  

The secondary  is f r e e  t o  t r a v e l  a t o t a l  d i s t a n c e  o f  
n o t  l e s s  t h a n  1.10 i n c h e s .  

The combined weight  of  t h e  p r imary  and secondary  i s  
2.13 pounds l e s s  mounting b r a c k e t s .  

0.624 ohm - pr imary 
1 .625  ohms - secondary  

64.0 m i l l i h e n r i e s  - pr imary ( secondary  open c i r c u i t e d )  
3 .24  m i l l i h e n r i e s  - pr imary  ( secondary  s h o r t  c i r c u i t e d )  

38 .0  m i l l i h e n r i e s  - secondary  (p r imary  open c i r c u i t e d )  
4.02 m i l l i h e n r i e s  - secondary  (p r imary  s h o r t  c i r c u i t e d )  

120 w a t t s  

E f f i c i e n c y  a t  53 w a t t s  8 7 . 6  p e r c e n t  
I n p u t  Power (110 v o l t s  
a c  400-Hz s i n u s o i d a l  
i n p u t )  : - 
Force  Leve l s  Between See  F i g u r e  141. 
t h e  Pr imary  and 
Secondary:  - 
Vol tage  R a t i o : -  1 . 0 0 : l . O l  (115 v o l t  a c  p r imary ;  116.5  v o l t  s e c o n d a r y )  
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f i g u r e  139, Lower Force  Output Range L i n e a r i t y  
(mgne t ic  Pusher) 
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The Zorce l e v e l s  between pr imary and t h e  secondary  were dependent  upon t h e  r e l a -  
t i v e  l o c a t i o n  between t h e  pr imary and secondary  and a l s o  were dependent  upon t h e  
p r imary  and secondary  c u r r e n t .  As shown i n  F i g u r e  141 f o r  i n s t a n c e ,  t h e  f o r c e  of  
t h i s  c h a i n  l i n k  t r a n s f o r m e r  v a r i e d  -17 x l o m 5  t o  3  x l o m 5  pounds f o r  f 0 . 5 5  i n c h  
a t  32-wat t  i n p u t  power.  A t  60-watt  i n p u t  power, t h e s e  f o r c e s  v a r i e d  -86  x 
t o  +25 x pounds f o r  20 .55  i n c h .  These r e s u l t s  a l s o  i n d i c a t e  t h a t  t h e  f o r c e  
l e v e l s  f o r  a  g iven  p o s i t i o n  a r e  p r o p o r t i o n a l  t o  t h e  p roduc t  of  t h e  p r imary  and 
secondary  c u r r e n t s .  

The p o s i t i o n  a t  which t h e  f o r c e  goes t o  z e r o  i s  n o t  i n  t h e  geomet r i c  c e n t e r  of  
t h e  p r imary  and secondary  windings  b u t  o c c u r s  a s  t h e  two windings  become c l o s e l y  
1 inked .  

S e v e r a l  o t h e r  t e s t s  were performed u s i n g  t h i s  t r a n s f  ormer . When e f f i c i e n c y  
measurements were made a t  v a r i o u s  v o l t a g e  and c u r r e n t  l e v e l s  some i n t e r e s t i n g  
r e s u l t s  o c c u r r e d .  A t  lower v o l t a g e  i n p u t s ,  t h e  e f f i c i e n c y  d e f i n i t e l y  i n c r e a s e d  
f o r  a  g i v e n  i n p u t - o u t p u t  power r a t i o  b u t  i n d i c a t e d  a  n e t  d e c r e a s e  a t  lower 
powers. Table  2 8  c o n t a i n s  a  l i s t  o f  measurements showing t h e  v a r i a t i o n s  i n  
e f f i c i e n c y  f o r  v a r i o u s  v o l t a g e s  and c u r r e n t s .  Square  wave i n p u t s  were a l s o  
a p p l i e d  t o  t h e  t r a n s f o r m e r  and t h e  e f f i c i e n c y  was measured and compared t o  e f -  
f i c i e n c y  measurements u s i n g  s i n u s o i d a l  i n p u t s .  The i n p u t  v o l t a g e s  ( s i n e  wave 
and s q u a r e  wave) were  h e l d  t o  t h e  same r m s  a m p l i t u d e  u s i n g  low v o l t a g e ,  80 v o l t  
a c  (rms) which produces  h igh  e X f i c i e n c y .  The e f f i c i e n c y  u s i n g  s q u a r e  waves was 
l e s s  - 84 .5  p e r c e n t  by comparison t o  88.6  p e r c e n t  f o r  s i n u s o i d a l  i n p u t s .  

TABLE 28 * EFFICIENCY MEASUREMENTS 

Vol tage  
I n p u t  
(VAC) 

Vol tage  
Output  

( VAC ) 

121 .5  
111 .o 
102 .o 

90.5  
80 .8  
70.2 

C u r r e n t  
I n p u t  
1_A> 

0.537 
0 .483 
0.450 
0.420 
0.390 
0.363 

C u r r e n t  
o u t p u t  

lA) 
0.442 
0.420 
0.397 
0 .375 
0.350 
0.330 

Power Power E f f i c i e n c y  
I n p u t  Output  7 

( w a t t s )  ( w a t t s )  I0 

E f f i c i e n c y  measurements were made f o r  h i g h e r  f r e q u e n c i e s  ( s i n u s o i d a l )  and a g a i n  
a  d e c r e a s e  i n  e f f i c i e n c y  was n o t e d .  For t h e  c o n d i t i o n s  of 8 0 - v o l t  a c  (rrns) i n p u t  
v o l t a g e ,  30-wat t  nominal power, t h e  e f f i c i e n c y  was 3  p e r c e n t  l e s s  a t  800 Hz t h a n  
a t  400 Hz. 
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A f i n a l  measurement w a s  made t o  de te rmine  i f  t h e  f o r c e  l e v e l s  v a r i e d  when 
s q u a r e  wave i n p u t s  were u s e d .  A comparison was made w i t h  s i n u s o i d a l  i n p u t s  
f o r  t h e  c o n d i t i o n s  where t h e  v o l t a g e ,  c u r r e n t s ,  and power o u t p u t  were h e l d  
t h e  same. The f o r c e  was l e s s  i n  t h i s  c a s e  by n e a r l y  1 4  p e r c e n t .  

The c a p a c i t i v e  s e n s o r  was des igned  and t e s t e d  w i t h  t h e  r e s u l t s  l i s t e d  i n  
T a b l e  29 below. The s i z e  o f  t h e  p l a t e s  t h a t  were used i n  t h e  d e s i g n  of t h e  
c a p a c i t o r  s e n s o r  a r e  shown i n  F i g u r e  142 . The p l a t e s  were made l a r g e  t o  
minimize l o s s e s  such  a s  f r i n g i n g .  The e l e c t r o n i c s  a s s o c i a t e d  w i t h  e a c h  s e t  
of  c a p a c i t o r  s e n s o r s  a r e  shown i n  F i g u r e  1 4 3 .  I n  t h i s  case,  a  p a i r  o f  capa- 
c i t i v e  s e n s o r s  produce o u t p u t  v o l t a g e s  p r o p o r t i o n a l  t o  both  a n g l e  and l i n e a r  
d i s p l a c e m e n t  of t h e  a i r  b e a r i n g  t a b l e .  

TABLE 2  9. CAPACITIVE SENSOR SPECIFICATION 

T r a v e l  : - 
P l a t e  Area ( t o t a l  f o r  
two p l a t e s ) : -  

R e s o l u t i o n  ( a t  0 . 6 0  
i n c h )  : - 
L i n e a r i t y  :- 

S e n s i t i v i t y  :- 

D r i f t :  - 

Frequency Response:-  

k0.50 i n c h  from a  nominal 0 .60- inch  p l a t e  d i s p l a c e m e n t  

45.0  inches  2 

Less t h a n  0.0001 i n c h  

2 .0  p e r c e n t  f o r  k0.025 i n c h  ( s e e  F i g u r e  

Nominal 5  v o l t s  ( d c ) / i n c h  

A s i n g l e  u n i t  was t e s t e d  f o r  24 hours  i n  t h e  l a b o r a -  
t o r y  and t h e  maximum d e v i a t i o n s  i n  terms o f  d i s p l a c e -  
ment were l e s s  t h a n  0.00050 i n c h  ( p e a k ) .  

The o n l y  normal l i m i t a t i o n  h e r e  i s  t h e  d a t a  r a t e  which 
i s  1 0  k c  and t h e  f i l t e r s  used t o  smooth t h e  1 0  kc  
r i p p l e  a t  t h e  demodulator  o u t p u t .  These f i l t e r s  were 
a r b i t r a r i l y  s e l e c t e d  a t  100 Hz. ( I n  t h e  system, how- 
ever ,  a  twin  10-Hz f i l t e r  was used a t  t h e  demodulator  
o u t p u t  t o  minimize 60-Hz p ickup . )  

A p l o t  of  d c  v o l t a g e  o u t p u t  v e r s u s  c a p a c i t i v e  s e n s o r  p l a t e  d i sp lacement  i s  a l s o  
shown i n  F i g u r e  144 f o r  a  s i n g l e  s e n s o r .  

Space  q u a l i f i c a t i o n  f o r  e a c h  of t h e s e  t h r e e  component d e s i g n s  i s  n o t  expec ted  
t o  be d i f f i c u l t  s i n c e  t h e s e  components a r e  i n h e r e n t l y  s i m p l e  and r e l i a b l e .  
I n  each case ,  t h e r e  a r e  no moving p a r t s  which rub,  wear, o r  d e t e r i o r a t e  i n  
t h e  normal mechanical  s e n s e .  

POINTING SYSTEM TESTS 

The e x p e r i m e n t a l  f r e e  f l o a t  p o i n t i n g  sys tem d i s c u s s e d  i n  t h i s  s e c t i o n  was sub- 
s e q u e n t l y  o p e r a t e d  i n  s i m u l a t e d  performance s i t u a t i o n s .  R e s u l t s  of  t h e s e  t e s t s  
a r e  enumerated h e r e .  
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F i g u r e  142 . 

The performance e v a l u a t i o n  p rocedure  used i n  t e s t i n g  was s t r a i g h t f o r w a r d .  Con- 
t r o l l e d  d i s t u r b a n c e s  were a p p l i e d  t o  t h e  p o i n t i n g  sys tem and a n g u l a r  o r  d i s p l a c e -  
ment e r r o r s  were r e c o r d e d .  A c q u i s i t i o n  performance was e v a l u a t e d  f o r  s p e c i f i c  

, i n i t i a l  a n g u l a r  o r  l i n e a r  d i sp lacement  c o n d i t i o n s .  System n o i s e  was a l s o  measured 
a t  t h e  c a p a c i t i v e  s e n s o r  o u t p u t s  i n  both  l i n e a r  and a n g u l a r  d i s p l a c e m e n t .  P o i n t -  
i n g  e r r o r  was r e c o r d e d  i n d e p e n d e n t l y  by a n  o p t i c a l  i n s t r u m e n t  - a n  azimuth a l i g n -  
ment t h e o d o l i t e .  

P r i o r  t o  e v a l u a t i n g  t h e  p o i n t i n g  system, t e s t s  were performed d i r e c t e d  a t  a n  
examina t ion  of  e r r o r s  c r e a t e d  by d i s t u r b a n c e s  from t h e  t e s t  s e t u p  i t s e l f .  
P o s s i b l e  t e s t  bed d i s t u r b a n c e s  can a r i s e  from unknown v i b r a t i o n s  i n  t h e  a i r  
b e a r i n g  t a b l e ,  e x c e s s i v e  b u i l d i n g  v i b r a t i o n s ,  room d i s t u r b a n c e s  from a i r  mass 
movements o r  l a r g e  t e m p e r a t u r e  v a r i a t i o n s ,  and i n t e r n a l  d i s t u r b a n c e s  from t h e  
sys tem e l e c t r o n i c s ,  such  a s  power s u p p l y  t r a n s i e n t s .  The t e s t s  invo lved  n o i s e  
measurements i n  t h e  p o i n t i n g  and c e n t e r i n g  a x e s .  Data  was s p e c i f i c a l l y  o b t a i n e d  
on a n g u l a r  n o i s e ,  l i n e a r  d i sp lacement  no i se ,  and magnet ic  pusher  c o i l  c u r r e n t  
v a r i a t i o n s  which a r e  a  d i r e c t  measure of f o r c e .  I n  one t e s t  sequence,  t h e  
t a b l e  was balanced and t h e  p o i n t i n g  sys tem p laced  i n  t h e  low g a i n  o r  normal 
o p e r a t i n g  mode; t h e  ( a n g u l a r ) .  p o i n t i n g  a x i s  p o i n t i n g  e r r o r s  were t h e n  r e c o r d e d  
over  a p e r i o d  o f  100 minutes  ( t y p i c a l  t ime f o r  one o r b i t ) .  An az imuth  a l i g n -  
ment t h e o d o l i t e  w a s  used t o  moni tor  p o i n t i n g  a x i s  motions independent  o f  t h e  
p o i n t i n g  sys tem c a p a c i t t v e  s e n s o r s .  Th i s  t h e o d o l i t e  i s  a n  o p t i c a l  i n s t r u m e n t  
c a p a b l e  o f  c o n s i s t e n t l y  measuring a n g u l a r  d e v i a t i o n s  a s  low a s  0 .10 a rc - second  
f o r  long  p e r i o d s  - 24 hours  o r  more - over  a 10-Hz baridwidth., T y p i c a l  c h a r t  
r e c o r d i n g  samples from t h i s  t e s t  r u n  a r e  shown i n  F i g u r e  145- 
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Figure 143. Capac i t ive  Sensor E l e c t r o n i c s  
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Figurn .We Capacitive Sensor Linearity 
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Poin t ing  Errors  
(Sample No. 1) 

3730 Seconds 
I n t o  Run 

R e p o r t  No, 9800 

Cal ibra t ion :  13  mm/Arc-Second 

1 mm/Sec 

Poin t ing  Errors  
(Sample No. 2) 

6085 Seconds 
I n t o  Run 

Cal ibra t ion :  13  mm/Arc-Second 

1 mm/Sec 

6400 Seconds 

Point ing Er ro r s  
(Sample No. 3) 

(Sys tern Turned Off) Cal ibra t ion :  1 3  mm/Arc-Second 

- 1 

Time s?c 

Figure 145. Long Term S t a b i l i t y  and Vibra t ion  
Point ing Angular Er ror  Measurements 
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The f i r s t  two t r a c e s  of F i g u r e  145 a r e  p o i n t i n g  e r r o r s  sampled a t  3730 seconds  
and a g a i n  a t  6085 seconds  i n t o  t h e  t e s t  r u n .  The t h i r d  sample i s  a  p l o t  o f  
e r r o r s  w i t h  t h e  exper imenta l  p o i n t i n g  s y s  tern and t h e  a i r  b e a r i n g  t a b l e  t u r n e d  
o f f .  Th i s  l a t t e r  t r a c e  p rov ides  a  measure o f  t h e  i n h e r e n t  t h e o d o l i t e  no i se ,  
a tmospher ic  d i s t u r b a n c e s  and t h e  b u i l d i n g  v i b r a t i o n s  o c c u r r i n g  between t h e  a i r  
b e a r i n g  t a b l e  and t h e  a l ignment  t h e o d o l i t e .  I n  some cases ,  s u c h  a s  sample No. 1, 
t h e r e  i s  no d i s t i n g u i s h a b l e  d i f f e r e n c e  between t h e  n o i s e  measurements w i t h  t h e  
p o i n t i n g  system a c t i v e  o r  i n a c t i v e ,  The wors t -case  s h o r t - d u r a t i o n  (15leecond)  
peak-to-peak a n g u l a r  e r r o r s  a r e  e q u i v a l e n t  t o  0.077 a rc - second  i n  both  i n s t a n c e s .  
However, r e f e r r i n g  t o  sample No. 2 and o t h e r  p o r t i o n s  o f  t h e  t e s t  r u n  n o t  shown, 
p o i n t i n g  system e r r o r s  were d e t e c t a b l e  and n o i s e  e r r o r s  o f  0 .10 t o  0.15 a r c -  
second (peak- to-peak)  were measured.  Again, t h e s e  l a t t e r  measurements i n c l u d e d  
p o i n t i n g  system e r r o r  p l u s  t h e  t h e o d o l i t e  no i se ,  b u i l d i n g  v i b r a t i o n s ,  and a l s o  
power l i n e  v a r i a t i o n s .  The p o i n t i n g  system was s e n s i t i v e  t o  random power s u p p l y  
f l u c t u a t i o n s  and /or  400-Hz l i n e  v a r i a t t o n s ,  and t h e s e  e l e c t r i c a l  d i s t u r b a n c e s  
c o n t r i b u t e  t o  t h e  p o i n t i n g  e r r o r s .  I n  t h e  f i n a l  a n a l y s i s ,  f o r  e r r o r s  o f  0 . 1 4  a r c -  
second (peak-to-peak) o r  l e s s ,  i t  was d i f f i c u l t  t o  de te rmine  t h e  t r u e  a n g u l a r  
p o i n t i n g  e r r o r s .  N e v e r t h e l e s s ,  t h e  f r e e  f l o a t  exper imenta l  g o a l s  i n  terms o f  
j i t t e r  were more t h a n  s a t i s f i e d  d u r i n g  t h e s e  t e s t s .  P o i n t i n g  e r r o r s  of 1 t o  3 
arc - seconds  (peak)  were i n i t i a l l y  c o n s i d e r e d  t o  be an o p t i m i s t i c  d e s i g n  goa l  
w i t h o u t  a n  o p t i c a l  s e n s o r  and performance beyond t h i s  g o a l  was l e f t  t o  f u r t h e r  
exper imenta l  programs . 
Long-term d r i f t  was n o t i c e a b l e ,  amounting t o  1 x arc-second/second ( t i m e )  
o r  l e s s .  A comparison of samples No. 1 and No. 2  ( F i g u r e  145) c l e a r l y  i n d i c a t e s  
t h e  d r i f t  r a t e .  The d r i f t  was a t t r i b u t e d  t o  t empera tu re  v a r i a t i o n s  i n  t h e  
c a p a c i t o r  s e n s o r s  and f i r s t  s t a g e  o p e r a t i o n a l  a m p l i f i e r  i n t e g r a t o r s . *  The r a t e  
of d r i f t  dec reased  w i t h  an  i n c r e a s e  i n  t h e  amount of t ime  t h a t  t h e  room c o n t a i n -  
i n g  t h e  a i r  b e a r i n g  t a b l e  was l e f t  u n d i s t u r b e d .  

The c e n t e r i n g  (x -ax i s )  d i sp lacement  e r r o r s  were monitored i n  t h e  second t e s t  f o r  
s i m i l a r  100-minute pe r iods ,  and samples o f  t h e s e  r e c o r d i n g s  a r e  shown i n  F i g u r e  
146. I h e  c a p a c i t i v e  s e n s o r s  were used f o r  t h e s e  d i sp lacement  measurements.  

The f requency  bandwidth of t h e  s e n s o r  and i t s  a s s o c i a t e d  d a t a  l i n k  was s e t  a t  
1 Hz and t h e  t a b l e  was a g a i n  p r e c i s e l y  balanced.  The f i r s t  two samples shown 
were s e l e c t e d  from t h e  same r u n  a t  375 seconds and 2120 seconds r e s p e c t i v e l y .  
A  random, low-frequency v a r i a t i o n  was e v i d e n t  th roughout  each  of t h e  t e s t s .  
Th i s  was a t t r i b u t e d  t o  t h e  c e n t e r i n g  s e r v o  r e a c t i n g  t o  small random d i s t u r b a n c e s ;  
and s i n c e  t h e  c e n t e r i n g  s e r v o  i s  under-damped, it  w i l l  o s c i l l a t e .  The wors t -  
c a s e  peak ampl i tude  v a r i a t i o n s  were n o - s a t a r  t h a n  0.00053 i n c h  d u r i n g  any 
p o r t i o n  o f  t h i s  r u n .  Sample No. 2  i s  a  t y p i c a l  w o r s t - c a s e  f l u c t u a t i o n .  These 
v a r i a t i o n s  were d e t e c t e d  by t h e  c a p a c i t i v e  s e n s o r s  and a r e  based on a  l i n e a r  
i n t e r p o l a t i o n  of t h e i r  s e n s i t i v i t y  i n  t h e  range  of 0.0005 i n c h  o r  l e s s .  

* 
E l e c t r i c a l  components such  a s  o p e r a t i o n a l  a m p l i f i e r s  were s t a n d a r d ,  comrner- 
c i a l b y  a v a i l a b l e  i t e m s .  It was concluded t h a t  b e t t e r  q u a l i t y ,  tempesature-  
s t a b i l i z e d  components, would d e c r e a s e  d r i f t  r a t e s .  
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375 Seconds 

Displacement (X-Axis) E r ro r s  
(Sample No. 1) Scale:  17.0 mm/0,001 Ln. 

Run No. 1 1 m / S e c  

-0. OOlin. 

0.001 
in .  

2120 Seconds 

Displacement (x-Axis) E r r o r s  
(Sample No. 2) Scale: 17.0 m/0 ,001  In. 

Run No. 1 1 m / S e c  - 0.001 
in .  

- 0.001 
i n .  

2480 Seconds 

Displacement (x-Axis) E r ro r s  
(Sample No. 3) Scale: 34.0 rud0.001 In. 
(Increased Loop Gain) 

Run No, 2 1 mm/Sec 

- 0. OOO! 
i n .  

- 0 

0.000" 
- i n .  

F igu re  146. Long Term S t a b i l i t y  and Vib ra t ion  
x-Axis Displacement E r f ~ r  Measurements 

1-293 
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The s e r v o  loop  g a i n  i n  t h e  x a x i s  was i n c r e a s e d  by 4: 1 f o l l o w i n g  t h e  t e s t  s u n  
of  samples  No, 1 and No. 2, and a  d e f i n i t e  improvement was no ted  i n  t h e  low- 
f requency  v a r i a t i o n .  A second LOO-minute r u n  was recorded  under t h e s e  cond i -  
t i o n s  and t h e  d a t a  sample, sample No. 3, t a k e n  a t  2480 seconds  i s  shown i n  
F i g u r e  146. I n  t h i s  l a t t e r  case ,  t h e  s h o r t  t e rm wors t -case  peak ampl i tude  
v a r i a t i o n s  were no g r e a t e r  t h a n  0.00024 i n c h  and g e n e r a l l y  l e s s .  Sample No. 3 
i s  a  w o r s t - c a s e  sample ( n o t e  t h e  s c a l e  change) .  

D r i f t  was d e t e c t a b l e  and c a n  be s e e n  by comparing t h e  average  d i s p l a c e m e n t  
l e v e l s  of sample No, 1 and sample No. 2 .  T y p i c a l  ave rage  d r i f t  r a t e s  amounted 
t o  0.17 x 10-6 inch l second  i n  t h e  f i r s t  run,  bu t  were s l i g h t l y  l a r g e r  i n  t h e  
second run ,  amounting t o  0 .29  x  inch / second .  

I n  each o f  t h e  p rev ious  s t a b i l i t y  t e s t s ,  t h e  a i r  b e a r i n g  t a b l e  was p r e c i s e l y  
l e v e l e d  o r  ba lanced  t o  minimize o f f s e t  f o r c e s  i n  t h e  magnet ic  p u s h e r s .  The 
s t e a d y - s t a t e  unbalance  f o r c e s  were s e p a r a t e l y  measured f o r  p e r i o d s  of 100 min- 
u t e s  by r e c o r d i n g  t h e  magnet ic  pusher  d c  a m p l i f i e r  i n p u t  v o l t a g e  v a r i a t i o n s .  
These v o l t a g e s  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c u r r e n t  i n  t h e  pusher  c o i l s .  
Sample d a t a  a r e  g iven  i n  F i g u r e  147 from two r u n s .  The f i r s t  r u n  i s  a t  normal 
g a i n  s e t t i n g s  and t h e  second r u n  i s  a t  i n c r e a s e d  ( 4 : l )  g a i n  s e t t i n g s .  The 
f o l l o w i n g  performance was n o t e d .  The t a b l e  cou ld  be l e v e l e d  t o  1 t o  3 x 
pounds of  unbalance  f o r c e .  Long-term s t e a d y - s t a t e  d r i f t  r a t e s  which would 
r e s u l t  i n  a  s low b u i l d u p  of  s t e a d y - s t a t e  f o r c e  i n  t h e  magnet ic  pushers  were 
n o t  d e t e c t a b l e  over  p e r i o d s  o f  100 minutes  I n  t h e  f i r s t  r u n  b u t  were e v i d e n t  
i n  t h e  second run,  amounting t o  a n  a v e r a g e  d r i f t  r a t e  o f  5  x  poundslsecond.  
The f i r s t  run  was a t  n i g h t  w h i l e  t h e  second r u n  was conducted d u r i n g  t h e  day- 
t ime .  The l a t t e r  c a s e  was l e s s  i d e a l  i n  terms o f  b u i l d i n g  v i b r a t i o n  and room 
t e m p e r a t u r e  v a r i a t i o n s  and p o s s i b l y  a c c o u n t s  f o r  t h e  d i f f e r e n c e .  Low-frequency 
v a r i a t i o n s  were c l e a r l y  e v i d e n t .  V a r i a t i o n s  i n  f o r c e  were measured up t o  
8 x  l o e 5  pounds (peak)  i n  r u n  No. 1, o c c u r r i n g  a t  f r e q u e n c i e s  i d e n t i c a l  t o  t h o s e  
shown i n  t h e  samples .  A r e p r e s e n t a t i v e  55-second sample r e c o r d i n g  was a n a l y z e d  
i n  t h i s  r e s p e c t  t o  d e t e r m i n e  t h e  r m s  l e v e l s  of f o r c e .  D i s c r e t e  v a l u e s  o f  f o r c e  
a t  5-second i n t e r v a l s  were used which r e s u l t e d  i n  a n  r m s  l e v e l  of 2 .75 x 10- 5 

pounds.  The low-frequency v a r i a t i o n s  were v e r y  s l i g h t l y  lower d u r i n g  t h e  second 
r u n .  High-frequency v a r i a t i o n s  (approx imate ly  112 Hz) were more predominant i n  
t h i s  c a s e  w i t h  t y p i c a l  peak- to-peak ampl i tudes  of  1 t o  4  x  l o m 5  pounds.  

An impor tan t  c o n s i d e r a t i o n  i n  t h e  lower f o r c e  ranges  of t h e  magnet ic  pushers  and 
t h e i r  magnet ic  a m p l i f i e r s  i s  t h e  e f f e c t  o f  dead zones o r  s e v e r e  n o n l i n e a r i t i e s  
a t  n u l l .  A s p e c i a l  t e s t  was t h e r e f o r e  conducted t o  de te rmine  i f  any unusual  
e f f e c t s  were e v i d e n t  a t  t h e  d c  a m p l i f i e r  o u t p u t s .  A s i n u s o i d a l  i n p u t  v o l t a g e  
was f e d  t o  t h e  y - a x i s  s e n s o r s  and t h e  c u r r e n t  i n t o  t h e  pusher  c o i l  was measured 
d i r e c t l y .  The t a b l e  was p r e c i s e l y  balanced and t h e  i n p u t  v o l t a g e  was s e t  up 
t o  command t h e  y -ax i s  c e n t e r i n g  s e r v o  t o  swing t h e  p o i n t i n g  sys tem th rough  t h e  
z e r o - f o r c e  r e g i o n .  The r e s u l t s  of t h e  t e s t  a r e  shown i n  t h e  lower  t r a c e s  
(samples  Nos, 3 and 4 )  of  F i g u r e  147  A s  shown, t h e  c u r r e n t  is  v e r y  smooth 
th rough  n u l l ,  i n d i c a t i n g  adequa te  l i n e a r i t y  i n  t h e  n u l l  f o r c e  r e g i o n s ,  The 
magne t i c  pushers  themselves  are  l i n e a r  i n  t h e  n u l l  f o r c e  r e g i o n s  ( s e e  F i g u r e  139Ie 

The remain ing  t e s t s  and t e s t  r e s u l t s  c o n c e n t r a t e d  on e v a l u a t i n g  t h e  performance 
of  t h e  x - a x i s  c e n t e r i n g  s e r v o  and t h e  p o i n t i n g  a x i s  - t h e  t w o , d i r e c t l y  a s s o c i a t e d  
d e g r e e s  of  freedom. 

'8-294 
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3675 Seconds 

Centerin% (x-Axis) Force Var ia t ions  
(Sample No. 1) Scale: 1 .11x10-~  ~ b s / m  

Run No, 1 1 mm/Sec 
- 5 

1 1 . 1 ~ 1 0  l b s  

-5 
1 1 . 1 ~ 1 0  l b s  

1715 Seconds 

Center ing (x-Axis) Force Var ia t ions  
(Sample No. 2) - 5 Scale: 1 .11~10  Lbs/mm 

Run No, 2 1 mm/Sec 

-5 
1 1 . 1 ~ 1 0  l b s  

Coi l  Current  ($-Axis) 
(Sample No. 3) 

-5 
Scale:  2x10 Lbs/mm 

20 mm/Sec 

Co i l  Current  (y-Axis) 
(Sample No. 4) 

F igure  147 . Magnetfc Pusher Force Var i a t ions  
(x-Axis) and Resolut ion 
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The x - a x i s  c e n t e r i n g  s e r v o  l o o p  performance was e v a l u a t e d  i n  terms of  d i s p l a c e -  
ment e r r o r s  f o r  known i n p u t  f o r c e  d i s t u r b a n c e s  which were s i m u l a t e d  by a p p l y i n g  
c u r r e n t  t o  t h e  p u s h e r s .  I n  a d d i t i o n ,  f o r c e  d i s t u r b a n c e s  were a p p l i e d  by de -  
l i b e r a t e l y  u p s e t t i n g  t h e  t a b l e  l e v e l  w i t h  t h e  p i e z o e l e c t r i c  b a l a n c i n g  s e r v o .  
R a i s i n g  and lower ing  a  p a i r  of  a i r  pads w i t h  t h e  p i e z o e l e c t r i c  s t a c k s  i n t r o d u c e s  
h o r i z o n t a l  components of f o r c e  i n t o  t h e  c e n t e r i n g  s e r v o  sys tem.  These  d i s t u r b i n g  
f o r c e s  were a p p l i e d  a t  t h e  same s i n u s o i d a l  p e r i o d s  and provided a  c r o s s - c h e c k  
a g a i n s t  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  s i m u l a t e d  i n p u t s .  The f i n a l  r e s u l t s  o f  
t h e s e  t e s t s  a r e  shown i n  F i g u r e 1 4 8  which p l o t s  c a p a c i t i v e  d i sp lacement  s e n s o r  
o u t p u t  e r r o r s  v e r s u s  t h e  f requency  of  t h e  i n p u t  d i s t u r b a n c e .  Two l e v e l s  of  
f o r c e  were used - 0 .33  x  10-3 pound and 1 x  10-3 pound - and t h e  bandpass o f  
t h e  s e n s o r  and i t s  a s s o c i a t e d  d a t a  l i n k  was s e t  a t  1 Hz. There  was good a g r e e -  
ment between t h e  t h e o r e t i c a l  and a c t u a l  r e s u l t s .  

S imula ted  s p a c e c r a f t  d i sp lacement  motions o r  d i s t u r b a n c e s  were a l s o  i n t r o d u c e d  
i n t o  t h e  x - a x i s  d i s p l a c e m e n t  loop  by f e e d i n g  i n  s i n u s o i d a l  e l e c t r i c a l  s i g n a l s  
a t  t h e  c a p a c i t i v e  s e n s o r  summing p o i n t  t o  t h e  f i r s t - s t a g e  i n t e g r a t o r .  The same 
i n t e g r a t o r  o u t p u t  s i g n a l s  were t h e n  r e c o r d e d ;  and, by knowing t h e  i n t e g r a t o r  , 

g a i n  and t h e  f requency  of  t h e  d i s t u r b a n c e ,  t h e  e r r o r  which r e p r e s e n t s  t h e  l o o p  
d i s p l a c e m e n t  e r r o r s  due t o  s p a c e c r a f t  motions was de te rmined .  Two d i s p l a c e m e n t  
ampl i tudes  were used 10.10 i n c h  (peak)  and 0 .2  i n c h  (peak)  f o r  a  r ange  of  s i n u -  
s o i d a l  f r e q u e n c i e s .  The r e s b l t s  o f  t h e s e  t e s t s  a r e  g iven  i n  F i g u r e  149. 
E r r o r s  were l e s s  t h a n  0.002 i n c h ( p e a k )  f o r  0.1-inch (peak)  i n p u t  d i s t u r b a n c e  a t  
0.02 r a d i a n l s e c o n d .  

The p o i n t i n g  s e r v o  l o o p  performance was e v a l u a t e d  i n  terms of  a n g u l a r  p o i n t i n g  
e r r o r s  f o r  known s i m u l a t e d  t o r q u e  d i s t u r b a n c e s .  The t o r q u e  d i s t u r b a n c e s  were 
s i m u l a t e d  e l e c t r i c a l l y  by f e e d i n g  s i n u s o i d a l  v o l t a g e  i n t o  t h e  d c  pusher  ampl i -  
f i e r s .  The a n g u l a r  e r r o r s  were measured w i t h  t h e  az imuth a l ignment  t h e o d o l i t e  
and c ross -checked  u s i n g  t h e  c a p a c i t i v e  s e n s o r s .  Two l e v e l s  of t o r q u e  were  
used:- 7 .5  x 1 0 " ~  pount - foo t  and 15  x  pound-foot  f o r  a  r ange  of  i n p u t  
f r e q u e n c i e s .  The r e s u l t s  of t h e s e  t e s t s  a r e  shown i n  F i g u r e  150. E r r o r s  
were u n d e t e c t a b l e  a t  t h e  2700-second p e r i o d  (1/2  o r b i t a l  p e r i o d )  t o r q u e  d i s -  
t u r b a n c e  r a t e s  s i n c e  t h e s e  c o n d i t i o n s  produce p o i n t i n g  e r r o r s  l e s s  t h a n  0.010 
arc-second,  which was beyond t h e  measur ing  c a p a b i l i t y  of t h e  ins t ruments '  u sed  i n  t h i s  
phase  of  t h e  exper iment .  

The a c q u i s i t i o n  performance of t h e  x - a x i s  d i sp lacement  loop  and t h e  p o i n t i n g  
s e r v o  loop  u s i n g  t h e  f u l l  l i n e a r  c a p a c i t i v e  s e n s o r  r ange  (+ 112 inch,  +30 a r c -  
minu tes )  is  shown i n  t h e  t ime-base  p l o t s  o f  F i g u r e s  1 5 1  and 1 5 2 .  F i g u r e  
151  r e p r e s e n t s  t h e  d i sp lacement  loop  r e c o v e r y  performance i n  t h e  normal 

mode f o r  i n i t i a l  c o n d i t i o n s  ; ( 1 )  0 .35- inch,  z e r o - p o i n t i n g  o f f s e t ,  and (2)  
0 .35- inch and 3  a rc -minu te  p o i n t i n g  o f f s e t .  The i n i t i a l  c o n d i t i o n s  i n  t h e  
a d j a c e n t  a x i s  p r o v i d e  a  measure o f  t h e  e f f e c t s  o f  c r o s s - c o u p l i n g ,  As shown, 
r e c o v e r y  t ime  was l e s s  than  50 seconds .  Recovery performance was a l s o  e v a l u -  
a t e d  f o r  combinat ions  of  i n i t i a l  c o n d i t i o n s  o f  d i sp lacement ,  and r a t e  i n  t h e  
yaw a x i s .  For i n i t i a l  c o n d i t i o n s  of  3.0-rc-minute d i sp lacement  and e s t i m a t e d  
0 . 5 0 - t o  1 .50aarc-minute /second r a t e s ,  t y p i c a l  r e c o v e r y  t imes  ranged from 40 
t o  60 s e c o n d s ,  
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P e r i o d  ( s e c / c y c l e )  

a- Data  P o i n t s  

Frequency (Rad/Sec) 

F i g u r e  148. Cen te r ing  Axis (x -Axis) Displacement  E r r o r s  
Versus Force  Dis tu rbance  I n p u t s  
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0 ..lo 
Frequency (md/Sec) 

Piguxe 149* Centering Axis (x-Axis) Displacement 
Errors Versus Displacement Inputs ' 
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P e r i o d  ( ~ e c / C y c l e )  

628  62.8 

Data P o i n t s  
Torque Dis tu rbance  
1 5 x 1 0 ' ~  lb-f  t 

Torque Dis tu rbance  
7 . 5 ~ 1 0 ' ~  l b - f t  

0 .01  

Frequency ( ~ a d  /S ec)  

F i g u r e  150. P o i n t i n g  System Angular E r r o r s  Versus 
Torque I n p  q$&turbances 
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Displacement (x-Axis) 

Calibration: 
2.97 cm/In. 

Displacement (x-Axis) 

Calibration: 
2.97 cm/In. 

(Initial Conditions: 0.350 Inches, 0.00 Arc-Minutes) 

Displacement (x -Axis) 

Calibration: 
2.97 cm/In. 

Displacement (x-Axis) 

Calibration: 
2.97 cm/In. 

Initial Conditions: 0.350'Inches, 3.0 Arc-Minutes) 

Time 

Figure 151. Centering Axis ( -axis) Requisition 
Performance Runs 
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Yaw Axis Displacement 

Calibration: 10 Arc-Sec/mm 

1 mm/Sec 

Sample No. 1 

(Initial Conditions: -3 Arc-Minutes, 0 Displacement) 

Yaw Axis Displacement 

Calibration: 10 Arc-Sec/m 

1 mm/Sec 

Sample No. 2 
(Initial Conditions: +3 Arc-Minutes, 0 Displacement) 

Figure 152 . Pointing Yaw Axis Acquisition 
Performance Runs 

1-301 
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The t e s t  r e s u l t s  ag reed  v e r y  c l o s e l y  w i t h  t h e  expec ted  o r  t h e o r e t i c a l  r e s u l t s ,  
and a few examples i l l u s t r a t e  t h i s  f a c t .  The d i sp lacement  e r r o r s  p l o t t e d  i n  
F i g u r e  148 shou ld  conform t o  t h e  fundamental  low-frequency s e r v o  (Type 111) 
disp lacement  e r r o r  formula which s t a t e s :  

where 
x ( t )  = disp lacement  e r r o r  ( f e e t )  

e  

Kx 
= t h e  x - a x i s  s e r v o  open loop  dynamic c o n s t a n t  ( f i r s t  

d e r i v a t i v e  of l i n e a r  a c c e l e r a t i o n  - second-3) 

F  ( t )  = f o r c e  d i s t u r b a n c e  i n p u t  (pounds) 
d  

M = mass of t h e  s i m u l a t e d  t e l e s c o p e  ( s l u g s )  

T e s t s  were conducted i n  which t h e  f o r c e  d i s t u r b a n c e  i n p u t  was s i n u s o i d a l :  

F ( t )  = F s i n w t  
d  d  

where 

d  
= peak ampl i tude  of t h e  f o r c e  (pounds) 

S e l e c t i n g  a  sample p o i n t  from F i g u r e  148 a t  a  f r equency  of  0 .011 r a d i a n l s e c o n d  
and a  f o r c e  i n p u t  of 1 x 10-3 pounds, t h e  peak e r r o r  c a l c u l a t e s  t o  be: 

Xe( t )peak  
= 0.00069 f o o t  o r  0.00827 inch  

where 
K = 1 x  second-3 - t h e  c o n s t a n t  used i n  t h e  e x p e r i m e n t a l  

X 
s e t u p  

The mass (M) was c a l c u l a t e d  based on t h e  known t a b l e  w e i g h t .  

The measured v a l u e  was 0.0094 i n c h  (peak) ,  which i s  qu i . t e  c l o s e  t o  t h e  p r e -  
d i c t e d  e r r o r .  

The p o i n t i n g  e r r o r s  of  F i g u r e  150 a r e  p r e d i c t a b l e  u s i n g  t h e  e q u a t i o n :  

where 
8 ( t )  = p o i n t i n g  e r r o r  ( r a d i a n s )  

e  

K = t h e  p o i n t i n g  a x i s  s e r v o  open l o o p  dynamic c o n s t a n t  
a  (second d e r i v a t i v e  o f  a n g u l a r  a c c e l e r a t i o n  - second-4)  
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I 
2  

= i n e r t i a  (pound-foot-second ) 

( t )  -= ' t o rque  d i s t u r b a n c e  (pound- fee t )  
d  

I f  s i n u s o i d a l  i n p u t s  of to rque  a r e  used, t h e n :  

where 

'd 
= peak a m p l i t u d e  of t o r q u e  d i s t u r b a n c e  ( p o u n d - f e e t )  

The p o i n t i n g  e r r o r  e q u a t i o n  becomes : 

- 3  
S e l e c t i n g  a  sample  p o i n t  of  1 . 5  x  10  pound-foot (peak)  t o r q u e  d i s t u r b a n c e  
i n p u t  a t  0.0233 rad ian / second ,  t h e  e r r o r  c a l c u l a t e s  t o  be :  

L 
- 

8 e ( t ) p e a k  - 
(0 '0207)  (0'015) = 5.30 x  r a d i a n s  

(0.012) (100) 

o r  

8 e ( t ) p e a k  
= 1 . 1 0  a rc - seconds  

The measured v a l u e  i n d i c a t e s  an  e r r o r  of 0 .75 a rc - second  (peak) .  Thus, i n  t h i s  
case ,  a s  w e l l  a s  t h e  two p r e v i o u s  examples, good c o r r e l a t i o n  i s  ach ieved  between 
t h e o r e t i c a l  and a c t u a l  r e s u l t s .  Any d i f f e r e n c e s  i n  e r r o r  v a l u e s  a r e  n o t  con- 
s i d e r e d  sys tem m a l f u n c t i o n s  b u t  a r e  r a t h e r  a t t r i b u t e d  t o  c a l i b r a t i o n  i n a c c u r a c i e s .  

The b a s i c  f r e e  f l o a t  i s o l a t i o n  concep t s  were c l e a r l y  proven d u r i n g  t h i s  e x p e r i -  
ment.  The p l o t s  of F i g u r e  149 f o r  i n s t a n c e ,  proved, by s i m u l a t e d  means, t h e  
s y s t e m ' s  a b i l i t y  t o  remain c e n t e r e d  w i t h i n  t h e  s p a c e c r a f t  when t h e  s p a c e c r a f t  i s  
moving. An i m p o r t a n t  i s o l a t i o n  t e s t  was a l s o  performed i n  t h i s  r e s p e c t  t h a t  was 
no t  d i s c u s s e d  i n  t h e  r e s u l t s .  A magne t i c  pusher  permanent magnet hous ing  was 
removed from i t s  mounting b r a c k e t s  and s lowly  moved (manual ly)  1 t o  2  inches  
" i n  and o u t "  w i t h  r e s p e c t  t o  t h e  c o i l  w h i l e  t h e  sys tem was a c t i v e .  The magnet 
hous ing  i s  c o n s i d e r e d  p a r t  of t h e  o u t e r  s p a c e c r a f t  and t h e s e  mot ions  would 
r e p r e s e n t  s p a c e c r a f t  mot ions .  T h e o r e t i c a l l y ,  f o r  t h i s  t y p e  of  t e s t ,  t h e  e x p e r i -  
men ta l  p o i n t i n g  sys tem shou ld  n o t  be d i s t u r b e d  s i n c e  t h i s  i s  a d i r e c t  demonstra-  

t i o n  of  t h e  i s o l a t i o n  concep t .  The r e s u l t s  were v e r y  s u c c e s s f u l .  The p o i n t i n g  
sys tem d i d  n o t  f o l l o w  t h e  s low and v e r y  l a r g e  1- t o  2 - inch  mot ions  o f  t h e  pusher  
permanent magnet. 

T h i s  t y p e  of t e s t  shou ld  b e  r e p e a t e d  when t h e  e n t i r e  p o i n t i n g  sys tem i s  s i m u l a t e d  
i n  a  vacuum chamber, a s  recommended i n  t h e  non-space exper iments  s e c t i o n .  
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CHAPTER - 11 - TEWSCOPE ROTATIONAL CONTROL 

The Rowland c i r c l e  spec t romete r  module and t h e  modif ied e c h e l l e  s p e c t r o -  
g raph  (module A) a r e  unique i n  t h a t  r o t a t i o n a l  c o n t r o l  o t h e r  t h a n  t h a t  
provided by t h e  CMG system i s  n 3 t  r e q u i r e d ,  T h i s  is because  the  t a r g e t /  
g u i d e  s t a r  image i s  formed n ~ m i n a l l y  on  t h e  o p t i c a l  a x i s .  S i n c e  t h e  
r o t a t i o n  a x i s  c o i n c i d e s  w i t h  t h e  o p t i c a l  a x i s ,  r o l l  motions have no e f f e c t  
on  p o i n t i n g  d i r e c t i o n .  In  t h e  p r a c t i c a l  c a s e  where s m a l l  misa l ignments  be- 
tween t h e s e  axes  do e x i s t ,  t h e  r o l l  mot ions  w i l l  g e n e r a t e  v e r y  s m a l l  
e r r o r s  which a r e  removed by x-y mot ions .  

Each o f  t h e  o t h e r  modules d i f f e r  i n  t h a t  i t s  a s s o c i a t e d  x-y gu ide  s t a r  
s e n s o r  i s  n o t  nominal ly  on t h e  o p t i c a l  a x i s  and t h e r e f o r e  r o l l  motions 
a f f e c t  t h e  x-y s e n s o r  o u t p u t .  Moreover, and more impor tan t ,  t h e  x-y e r r o r s  
a f f e c t  t h e  o u t p u t  o f  t h e  r o l l  s e n s o r  (when t h i s  i s  o f  t h e  s t e l l a r  irnage- 
s p l i t t i n g  v a r i e t y )  s i n c e  t h e  s e n s i n g  a x e s  cannot  be mutual ly  o r t h o g o n a l  i n  
a  colnmon o p t i c a l  ar rangement ;  i . e . ,  t h e  r o l l  s e n s o r  cannot be  s o  l o c a t e d  
due t o  l i m i t e d  f i e l d  s i z e .  

The i n t e r a c t i o n  between t h e  s e r v o  loops  must be  given c a r e f u l  d e s i g n  
c o n s i d e r a t i o n  i n  o r d e r  t o  a v o i d  p o s s i b l e  a d v e r s e  e f f e c t s  on s t a b i l i t y .  
Consider  f o r  example t h e  sys tem a s  d e p i c t e d  by F i g u r e  1 5 3 a  Here t h e  
c o r r e c t i v e  motions t a k e  p l a c e  about  t h e  l i n e  of s i g h t  (a )  and i n  t h e  two 
o r t h o g o n a l  d i r e c t i o n s  (x and y) a s  a  consequence o f  s i g n a l s  g e n e r a t e d  by t h e  
two g u i d e  s t a r  i m a g e - s p l i t t i n g  s e n s o r s  shown. The b lock  diagram f o r  t h e  
arrangement  i s  shown i n  F i g u r e  153b and can be  r e a r r a n g e d  i n t o  t h e  e q u i v a l e n t  
form of F i g u r e  153c. Th is  l a t t e r  diagram p l a c e s  i n  c l e a r e r  ev idence  t h e  
f a c t  t h a t  i n t e r a c t i o n  modi f i es  t h e  loop c h a r a c t e r i s t i c s .  I n  t h e  c a s e  o f  
t h e  y  loop  f o r  example, t h e  u n i t y  n e g a t i v e  feedback c h a r a c t e r i s t i c  i s  s e e n  
t o  b e  modif ied by t h e  x  loop t o  

s o  t h a t  t h e  loop g a i n  c h a r a c t e r i s t i c  i s  changed from -Gy t o  
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a)  Sensor Zocat 

O p t i c a l  
F i e l d  of View 

y motion 

a motion 

b) Cont ro l  Loop Block 
Diagram Showing 
I n t e r a c t  ions 

c )  Equivalent  Block 
Diagram 

Figure  3 Typica l  Wop I n t e r a c t i o n  
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The e x p r e s s i o n s ,  it shou ld  be noted,  a r e  f o r  t h e  p a r t i c u l a r  s e n s o r  l o c a t i o n s  
i n d i c a t e d  i n  F i g u r e  153a. These were chosen purpose ly  t o  avo id  c o u p l i n g  between 
t h e  ir and x loops  and hence s i m p l i f y  t h e  d i s c u s s i o n  t o  a  c o n s i d e r a t i o n  of a  
two-, r a t h e r  t h a n  a  t h r e e -  i n t e r a c t i n g  loop c a s e .  I f ,  a s  a  f u r t h e r  s i m p l i f i c a -  
t i o n ,  i t  i s  assumed t h a t  % = Gy = 1 / ~ ,  t h e n  t h e  coupl ing- induced changes t o  
t h e  open loop ga in  c h a r a c t e r i s t i c s  a r e  a s  shown i n  F i g u r e  154 and i n c l u d e  a  
change o f  c r o s s o v e r  f requency and phase margin. The amount of m o d i f i c a t i o n  
i n  t h i s  c a s e  depends upon t h e  v a l u e  o f  RX/R (= n) and t h e r e f o r e  upon t h e  

0: d i s t a n c e s  o f  t h e  two gu ide  s t a r s  from t h e  c e n t e r  o f  t h e  f i e l d .  I n  t h e  more 
g e n e r a l  c a s e  where t h e  two s e n s o r s  do n o t  b o t h  l i e  on t h e  h o r i z o n t a l  d i a m e t e r  
( a s  shown), c o u p l i n g  between t h e  a: and both  t h e  x  and t h e  y  loops  w i l l  be 
p r e s e n t .  Then t h e  i n t e r a c t i o n  w i l l  be  a f u n c t i o n  o f  f o u r  parameters ,  t h e  
r a d i a l  d i s t a n c e s  and a n g l e s  t o  each s e n s o r  o r ,  e q u i v a l e n t l y ,  t h e  x  and y  
l o c a t i o n s  of each,  r e l a t i v e  t o  t h e  l i n e  of s i g h t .  

The r e s u l t  of i n t e r a c t i o n  i s  c l e a r l y  u n d e s i r a b l e  and i s  normal ly  avo ided  
by one o f  two methods. The f i r s t  approach i n v o l v e s  t h e  mechan iza t ion  o f  t h e  
loops  w i t h  d i f f e r e n t  bandwidths.  Consider,  f o r  example, t h e  sys tem above i n  
which t h e  f u n c t i o n s  G and G a r e  purposely  chosen such t h a t  t h e  y - loop  band- 
wid th  g r e a t l y  e x c e e d s Y t h a t  o? t h e  0: loop.  Then, t h e  y- loop ga in  e x p r e s s i o n  

reduces  t o  -Gy i n  t h e  v i c i n i t y  of c r o s s o v e r  s i n c e  

U 

i n  t h i s  r e g i o n .  The y-loop s t a b i l i t y  under such c i rcumstances  w i l l  be  on ly  
s l i g h t l y  i n f l u e n c e d  by t h e  a - loop  a c t i o n .  On t h e  o t h e r  hand t h e  a - l o o p  
g a i n  e x p r e s s i o n  

reduces  t o  

C 

i n  t h e  v i c i n i t y  o f  c r o s s o v e r  s i n c e  
G 



Open 
LOOP 
Gain 
( log)  
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Figure  154. 1 Typica l  E f f e c t  of Cofipling-.on Open Loop 
Gain C h a r a c t e r i s t i c s  
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i n  t h i s  r e g i o n .  The dependence o f  loop ga in  on t h e  f a c t o r s  R and R a moreover,can be n i c e l y  avoided by implementing a  g a i n  ad jus tment  of x  ' 
1 r a t h e r  t h a n  2 i n  t h e  a loop a s  was assumed above. The a c t i o n  

R  f Ra X Ra 
o f  t h e  sys tem under  t h e s e  c o n d i t i o n s  i s  t o  s t a b i l i z e  t h e  x-y guide  s t a r  
image a t  i t s  s e n s o r  apex w i t h  r o t a t i o n s  (of t h e  o p t i c a l  f i e l d )  about  t h i s  
p o i n t  due t o  r o l l  mot ions .  Th is  t echn ique  i s  t h a t  o f  t h e  S t r a t o s c o p e  gu idance  
arrangement  where t h e  f a s t  x-y c o r r e c t i o n s  a r e  made by moving a  s m a l l  t r a n s -  
f e r  l e n s  w h i l e  t h e  r o l l  c o r r e c t i o n s  a r e  i n t r o d u c e d  v i a  s t r u c t u r a l  p o i n t i n g  
loop o f  much lower bandwidth. 

With s u c h  a n  arrangement  t h e  t r a c k i n g  e r r o r  a t  t h e  x-y s e n s o r  c o n s i s t s  o n l y  
of t h e  x-y e r r o r s  w i t h  n o a p p r e c t a b l e  t r a c k i n g  e r r o r  due t o  r o l l  e r r o r s .  For  
p o i n t s  removed from t h e  x-y s e n s o r ,  t h e  e r r o r  w i l l  c o n s i s t  of t h e  x-y e r r o r s  
p l u s  an  a d d i t i o n a l  component, due t o  r o l l  e r r o r  motion,  p r o p o r t i o n a l  t o  t h e  
d i s t a n c e  t o  t h e  x-y s e n s o r .  

A d i f f e r e n t  approach t o  a v o i d i n g  loop  i n t e r a c t i o n s  i n v o l v e s  t h e  i n t r o d u c t i o n  of com- 
p e n s a t i n g  c r o s s f e e d s  i n  t h e  e l e c t r o n i c s  f o l l o w i n g  t h e  s e n s o r s .  Consider  t h e  g e n e r a l  
s e n s o r  arrangement  as shown in F i g u r e  155, where t h e  i n d i c a t e d  y ,  x, and BR a x e s  a r e  
those  of c o r r e c t i o n a l  movements. P o s i t i v e  up, r i g h t ,  and coun te rc lockwise  mot ions  of 
t h e  t e l e s c o p e  w i l l  make t h e  guide  s t a r s  appear  t o  move down, l e f t  and c l o c k -  
wise  and t h e  two s e n s o r s  w i l l  respond by g e n e r a t i n g  t h e  f o l l o w i n g  s i g n a l s .  

Assuming now t h a t  t h e  l e f t  s e n s o r  i s  used a s  a  r o l l  eR s e n s o r  which can o n l y  
supp ly  x  o r  y  s i g n a l s ,  we can cons ider  t h e  two c a s e s .  When a y  s i g n a l  i s  
a v a i l a b l e  from t h e  r o l l  s e n s o r ,  t h e  two s e n s o r  y  s i g n a l s  may be s u b t r a c t e d  
t o  o b t a i n  

Sensor Output 

S i g n a l  L i n e  

Sensor S i g n a l  Components due t o  Motions 
of Te lescope  

L e f t  Sensor  

Right  Sensor  

UP 

' Y 

0 

0 

"Y 

Y 

x 

x 

Y 

Right  

0 

-X 

-X 

0 

Counterc lockwise  

+ Q R  cosB 
K B  

+ 0 R s inB 
R B 

+ 0 R s i n a  
R a 

- Q R c o s a  
R U 



Lef t  Sensor 
(Movable Over Left  
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Right Sensor 
(Movable Over 

\ Right Half Plane) 

Figure--. 155. Geometry of Guide S t a r  Image Sensor 
Location. 
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Hence, t h e  r e s u l t i n g  s i g n a l  can be d i v i d e d  by X + X t o  o b t a i n  a  0 s i g n a l  B a 
which can be m u l t i p l i e d  by R s i n a  = y  and R cosu = X t o  o b t a i n  Rterms a a (1 u 
a p p r o p r i a t e  f o r  c o r r e c t i n g  t h e  x-y s e n s o r  o u t p u t  s i g n a l s  t o  o b t a i n  pure  x  
and y  e r r o r  s i g n a l s .  When two x s i g n a l s  a r e  a v a i l a b l e  s u b t r a c t i o n  y i e l d s  

which can  be d i v i d e d  by y  -y t o  o b t a i n  8 M u l t i p l i c a t i o n  by y  and X 
B Q R' Cx Q y i e l d s  terms s u i t a b l e  f o r  c o r r e c t i n g  t h e  x-y s e n s o r  o u t p u t .  

I n  t h e  e v e n t  t h a t  t h e  l e f t  r a t h e r  t h a n  t h e  r i g h t  s e n s o r  i s  s e l e c t e d  a s  t h e  
x-y s e n s o r ,  t h e  s i g n a l  p r o c e s s i n g  would be s i m i l a r .  A b l o c k  diagram f o r  a  
t y p i c a l  mechan iza t ion  i s  shown i n  F i g u r e  156. 

The upper  b lock  diagram i n d i c a t e s  t h e  o p e r a t i o n s  r e q u i r e d  w i t h  e i t h e r  t h e  l e f t  
o r  r i g h t  s e n s o r  s e l e c t e d  ( S l )  t o  g e n e r a t e  x-y i n f o r m a t i o n .  I n  e i t h e r  c a s e ,  
t h e  o t h e r  (o r  r o l l )  s e n s o r  o u t p u t  s i g n a l  can be s e l e c t e d  (S2) t o  be g e n e r a t e d  
by e i t h e r  x  o r  y  mot ions  o f  t h e  gu ide  s t a r .  S e n s i t i v i t y  t o  b o t h  a x e s  of 
motion i s  g e n e r a l l y  assumed a s  n o t  p o s s i b l e  s i n c e  t h i s  r e q u i r e s  p r e c i s e  
s p a c i n g ,  between t h e  two s e n s o r  apexes ,  e q u a l  t o  t h e  d i s t a n c e  between 
t h e  two guide s t a r  images. The y  s e n s i t i v i t y  i s  p r e f e r r e d  when t h e  l i n e  be-  
tween t h e  two apexes  i s  w i t h i n  45' of t h e  x  a x i s ;  o the rwise ,  x  s e n s i t i v i t y  
from t h e  r o l l  s e n s o r  shou ld  be  chosen. T h i s  r e s u l t s  i n  maximum s e n s i t i v i t y  
s e n s o r  o u t p u t  v o l t a g e  p e r  u n i t  r o t a t i o n ;  v i z ,  c o n s i d e r  f o r  example t h e  f a c t  
t h a t  RB sinB-Q s i n a  becomes z e r o  when b o t h  apexes  l i e  on t h e  x  a x i s .  The 
lower b l o c k  diagram erforms e q u i v a l e n t  f u n ~ t i o n s  w i t h  G 1  s e t  e q u a l  t o  

1% cos  B + R C O S ~  We o r  [, 
a J  

sinB-% s i n a  -I, by remote i n p u t  commands, J 
-depending upon whether x  o r  y  s e n s i t i v i t y  of t h e  r o l l  s e n s o r  i s  d e s i r e d .  
The i n p u t  command, moreover, must i n c l u d e  s i g n  d a t a  s i n c e  e i t h e r  t e r m  of 
t h e  l a t t e r  e x p r e s s i o n ,  and  t h e r e f o r e  t h e  e x p r e s s i o n  i t s e l f ,  can b e  n e g a t i v e .  
The former e x p r e s s i o n  i s  p o s i t i v e  a s  shou ld  be  expec ted  s i n c e  i t  r e p r e s e n t s  
t h e  h o r i z o n t a l  d i s t a n c e  between t h e  two apexes .  

Th is  method of  decoupl ing  t h e  loops ,  by a p p r o p r i a t e  s i g n a l  p rocess ing ,  
d i f f e r s  from t h e  approach d e s c r i b e d  e a r l i e r  i n  t h a t  t h e  p o i n t  abou t  which 
r o t a t i o n s  appear  t o  t a k e  p l a c e  i s  t h e  l i n e  of s i g h t  r a t h e r  t h a n  t h e  x-g 
s e n s o r  apex.  Moreover, t h e  r o l l  and c r o s s  l i n e  of s i g h t  loops,  b e i n g - e f f e e -  
t i v e l y  decoupled can be  implemented w i t h  e q u a l  o r  g r e a t l y  d i f f e r i n g  bandwidths.  

E i t h e r  of t h e  two p r e v i o u s l y  d e s c r i b e d  methods o f  a v o i d i n g  a d v e r s e  i n t e r -  
a c t i o n  e f f e c t s  c a n  be  c o n s i d e r e d  f o r  t h e  LTEP equipment. Refe rence  t o  
Tab le  1 9  , i n d i c a t e s ,  f o r  example, t h a t  t h e  r o l l  t o  x-y bandwidth r a t i o s  a r e  i n  
t h e  o r d e r  of 1:5, Th i s  i s  n o t  a  s u f f i c i e n t l y  l a r g e  s e p a r a t i o n  t o  a l l o w  
decoupl ing ,  a s  implemented i n  S t r a t o s c o p e , t o  be  ach ieved  w i t h  r e a s o n a b l e  s a f e t y ,  
margin.  
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Subsequent d e s i g n  e f f o r t s  could  i n c l u d e  a  c o n s i d e r a t i o n  of a p p r o p r i a t e  changes 
t o  a l l o w  t h i s  approach and hence t o  avo id  t h e  complexi ty  of  d e c o u p l i n g  v i a  
s i g n a l  p r o c e s s i n g .  However, t h e  o p e r a t i o n a l  v i r t u e s  of t h e  s i g n a l  p r o c e s s -  
i n g  approach make it t h e  p r e f e r r e d  t e c h n i q u e ;  i . e . ,  u s i n g  t h i s  approach ,  
bandwidth a d j u s t m e n t s  t o  a  loop can be  made a t  any t ime,  w i t h o u t  concern  
abou t  i n t e r a c t i o n  e f f e c t s ,  t o  o b t a i n ,  f o r  example, optimum performance w i t h  
t h e  a v a i l a b l e  gu ide  s t a r  magnitude.  

IMAGE PEANE EQUIPMENT ROTATION 

F i n e  r o t a t i o n a l  c o n t r o l  c o n c u r r e n t  w i t h  t r a n s f e r  l e n s  x -y  c o n t r o l  w i l l  be  
accomplished,  a s  mentioned p r e v i o u s l y ,  by r o t a t i n g  t h e  exper iment  modules.  I n  
e f f e c t  t h e n ,  t h e  s t r u c t u r a l  r o l l  mot ions  c a u s e  r o t a t i o n s  of t h e  o p t i c a l  image 
f i e l d  and r e l a t i v e  mot ion e f f e c t s  a r e  a v o i d e d  by moving t h e  hardware  t o  t r a c k  
t h e  images.  Means f o r  do ing  t h i s  w i l l  be  p rov ided  f o r  t h e  e l e c t r o n i c  and  
pho tograph ic  imagery packages,  modules F  and C .  It should  be  n o t e d  t h a t  
d u r i n g  magnet ic  suspens ion  o p e r a t i o n s  w i t h  modules C and D ( t h e  E c h e l l e  package) 
r o l l  s t a b i l i z a t i o n  i s  p rov ided  by t o r q u i n g  t h e  whole LTEP s t r u c t u r e  t o  m a i n t a i n  
c o r r e c t  a t t i t u d e .  Fur the rmore ,  t h e  Rowland C i r c l e  Experiment (module E) r e q u i r e s  
o n l y  t h e  f i n e  x-y c o n t r o l  provided by t h e  gimbal sys tem and t h e  c o a r s e  CMG r o l l  
s t a b i l i z a t i o n ,  a  f i n e  r o t a t i o n  c o n t r o l  b e i n g  unnecessa ry  s i n c e  t h e  g u i d e  s t a r  
i s  t h e  t a r g e t  s t a r  and l i e s  on a x i s .  

The p a r t i c u l a r  f i n e  r o l l  c o n t r o l  r equ i rements  f o r  modules C and F  a r e  
r e a s o n a b l y  s i m i l a r .  The c o n t r o l  loop  c r o s s o v e r  f r e q u e n c i e s  a r e  i n  t h e  o r d e r  of 
0.0028 t o  0.004 Hz and t h e  r o l l  a c c u r a c i e s  must b e  w i t h i n  0 .73 and 0 . 3 1  a r c -  
second, r e s p e c t i v e l y .  The minimum range o f  r o l l  mot ion must b e  a t  l e a s t  a s  
l a r g e  a s  t h e  peak-to-peak r o l l  e x c u r s i o n s  of  t h e  CMG sys tem d u r i n g  t r a c k .  
More r e a l i s t i c a l l y ,  t h e  r o l l  range s h o u l d  be  i n c r e a s e d  t o  a l l o w  c o r r e c t i o n  f o r  
e r r o r s  i n  p r e c i s e  p o s i t i o n i n g  of  t h e  gu ide  s t a r  s p l i t t i n g  pr isms a s  w e l l  a s  t h e  
ATM gimbal  R o l l  P o s i t i o n i n g  Mechanism (RPM). I n  t h e  former c a s e ,  one c o u l d  
assume t h a t  t h e  p r i sms  a r e  each  m i s p o s i t i o n e d  by 0.025 p e r c e n t  o f  t h e  3 0 - a r c -  
m i n u t e  f i e l d  d i a m e t e r  when spaced a p a r t  by a  minimum amount (2 a r c - m i n u t e s  be- 
tween a p i c e s ) .  T h i s  co r responds  t o  a r o l l  e r r o r  a n g l e  of 

- 2 x  0.025 x  loL x  30 
'R - 2  

= 0.0075 r a d  = 25 a rc -minu tes  

The s p e c i f i e d  accuracy  i n  s e t t i n g  a  r o l l  a n g l e  v i a  t h e  RPM i s  a b o u t  k10 a r c -  
minu tes  i n d i c a t i n g  t h a t  a  t o t a l  f i n e  s e r v o  r o l l  r ange  of  abou t  t 1 / 2 "  would be  
a p p r o p r i a t e .  S e v e r a l  t e c h n i q u e s  t o  r educe  t h i s  range cou ld  be  c o n s i d e r e d .  
For  example, one might modify t h e  v e h i c l e  (cMG) o r  RPM r o l l  a n g l e  t o  o b t a i n  
a  n u l l  from t h e  exper iment  package r o l l  e r r o r  s e n s o r  p r i o r  t o  p e r m i t t i n g  t h e  
f i n e  r o l l  s e r v o  t o  d r i v e  o f f  c e n t e r .  T h i s  i s  f e a s i b l e  s i n c e  even a  1/2" e r r o r  
i n  r o l l  abou t  t h e  x-y s e n s o r  i n  a n  ext reme f i e l d  p o s i t i o n  would m i s p l a c e  t h e  
d a t a  image a t  r e c o r d i n g  d e v i c e  by only  

1 
112" x --- 

57.3  
x 15 a rc -minu tes  = 0 . 1 3 1  a rc -minu te  
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For  t h e  purposes  of  t h e  f o l l o w i n g  d i s c u s s i o n ,  r e d u c t i o n  of t h e  r e q u i r e d  r o l l  
range by such  means w i l l  n o t  be  c o n s i d e r e d .  T h i s  w i l l  p l a c e  t h e  most s t r i n g e n t  
r equ i rements  on t h e  implementa t ion a s  i t  i s  c o n s i d e r e d  h e r e .  

A t y p i c a l  mechan iza t ion ,  a p p r o p r i a t e  f o r  u s e  w i t h  t h e  £110 p h o t o g r a p h i c  
imagery package i s  shown i n  F i g u r e  157. The r e a t  f l e x u r e  p i v o t  p r o v i d e s  t h r e e -  
a x i s  t r a n s l a t i o n a l  c o n s t r a i n t  and a l l o w s  r o l l  mot ions  a s  c o n t r o l l e d  by t h e  
c o n c e n t r i c  t o r q u e r  motor.  Two f i x e d  r o l l e r  s u p p o r t s ,  p re loaded  by a n  i d e n t i c a l  
b u t  sp r ing- loaded  t h i r d  r o l l e r , p r o v i d e  a p p r o p r i a t e  m o t i o n a l  c o n s t r a i n t s  a t  
t h e  o p p o s i t e  end of  t h e  module. The c o n t r o l  concept  i n v o l v e s  t h e  u s e  o f  a  
minor p o s i t i o n i n g  loop  of  r e a s o n a b l y  h i g h  bandwidth f o r  good i s o l a t i o n  a g a i n s t  
s t r a y  t o r q u e s  ( v i z ,  f l e x u r e  p i v o t  and i n t e r c o n n e c t i n g  w i r e  e f f e c t s ) .  The low 
bandwidth major loop  can t h e n  be  r e a l i z e d  by commanding t h e  minor  loop  w i t h  
r o l l  e r r o r  s i g n a l s ,  s u i t a b l y  p rocessed  th rough  low frequency i n t e g r a t i o n  
c i r c u i t s .  The d e t a i l s  of  t h e  approach w i l l  now b e  examined. 

F l e x u r e  p i v o t s  s u i t a b l e  f o r  u s e  i n  t h i s  a p p l i c a t i o n  a r e  Bendix t y p e s  6005-600 
and 6006-800. The former  h a s  load  r a t i n g s  upwards of  19 pounds and i s  s u i t a b l e  
f o r  t h e  r e a r  p i v o t  which must r e s i s t  t h e  r a d i a l  d e c e n t e r i n g  f o r c e s  o f  a t t r a c t i o n  
between t h e  t o r q u e r  motor r o t o r  and s t a t o r .  The b e a r i n g  s p r i n g  r a t e  i s  0.2 
poundr inches  per r a d i a n .  The r a t e  of t h e  l a t t e r  t y p e  i s  l e s s  ( 4 . 0 4 1 )  a s  
a r e  t h e  load  c a p a c i t i e s  (23.5 pounds) which a r e  c o n s i d e r e d  low bu t  q u i t e  
a d e q u a t e  t o  s u p p o r t  t h e  i n s t r u m e n t  i n  t h e  e s s e n t i a l l y  g r a v i t y - f r e e  environment .  
The t o t a l  s p r i n g  r a t e  of  t h e  i n s t r u m e n t  abou t  i t s  r o l l  a x i s  i s  e x p r e s s i b l e  a s  

R~ 0 .2  + 3 x  0 . 0 4 1  - 
RR 

where R  i s  t h e  r a d i u s  of t h e  i n s t r u m e n t  t o  t h e  p o i n t  of  r o l l e r  
I 

c o n t a c t  and  

RR i s  t h e  r a d i u s  of t h e  r o l l e r  

T h i s  e x p r e s s i o n  i n d i c a t e s  t h a t  minimum s p r i n g  a c t i o n  p r e v a i l s  when l a r g e  r o l l e r s  
s u p p o r t  t h e  module a t  p o i n t s  c l o s e  t o  i t s  r o l l  a x i s .  Maximm r o l l e r  r a d i u s  i n  
a  g iven  space  i s  a t t a i n e d ,  a s  shown i n  F i g u r e  157, by r e s o r t i n g  t o  r o l l e r  
s e c t o r s  o f  s u f f i c i e n t  a n g l e  t o  permit  t h e  r e q u i r e d  l i m i t e d  mot ion.  S e c t o r  
g e a r s  a t t a c h e d  t o  t h e  r o l l e r s  and meshing l o o s e l y  w i t h  g e a r  s e c t o r s  a t t a c h e d  
t o  t h e  module would b e  a  s i m p l e  e x p e d i e n t  t o  p reven t  i n a d v e r t e n t  g r o s s  r o l l e r  
s l i p p a g e .  

For t h e  c a s e  of  R = 5" and 
I 

RR = 211, t h e  p i v o t  t o r q u e  a t  t h e  k1/2" a n g u l a r  

ext remes i s  k0.0712 in-oz .  I f  now t h e  minor loop g a i n  i s  assumed t o  become 
u n i t y  a t  1 Hz and t h e  module i n e r t i a  i s  114 s lug .&t2 ,  t h e n  t h e  t o r q u e  c o n s t a n t  - 
T of t h e  loop  can b e  e x p r e s s e d  a s  
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Hence t h e  t o r q u e  d i s t u r b a n c e  w i l l  t e n d  t o  c a u s e  a  minor loop  p o s i t i o n i n g  
e r r o r  of 

0.0712 
= 0.1292 min = 7.76 a r c - s e c  

0 .55  

which can be  reduced t o  l e s s e r  magni tude by t h e  i n t r o d u c t i o n  of low f requency  
i n t e g r a t i o n .  T h i s  i s  shown i n  t h e  c i r c u i t r y  of F i g u r e  158( re fe r  t o  a m p l i f i e r  
A4) which a l s o  i n c l u d e s  lead-  l a g  s t a b i l i z a t i o n .  The i n t e g r a t i o n  enhances  t h e  
minor loop g a i n  a t  f r e q u e n c i e s  below 0 . 1 8  Hz a t  t h e  r a t e  of 6  dB/oct .  T h i s  
r e s u l t s  i n  a  s i x t y f o l d  i n c r e a s e  of loop  ga in  a t  0 .003 Hz w i t h  a  p r o p o r t i o n a l  
r e d u c t i o n  of torque- induced p o s i t i o n i n g  e r r o r s  a t  t h i s  f requency.  S t a t i c  
e r r o r s  due t o  dc t o r q u e s ,  moreover,  a r e  comple te ly  e l i m i n a t e d .  

An a p p r o p r i a t e  t o r q u e r  motor would be  t h e  A e r o f l e x  TQ-2 b r u s h l e s s  c i r c u l a r  
t y p e  r a t e d  a t  3  oz-inch and 2  w a t t s  and w i t h  a n  o u t e r  d iamete r  (0.d.)  and t h i c k -  
n e s s  of o n l y  1.63" and 0.65': r e s p e c t i v e l y .  With such a  u n i t ,  t h e  power r e q u i r e d  
t o  m a i n t a i n  t h e  p o s i t i o n a l  ext reme ( i .  e . ,  overcome t h e  0.0712 i n - 0 2  would b e  

T h i s  assumes t h a t  t h e  t o r q u e r  motor c u r r e n t  i s  drawn v i a  non-swi tching t y p e  
e l e c t r o n i c s  from a  s o u r c e  c a p a b l e  of p roduc ing  r a t e d  motor  t o r q u e .  

The minor loop t r a n s f e r  f u n c t i o n ,  w i t h  t h e  assumed 5V-per-30-arc-minute 
feedback s c a l e  f a c t o r ,  i s  e s s e n t i a l l y  6 a rc -minu tes  p e r  v o l t  a t  low f r e q u e n c i e s .  
F i g u r e  158 also i n d i c a t e s  the type o f  c i r c u i t r y  which might be used t o  r e a l i z e  
t h e  major loop c h a r a c t e r i s t i c  w i t h  u n i t y  g a i n  c r o s s o v e r  a t  0.003 Hz. The 
key components a r e  t h e  i n t e g r a t o r s  w i t h  f i e l d - e f f e c t  t r a n s i s t o r  i n p u t  s t a g e s  
t o  minimize  b i a s  c u r r e n t  e f f e c t s ,  permit  use  o f  l a r g e  summing r e s i s t o r s  and,  
t h e r e f o r e ,  a c h i e v e  t h e  l a r g e  r e q u i r e d  t i m e  c o n s t a n t s  (RC). Constant  o f f s e t  
e f f e c t s  i n  a m p l i f i e r s  A1 and A , it shou ld  b e  no ted ,  w i l l  n o t  c a u s e  major loop  
e r r o r  s i n c e  t h e y  a r e  preceded gy i n t e g r a t i o n .  

Constant  o f f s e t  e f f e c t s  a s s o c i a t e d  w i t h  a m p l i f i e r  A on t h e  o t h e r  hand, 
1' 

w i l l  n o t  b e  t roublesome prov ided  t h e y  a r e  s m a l l  compared t o  t h e  s a t u r a t e d  v a l u e  
of t h e  e r r o r  s i g n a l ,  s i n c e  t h e  n e t  e f f e c t  w i l l  b e  a  f i x e d  r o l l  e r r o r .  It 
shou ld  b e  n o t e d  t h a t  t h e  major  open loop  b r e a k  from -6 t o  -12 d ~ / o c t  a t  0 . 0 1  
Hz i s  assumed due t o  a  s i n g l e  o r d e r  lagmtype n o i s e  f i l t e r  a s s o c i a t e d  w i t h  t h e  
e r r o r  s e n s o r .  The minor loop  w i l l  i n t r o d u c e  a d d i t i o n a l  ma jor  loop b r e a k s  
above a b o u t  1 . 8  Hz. 
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The f o r e g o i n g  p r e l i m i n a r y  d e s i g n  c a l c u l a t i o n s  i n d i c a t e  t h e  f e a s i b i l i t y  of 
r o l l  c o n t r o l l i n g  t h e  modules i n  t h e  manner d e s c r i b e d .  Subsequent e f f o r t s  
shou ld  c o n s i d e r  whether  t h e  proposed approach can b e  modi f i ed  t o  a v o i d  t h e  need 
f o r  a c a g i n g  mechanism f o r  launch s u r v i v a l .  I n  t h i s  connec t ion ,  t h e  u s e  of  
l a r g e r  p i v o t s  and o v e r c e n t e r  s p r i n g  compensat ion o f f e r s  a  p o t e n t i a l  s o l u t i o n .  

T a b l e  30 p r e s e n t s  a  summary o f  t h e  s e r v o  pa ramete r s  a s  evo lved  above.  The 
approach,  which assumed t h e  u s e  o f  a  minor p o s i t i o n i n g  loop  i n  o r d e r  t o  a c h i e v e  
i s o l a t i o n  a g a i n s t  t o r q u e  d i s t u r b a n c e  e f f e c t s ,  a p p e a r s  t o  be  a d e q u a t e  and non- 
c r i t i c a l .  
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TABLE 30-  FINE ROLL SERVO ESTIMATED PARAMETERS 

1. Major Loop Crossover  Frequency 

2. Accuracy 

3.  F l e x u r e  Bear ings  

3 . 1  R o l l e r  
3.2 Rear Suppor t  

0.003Hz 0.0028Hz Mod C 
0.004Hz Mod F [ 

0 . 3 1  a rc - second  Mod F 
0 .73  a rc - second  M O ~  c 

4. Angular  Range o f  Module -+1/2" 

5 .  Net S p r i n g  Ra te  of  Suppor t  0 .0024 i n  oz/min 
(For  r o l l e r  t o  Module d iamete r  r a t i o  
of 4"/1O1I) 

6 .  P i v o t  Torque a t  Angular Extreme k0.0712 o z - i n  

7 *  Servo Torque Cons tan t  (Minor loop wi th-  0 .55 i n  oz/arc-min 
o u t  i n t e g r a t i o n )  

8 .  Minor Loop Crossover Frequency 1.8Hz 

9. Torquer  Motor 

9 . 1  Type TQ-2 Aerof lex  
9 .2  Rated ~ o r q u e / p o w e r  3 oz-in12 w a t t s  
9 .3  Outs ide  ~ i a m e t e r l ~ h i c k n e s s  1. 65It/0. 65" 

10. Power t o  Hold a t  Angular Extreme 0 .05 w a t t s  

11. P o s i t i o n i n g  Accuracy Required 

11.1 RPM - R o l l  P o s i t i o n i n g  Mechanism +10 arc-min 
11.2 Guide S t a r  Sensors  +0.025% x 30 arc-min 
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CHAPTER 12  - LTEAMISSION PROFILE 

The Large  Te lescope  Experiment Program has  t h e  twin g o a l s  of a c h i e v i n g  a s t r o -  
nomical  d a t a  r e t r i e v a l  i n  a  p r e c u r s o r ,  two-meter t e l e s c o p e  c o n f i g u r a t i o n  
and pe r fo rming  exper iments  i n  t h e  t echno logy  r e q u i r e d  t o  advance t o  a  t h r e e -  
me te r  t e l e s c o p e  s i z e .  I n  t h e  d i s c u s s i o n  of t h e  m i s s i o n  p r o f i l e ,  we s h a l l  
cover  a  sequence of e v e n t s  which w i l l  g i v e  a  s l i g h t  p r i o r i t y  t o  t h e  a c q u i s i t i o n  
of  d a t a  f o r  t h e  as t ronomers ,  b u t  w i l l  be in te rwoven  w i t h  t h e  t e c h n o l o g i c a l  
exper iments  s o  t h a t  t h i s  d a t a  i s  a l s o  a c q u i r e d .  T e c h n o l o g i c a l  exper iments  
which c a r r y  w i t h  them t h e  r i s k  of p r e v e n t i n g  f u r t h e r  a s t r o n o m i c a l  o b s e r v a t i o n s  
w i l l  be l a t e  i n  t h e  schedu le  of e v e n t s .  The LTE'P sequence t o  be d e s c r i b e d  
below w i l l  commence a t  t h e  s t a g e  a t  which a l l  of t h e  docking maneuvers and  
c l u s t e r  s t a b i l i z a t i o n ,  s o l a r  p a n e l  deployment, e t c . ,  have been accomplished.  
For t h e  d e t a i l s  of t h e s e  o p e r a t i o n s ,  t h e  r e a d e r  i s  r e f e r r e d  t o  Volume I1 of 
t h e  s t u d y ,  

TELESCOPE EXJTENS I O N  

F i r s t  t h e  swing l i n k  w i l l  deploy t h e  t e l e s c o p e  and r a c k  s t r u c t u r e  w i t h  t h e  
t e l e s c o p e  s t i l l  caged s o  t h a t  t h e  a x i s  of t h e  t e l e s c o p e  i s  p e r p e n d i c u l a r  t o  
t h e  a x i s  of  t h e  s p a c e  s t a t i o n ,  a s  shown i n  F i g u r e  159. The CMG'S w i l l  be  spun 
up and t h e  o r i e n t a t i o n  of  t h e  space  s t a t i o n  s t a b i l i z e d .  Then t h e  t e l e s c o p e  
t u b e  e x t e n s i o n  mechanism w i l l  be  a c t i v a t e d  s o  t h a t  t h e  secondary m i r r o r  and 
f i g u r e  s e n s o r  a r e  moved t o  t h e i r  o p e r a t i o n a l  p o s i t i o n s .  E i t h e r  t h e  p r o t e c h -  
n i c a l l y  a c t u a t e d  h o l d i n g  p i n s  o r  t h e  i r r e v e r s i b l e  sc rew d r i v e s  w i l l  h o l d  t h e  
t e l e s c o p e  t u b e s  i n  t h e  extended p o s i t i o n .  Upon s a t i s f a c t o r y  t e l e m e t r y  i n d i c a -  
t i o n  of complet ion o f  t h i s  sequence,  t h e  t e l e s c o p e  uncaging sequence w i l l  be 
i n i t i a t e d .  

TELESCOPE UNCAGING 

During b o o s t ,  docking,  and deployment, t h e  t e l e s c o p e  w i l l  be  caged t o  t h e  s u p p o r t i n g  
r a c k  s t r u c t u r e ,  e i t h e r  through v i b r a t i o n  i s o l a t i n g  s t r u c t u r a l  members ( s i m i l a r  
t o  a i r c r a f t  l a n d i n g  g e a r ) ,  o r  t h e  i n d i v i d u a l  g l a s s  e l ements  w i l l  be s u p p o r t e d  
on t h e i r  own v i b r a t i o n  i s o l a t o r s ,  and t h e  main t e l e s c o p e  w i l l  be r e s t r a i n e d  
w i t h  r i g i d  l i n k s .  These l i n k s  w i l l  be r e t r a c t e d  ( p y r o t e c h n i c a l l y  o r  by mechan ica l  
a c t u a t o r s )  and /o r  t h e  v a r i o u s  i n d i v i d u a l  g l a s s  e lements  w i l l  be f r e e d  of t h e i r  
v i b r a t i o n  i s o l a t o r s .  

ACTIVATING. ACTIVE. OPTICS 

The f i g u r e  s e n s o r  l a s e r  and t h e  p r imary  m i r r o r  scanner  w i l l  t h e n  be a c t i v a t e d  
t o  c o n t r o l  t h e  p o s i t i o n  of  t h e  pr imary m i r r o r .  A pre-programmed sequence  t o  
check o u t  each of  t h e  a c t u a t o r s  of t h e  pr imary m i r r o r  f o r  freedom of mot ion  
i s  t h e n  execu ted .  Backup modes would be  a c t i v a t e d  i f  r e q u i r e d .  Coarse and 
f i n e  c losed- loop  c o n t r o l  of  t h e  segments i s  t o  be  i n s t i t u t e d  t o  b r i n g  t h e  m i r r o r  
t o  a  r e a s o n a b l e  f i g u r e .  
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A t  t h i s  t i m e  t h e  f i g u r e  s e n s o r  a l ignment  c o n t r o l  i s  a c t i v a t e d  and t h e  f i g u r e  
s e n s o r  s e r v o e d  t o  t h e  c e n t e r  o f  c u r v a t u r e  o f  t h e  p r imary  m i r r o r .  Upon c o m p l e t i o n  
of t h i s  sequence,  c o n t r o l  of t h e  secondary m i r r o r  i s  i n s t i t u t e d .  I t s  p o s i t i o n  
i s  c o n t r o l l e d  by s e r v o  s o  t h a t  i t s  f o c a l  p o i n t  l i n e s  up w i t h  t h e  prime f o c u s .  
of t h e  pr imary m i r r o r .  F i n a l  tr imming up of  t h e  p r imary  m i r r o r  f i g u r e  i s  t h e n  
accomplished.  I n f o r m a t i o n  on t h e  r m s  f i g u r e  e r r o r  i s  t e l e m e t e r e d  t o  t h e  ground 
w i t h  t h e  phase-measuring i n t e r f e r o m e t e r  a c t i n g  a s  s e n s o r .  As e a r l y  a s  p o s s i b l e ,  
t h e  o p t i c a l  s c a t t e r i n g  exper iment  (No. 34) i s  a c t i v a t e d ,  It w i l l  be r e a c t i v a t e d  
p e r i o d i c a l l y  t o  a s s e s s  t h e  changes i n  o p t i c a l  s c a t t e r i n g .  

EXPERIMENT PACKAGE ACT IVAT I O N  

Fo l lowing  m i r r o r  and t e l e s c o p e  a l ignment ,  t h e  f i r s t  astronomy d a t a  a c q u i s i t i o n  
package i s  a c t i v a t e d .  T h i s  checkout o r  p o s i t i o n a l  p r e s e t t i n g  i s  f i r s t  accom- 
p l i s h e d .  Telemetry  channe l s  a r e  a l s o  a c t i v a t e d .  

GUIDANCE STAR ACQUISITION 

The image movers a r e  programmed t o  p r e c a l c u l a t e d  p o s i t i o n s  f o r  p i c k i n g  up t h e  
images of t h e  guide  s t a r  i n  t h e  t e l e s c o p e  f i e l d .  A s e a r c h  mode causes  t h e  
gu ide  s t a r  images t o  f a l l  wich in  t h e  image mover a p e r t u r e .  When t h i s  o c c u r s ,  
a u t o m a t i c  guidance commences. 

EVALUATION AND ADJUSTMENT OF POINTING SYSTEM 

Once a c q u i s i t i o n  i s  accomplished,  t h e  p o i n t i n g  s e r v o  e r r o r s  a r e  t e l e m e t e r e d  
t o  t h e  ground f o r  e v a l u a t i o n .  I f  r e q u i r e d ,  s e r v o  g a i n  changes and b i a s  o f f s e t  
a d j u s t m e n t s  would be  accomplished.  Proper  s e t t i n g  of  t h e  image movers i s  checked 
and, i f  n e c e s s a r y ,  minor c o r r e c t i o n s  i n  t h e  image mover p o s i t i o n s  would be 
made. Once t h e  o b j e c t  of i n t e r e s t  i s  p r o p e r l y  l o c a t e d  t o  t h e  e n t r a n c e  s l i t  of  
t h e  s p e c t r o m e t e r ,  d a t a  c o l l e c t i o n  commences. 

ASTRONOMY DATA COLLECTION 

The o r d e r  i n  which t h e  astronomy i n s t r u m e n t a t i o n  modules a r e  a c t i v a t e d  i s  
s e t  by t h e  p o i n t i n g  accuracy  r e q u i r e d  by each i n s t r u m e n t ,  w i t h  t h e  lowes t  
accuracy  r e q u i r e m e n t s  b e i n g  execu ted  f i r s t .  Thus, t h e  Rowland C i r c l e  
Spec t romete r  (Module E) i s  a c t i v a t e d  f i r s t ,  u s i n g  t h e  EPC o r  s t a b i l i z a t i o n  
fo l lowed  by t h e  f / 1 0  pho tograph ic  imagery module (C)  u s i n g  t h e  t r a n s f e r  l e n s  
f o r  image s t a b i l i z a t i o n ,  t h e n  t h e  f / 5 0  e l e c t r o n i c  imagery module (F) .  Module 
A,  t h e  modi f i ed  e c h e l l e  i s  t h e n  a c t u a t e d  i n  t h i s  p o i n t i n g  mode, and t h e  P r i n c e t o n  
Experiment Package i s  a c t i v a t e d  s i m u l t a n e o u s l y  w i t h  t h e  f r e e  f l o a t  mode. 
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A t  t h i s  p o i n t  i n  t h e  o p e r a t i o n  sequence t h e  LTEP module i s  undocked from t h e  
space  s t a t i o n  and s t a r t s  t h e  autonomous mode o p e r a t i o n s .  A f t e r  t h e  o r i e n t a t i o n  
sequence and  l o c k i n g  o n t o  t h e  n a v i g a t i o n a l  s t a r s  w i t h  t h e  s t a r  t r a c k e r s ,  t h e  
t e l e s c o p e  i s  s e t  up f o r  t h e  u l t r a v i o l e t  imagery module and a c q u i s i t i o n  of  gu ide  
s t a r s  i s  reaccompl i shed .  Again, t h e  t e l e v i s i o n  camera i s  t h e  prime s o u r c e  of  
d a t a  a c q u i s i t i o n .  I n t e r s p e r s e d  w i t h  t h e  a c q u i s i t i o n  of a s t r o n o m i c a l  d a t a  i s  t h e  
the rmal  d i a g n o s t i c  exper iment  (Experiment Nos. 2,  12 and 1 3 ) .  

Fo l lowing  TV a c q u i s i t i o n  of u l t r a v i o l e t  imagery i s  h i g h - r e s o l u t i o n  v i s i b l e  
l i g h t  imagery which i s  t h e n  fo l lowed  by a  p h o t o g r a p h i c  photometry ( t h i s  i m p l i e s  
a n  a s t r o n a u t  r e v i s i t  f o r  t h e  purpose  of l o a d i n g  t h e  f i l m  and removing t h e  ex- 
posed f i l m ) .  F i n a l l y ,  a f t e r  t h e  accomplishment of t h e  pho tograph ic  photometry  
a r e  t h e  exper iments  i n  a s t r o m e t r y  ( i n  which p h o t o g r a p h i c  p l a t e s  a r e  u t i l i z e d  
and a s t r o n a u t  p a r t i c i p a t i o n  i s  r e q u i r e d ) .  

Experiment No, 34, O p t i c a l  S c a t t e r i n g  Environment, i s  performed i n t e r m i t t e n t l y  
d u r i n g  t h e  autonomous mode. 

A f t e r  comple t ion  o f  t h e  autonomous mode astronomy and t echno logy  exper iments ,  
t h e  LTEP i s  redocked w i t h  t h e  s p a c e  s t a t i o n .  A t  t h i s  t i m e  t h e  a s t r o n a u t s  p e r -  
form Experiment No. 3  i n  which a  segment o f  t h e  o p t i c a l  m i r r o r  i s  removed 
and t a k e n  i n t o  t h e  o r b i t a l  r e c o a t i n g  f a c i l i t y .  A f t e r  i n s t a l l a t i o n  of t h e  new 
segment, t h e  r e f l e c t i v i t y  i n  t h e  u l t r a v i o l e t  r e g i o n  of t h e  segment i s  compared 
w i t h  t h e  r e f l e c t i v i t y  of t h e  o t h e r  segments.  Th i s  g i v e s  a  measure of t h e  
d e g r a d a t i o n  o f  r e f l e c t i v i t y .  Experiment No. 34 would a l s o  be r e p e a t e d .  Any 
r e f u r b i s h m e n t  o r  r e p l a c e m e n t ' o f  astronomy exper iments  would b e  accomplished 
a t  t h i s  t i m e  a l s o .  

The above pa ragraphs  cover  t h e  astronomy m i s s i o n  a s  i t  would occur  f o r  t h e  
astronomy exper iment  modules which a r e  s t u d i e d  i n  t h i s  volume. Changes 
w i l l  occur  as t h e  P r i n c i p l e  I n v e s t i g a t o r s  a r e  i d e n t i f i e d  and a s  t h e i r  i n p u t s  
a l t e r  and  b e t t e r  d e f i n e  t h e  i n s t r u m e n t a t i o n .  

Lockheed, i n  Volume 11, h a s  s t u d i e d  many v e h i c l e  and o r b i t a l  v a r i a t i o n s .  Four 
o p e r a t i o n a l  modes a r e  nominated, a s  shown i n  F i g u r e s  160 , 1 6 1  , 162 , 
163 , 164, 165 , 166 , and 167. For  t h e  d e t a i l s  o f  t h e s e  o p e r a t i o n a l  modes, 
t h e  r e a d e r  i s  r e f e r r e d  t o  Volume 11. The LTEP t e l e s c o p e  c o n f i g u r a t i o n  and t h e  
astronomy m i s s i o n  p r o f i l e  w i l l  remain e s s e n t i a l l y  unchanged r e g a r d l e s s  o f  which 
o p e r a t i o n a l  mode i s  s e l e c t e d .  
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LTEP SYSTEM CONF GVRAT 
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F i g u r e  163. LTEP S y s t e m  C o n f i g u r a t i o n s  
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